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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 field 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 redefined 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 fission was unexpected and entirely against

the then understanding of nuclear reactions.

1



2

Why was the possibility of fission 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 influenced 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.
√
ZbZBQ, where Zb and ZB are the atomic

numbers of daughter nuclei and Q is the energy released in the decay process.

As Zb and ZB become close to each other, the product ZbZB 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 fission (Zb ≈ ZB) is ≈ 10−453 times less probable than alpha emission

[3]. Such calculations would have instilled immense confidence to ignore any

notions of nuclear fission. 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 differed significantly 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 fission until the surface energy

balanced the electrostatic forces. Through a rough estimation, they determined

that for Z ≈ 100, the Coulombic repulsion entirely cancels out the surface energy

[5].

For extremely heavy nuclei such as uranium, with Z close to 100, the fission

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 fission fragments to be around 200

MeV [4]. Later, Frisch performed experiments employing ionization chambers

and detected the large pulses generated by fission fragments in the energy range

of ≈ 200 MeV [6]. Thus, far from being impossible, fission becomes an inevitable

feature in the decay of very heavy nuclei under violent perturbation. In nearly six

months after the discovery of fission, Niels Bohr and John Wheeler formulated

the first 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 fission phenomena.

1.1 Bohr - Wheeler theory

Bohr and Wheeler developed on a comprehensive theoretical analysis of the fis-

sion process, aiming to address some key questions such as the energy released

per fission, the stability of the nucleus under deformation, and the fission decay

width. Initially, the energy release per fission was qualitatively assessed and later

confirmed through experiments by Meitner and Frisch [4, 6]. The remaining two

significant aspects are briefly addressed in this section. In Bohr - Wheeler the-

ory, a nucleus is resembled to a charged liquid drop, a concept first 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 number Z and mass number A in the following form,

BLDM(A,Z) = avA−asA2/3−ac
Z(Z − 1)

A1/3
−aA

(A− 2Z)2

A
+ap

[(−1)N + (−1)Z ]

2A3/4

(1.1)
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where N is the neutron number, av, as, ac, aA, and ap represent the coefficients

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:

R(θ) = R0

[
1 +

∑
l

αlPl(cosθ)
]

(1.2)

where R0 is the radius of the undeformed spherical nucleus, θ is the angle of

the radius vector with respect to the body fixed frame of the nucleus, and α

is the deformation parameter. Higher-order terms above l = 2 are neglected,

considering small distortions. The deformation causes changes in surface (ES)

and Coulomb energies (EC) terms of the formula 1.1. The change in ES can

be written in terms of the surface energy of the undeformed nucleus (ES0) as

follows:

∆ES = ES − ES0 = ES0
2

5
α2

2 (1.3)

Similarly, the change in EC can be written as,

∆EC = EC − EC0 = EC0
−1

5
α2

2 (1.4)

where EC0 is the Coulomb energy of undeformed nucleus. Thus the total change

in energy due to the deformation is,

∆E = ∆ES + ∆EC =
1

5
α2

2 (2 ES0 − EC0) (1.5)

In essence, the Bohr-Wheeler theory shows that nuclear stability against fission

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 fission.

The fissionability of nuclei is quantitatively expressed by fissility (χ), defined

as,

χ =
EC0

2 ES0

=
Z2/A

2 as/ac
=

Z2/A

(Z2/A)crit.
(1.6)

From the coefficients of surface and Coulomb terms of binding energy formula,

we can estimate (Z2/A)crit. = (2 as/ac) ≈ 50. By incorporating isospin of the

nucleus, (Z2/A)crit. can be parametrized as,

(Z2/A)crit. = 50.0883
[
1− 1.7828

(N − Z
A

)2 ] (1.7)

∆E = 0 gives χ = 1, and the system becomes critically unstable against fission.

For lighter nuclei, χ < 0.65, and for heavier nuclei in the actinide region, 1.0 <

χ < 0.65. Lower values of χ signify less fissionable or more stable nuclei, and

vice versa for higher values of χ.

1.1.1 Fission width (Γf)

The decay width (Γ) 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 fission 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 fission width (Γf )

is described as follows: Bohr - Wheeler theory pictures fission as the shape

evolution of the compound nucleus from the ground state configuration 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 Figure 1.1.
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Figure 1.1: A schematic representation of potential energy of an excited compound
nucleus used in the Bohr - Wheeler theory to describe the fission process. E∗ and
E∗ −Bf − ε represent the excitation energies at the ground state and saddle point.

Let ρ(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 δE∗ is given by ρ(E∗) δE∗. 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 ρ(E∗) δE∗. Similarly, from the

Figure 1.1, the number of intrinsic states at the saddle point can be written as

ρ(E∗ − Bf − ε) δE∗ where ε is the collective kinetic energy of elongation and

Bf is the fission 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 = dε/h. Knowing this, the number of nuclei a 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 = (dε/h) ρ(E∗ −Bf − ε)δE∗ (1.8)

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

A =

∫ E∗−Bf

0

a =
δE∗

h

∫ E∗−Bf

0

ρ(E∗ −Bf − ε)dε (1.9)

From this, the fission probability per unit time, also called the fission 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,

fission rate, r =
( δE

∗

h
)
∫ E∗−Bf

0
ρ(E∗ −Bf − ε)dε

ρ(E∗)δE∗
(1.10)

r = (
1

h
)

∫ E∗−Bf
0

ρ(E∗ −Bf − ε)dε
ρ(E∗)

(1.11)

According to the radioactive decay law,

N = N0 e
−rt = N0 e

− t
τ (1.12)

ΓBW =
~
τ

=

∫ E∗−Bf
0

ρ(E∗ −Bf − ε)dε
2πρ(E∗)

(1.13)

In other words, Bohr - Wheeler theory shows that the fission width is solely

dependent on the total number of intrinsic states available at the saddle point

and level density at the ground state. Equation 1.13 shows that the precise

calculation of level density is very essential to estimate the fission 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 energy E∗. According to the Fermi gas model, the

level density ρ(E∗) is related to E∗ in the form,

ρ(E∗) = C exp
(

2
√
aE∗

)
(1.14)

where C is a constant and a is the level density parameter which is related to

the nuclear temperature by the relation, T =
√

(E∗/a).

In the case of heavy ion induced fission, the projectile imparts significant

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 fission width in heavy ion

induced fission studies. The angular momentum dependent level density formula

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

ρ(E∗, l) =
(2l + 1

24

) (~2

2I

)3/2(√a
E∗2

)
exp(2

√
aE∗) (1.15)

where I is the rigid body moment of inertia about the axis of rotation and E∗ is

the available thermal energy given as E∗ = E− l(l+1)~2
2I

. An approximate form of

fission width can be derived using Equations 1.13 and 1.15 under the condition

E∗ >> Bf . Equation 1.13 becomes,

ΓBW =
1

2π

∫ E∗−Bf

0

( E∗

E∗ −Bf − ε

)2

exp
(

2
√
a
(
E∗ −Bf − ε)− 2

√
aE∗

)
dε

(1.16)

At higher excitation energies, E∗ >> Bf ,
(

E∗

E∗−Bf−ε

)
will be ≈ 1, and on

further simplification, we get the following simplified form to Bohr - Wheeler
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fission width,

ΓBW =
T

2π
exp (−Bf

T
) (1.17)

where T is the nuclear temperature. After the inclusion of collective degrees of

freedom in the ground state of the CN [10], Equation 1.17 has been modified to

the following form :

Γf = ΓBWf
~ω
T

(1.18)

Γf =
(~ω

2π

)
exp (−Bf

T
) (1.19)

where ω 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 fission. To estimate the probability of fission decay,

the emission widths of particles have to be accounted.

1.1.2 Particle emission width (Γν)

The probability of particle emission (neutrons or charged particles), which com-

petes with fission decay at higher excitation energy, was calculated from statis-

tical arguments presented by Weisskopf [11]. Consider the emission of a particle

from a compound nucleus A at excitation energy E∗ that forms a daughter nu-

cleus B,

A(E∗)→ B + n (1.20)

Let ε be the kinetic energy of the emitted particle and E0 be its binding

energy. Then the excitation energy of B will be EB=E∗ − E0 − ε. Let Wn(ε)dε

be the probability per unit time of the emission of the particle with kinetic energy

between ε and ε+dε. It is possible to calculateWn(ε)dε as function of the inverse
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cross-section σ(E∗, ε) in the following form [11],

Wn(ε)dε = σ(E∗, ε)
n m

π2~3

ρB(EB)

ρA(E∗)
ε dε (1.21)

where m is the mass of the emitted particle, n denotes the number of states

for the spin of the particle, ρB(EB) and ρA(E∗) are the number densities of the

daughter and parent nuclei, respectively. For particles of spin s, n is given by

(2s + 1). Inverse cross-section is the mean cross-section for the collision of a

particle of kinetic energy ε with a nucleus at excitation energy E∗ − E0 − ε to

form a CN at excitation energy E∗. The total probability per unit time is then

obtained by integrating Wn(ε)dε w.r.t. ε as,

rate =
1

τ
=

∫
Wn(ε)dε (1.22)

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

formula,

Γi =
(2si + 1) mi

π2 ~2

1

ρA(E∗)

∫
ρB(EB) σ(E∗, ε) ε dε (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,

σ(E∗, ε) = σ0

(
1− V

ε

)
if ε > V (1.24)

= 0 if ε < V (1.25)

σ0 = πR2 ; V = Z1Z2e
2/R (1.26)

where R is the radius of the nucleus and V 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 fission 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, fission barrier systematics or the ground-state masses of nuclei,

as well as asymmetry in the mass distribution during actinide fission. 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 fission barriers at higher

angular momentum in the compound nucleus. Addressing this, angular momen-

tum effects have been incorporated into the LDM framework, giving rise to the

Rotating Liquid Drop Model (RLDM).

1.2 Shell effects

Shell effects generally refer to the influence 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, fission barrier, etc. was difficult. A ma-

jor breakthrough emerged in 1967 when V. M. Strutinsky introduced a macro-

microscopic model that incorporates microscopic shell effects as a correction to

the macroscopic liquid drop energy [12]. The model assumes nucleon shells and

other quantum effects as a small deviation from the homogeneous distribution

considered in the liquid drop model. This energy difference, which is the correc-

tion to LDM energy, can be expressed as,

δU = U − Ū (1.27)



1.2. Shell effects 12

-2 0 2 4 6 8 10

Elongation (a.u)

-4

-2

0

2

4

6

8

P
o
te

n
ti

a
l 

(a
.u

)

B
f

B
f

mac

δU
gs

δU
sad

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

where U represents the energy corresponding to the "shell" quantal distribution

and Ū is that of the uniform distribution [12]. Shell correction manifests as a

modification in nuclear masses denoted as, δM = Mexp − MLDM . Figure 1.2

highlights the importance of shell correction. This figure 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 effect modifies the fission

barrier (Bf ) predicted by LDM as,

Bf ≈ Bmac
f − δUshell ≈ Bmac

f − δM (1.28)

where Bmac
f is the macroscopic barrier calculated using the liquid drop model,

and δUshell is the shell correction energy mainly at the ground-state.

The shell structure also modifies the nuclear level density. Therefore, it is

crucial to incorporate the shell correction to the level density, as well as the

damping of shell effects with excitation energy. Typically, phenomenological
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relations are used to describe the thermal damping of the shell effects. Ignatyuk’s

formula [14] is one such widely used formula that incorporates the shell effect

and its attenuation with increase in excitation energy, as

a(E∗) = ā
(

1 +
δM

E∗
f(E∗)

)
(1.29)

f(E∗) = 1− exp(−E∗/ED) (1.30)

where ā is the asymptotic level density parameter derived from the Fermi-gas

model, and ED(or γ = 1/ED) defines the rate at which shell effects diminish with

rising excitation energies. γ has typical values between 0.04 to 0.07 MeV −1 [15].

1.3 Influence of angular momentum on fission

The advent of heavy ion beams has opened up new paths in fission research. One

significant opportunity it offers is the investigation of fission at extremely high

angular momentum (L) of CN. Bohr-Wheeler theory calculates the potential

energy of the nucleus from the counter-acting surface and Coulomb energies; not

showing any dependence of L on the fission barrier. Since the rotational energy

acts in concert with the disruptive Coulomb forces, a decrease in fission barrier

can be expected with increase in L. To address this, Cohen, Plasil, and Swiatecki

introduced the Rotating Liquid Drop Model (RLDM) [16]. According to RLDM,

the effective potential energy of a rotating, incompressible, uniformly charged

liquid drop is given by

Eeff = ES + EC + ER (1.31)

where ES and EC are surface and Coulomb energies. The rotational energy ER

is given by ER = L2

2I
, where I is the moment of inertia of the configuration.

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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quently, as L increases, assuming the shapes remain constant, rotational en-

ergy both at the ground state (Emin
R ) and saddle point (Esaddle

R ) increases, as

shown in Figure 1.3. However, Emin
R increases more rapidly than Esaddle

R of the

elongated saddle-point shape. Eventually, at some higher value of L, 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 fission

barrier (Bf=Esaddle
R − Emin

R ) 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 fission

barrier. To address this limitation, improvisations were made in the Rotating

Finite-Range Model (RFRM), introduced by Mustafa et 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 fission 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 fission path known as quasi-fission.

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 L values. Moreover, the

decay of this CN through particle emission opens up numerous additional chan-

nels with different (E∗, L) values. For such complex many-body systems with

a large number of possible states, it is difficult or impossible to study the full

microscopic dynamics. An appropriate method to deal such systems is statistical



1.4. Statistical model of compound nucleus decay 16

approach. Bohr-Wheeler theory, discussed earlier, is one such theory developed

with statistical framework to describe the fission process.

Bohr-Wheeler theory computes the fission width (Γf ) 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 fission

is a slow process such that it does not disturb the phase-space (level density)

equilibrium configuration. When a CN undergoes fission, 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 fission or evaporation

channels is calculated. The total decay width (ΓT ) can be written as,

ΓT = Γf + Γn + Γp + Γα + Γγ (1.32)

where Γf is the fission width, Γn, Γp, Γα, and Γγ are the the particle emission

widths for neutrons, protons, alpha particles and γ-rays respectively.

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

calculated as,

Pf =
Γf
ΓT

; Pn =
Γn
ΓT

; Pp =
Γp
ΓT

(1.33)

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

various channels until:

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

2. The excitation energy of the CN drops below particle binding energy and ends

up as evaporation residue.

To investigate the fission process, different classes of detector systems were

used to detect the observables at different 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 efficient methods used for

the investigation. Until the 1980s, the existing data regarding the nuclear fission
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process had been effectively described by the statistical models put forward by

Weisskopf [11], Bohr and Wheeler [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 fission stud-

ies

A major confrontation with the statistical theory was observed when the exper-

imental pre-scission neutron multiplicity (νpre) 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 νpre than the statistical model prediction directly implies that fission

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 fission rate is high, if the phase-space

equilibrium at the saddle point is not restored, the overall Γf will be decreased.

Experimental results affirm that the dynamical evolution of the di-nuclear system

towards the saddle point is constrained by dissipative forces. The net effect of

dissipation is the delay or hindrance in the shape evolution from nearly symmet-

ric ground state to a highly deformed saddle point configuration. Consequently, a

dynamical calculation incorporating appropriate forms of dissipative forces must

be performed to describe the observables of fission 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 fission 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, 30] Langevin equations to

analyze experimental data concerning various aspects of fusion-fission 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 fis-

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 fission observables. The underlying theoretical framework, based

on established concepts, defines the code in a qualitative way. About 100 param-

eters in the formalism are linked to the underlying physics, offering a quantitative

specification of the model. These parameters were fine-tuned once using bench-

mark experimental data and remain the same across a wide range of excitation

energies for all systems.

For the fission decay, GEF code begins with a compound nucleus character-

ized by a specific excitation energy and angular momentum (E∗, < L >) and

then calculates the sequential decay of the system. Throughout the calculation,

correlations between different quantities are maintained, and no parameter ad-

justments are required.

For the present thesis, which investigates fragment-neutron correlations in the

fission 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 fission 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 fission

Figure 1.5: A conceptual view of multi-chance fission for the case of 238U [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 (Γi) and the fission width (Γf ). Fission can occur directly from

the parent nucleus (ZCN , ACN), termed first-chance fission, or from the daughter

nuclei formed after particle emission(s). When the excitation energy (E∗) of a

heavy nucleus is sufficiently high that the energy after particle emission(s) falls

near or above the fission barrier of the daughter nuclei, the observed events may

involve a sequence of fission-chances, such as first, second, third, and so forth.

This phenomenon of sequential fission decay of a compound nucleus preceded

by particle emission is called multi-chance fission. The GEF model accounts

for multi-chance fission by evaluating the competition between Γi and Γf as a
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function of excitation energy and angular momentum.

Figure 1.5 depicts a conceptual description of multi-chance fission. It shows

the sequences of fission events of 238U 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 fission modes that were less

prominent in earlier chances. Multi-chance fission plays a central role in the

emergence of different fission modes at medium excitation energies.

1.6 Motivation of the thesis

Over the decades of intense studies in the fission 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 effects [12]. With increase in nuclear excitation energy, the shape

of mass distribution changes from asymmetric to symmetric Gaussian whose

mean is around ACN/2, where ACN 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 fissions at lower

(< 30 MeV), medium (30 < E < 50 MeV) and higher (> 50 MeV) excitation

energies. A plethora of experimental data shows that, generally, the influence

of fragment shells on mass distribution is prominent at lower E∗, diminishes for

E∗ > 30 MeV and becomes very small or negligible above E∗ ≈ 40 MeV, though

the boundaries are not strictly defined 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,

Cu and Bk at E∗ ≈ 10 - 70 MeV [33–35]. Surprisingly, even at very high E∗ ≈ 60

- 70 MeV, the mass spectra of these systems have shown shell influenced asym-

metric fission. 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 different
excitation energies. Solid lines represent Langevin calculations with (red curves), and
without (blue curves) the inclusion of multi-chance fission [33].

1.6. Multi-dimensional Langevin calculation that incorporates the multi-chance

fission, could reproduce the distribution fairly well at all energies studied. It

was concluded that the observed mass spectrum is brought about by sequential

fission : fission followed by neutron emission. Depending on the particle emis-

sion width (Γn) in comparison to Γf , the compound nucleus may emit multiple

neutrons and ends on lower E∗ where shell effects are prominent. A series of

experimental [33–35] and theoretical studies [32, 36] carried out on neutron-rich

actinide nuclei emphasize the the necessity of considering multi-chance fission to

describe the fragment mass distribution.

Unlike fission induced by MNT, the complete fusion of a heavy projectile with

a target results in the formation of neutron-deficient CN in the actinide region.

The probability of a higher chance fission is lower in such systems compared to

CN formed via MNT. Therefore, an early washout of shell effects as a function of

E∗ can be expected in these nuclei. However, if the MCF, particularly the higher
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chance fission contributes significantly at any given excitation energy, the fission

modes may change. In such scenarios, the fission decay has to be analyzed by

invoking the revival of microscopic effects to explain the experimental results. An

example is the deformation-dependent quasi-fission reported in the reaction of
16O+238U around the Coulomb barrier energies [37]. The increase in mass width

around and below barrier energies was attributed to quasi-fission 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 significant amount of asymmetric fission in this

system due to shell effects [13]. This underscores the necessity of considering

the effects of MCF for a comprehensive understanding of fission in the actinide

region.

With this motivation, we conducted measurements of the mass distribution,

< νpre >, and the correlation between fragment mass and νpre (Mass− νpre) in

the fission of a lighter actinide nucleus, 227Pa. This nucleus was formed through

the complete fusion reaction of 19F+208Pb within the excitation energy range of

≈ 30 to 60 MeV. The interplay of various modes in fission observables and their

changes with E∗ can be deduced from theMass−νpre correlation. Furthermore,

since the excitation energy at the fission (Esp) can be more accurately estimated

by knowing the pre-saddle neutron multiplicity, measurements of Mass − νpre

can provide valuable insights into the attenuation of shell effects in terms of Esp.

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 efficiently 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 flight (TOF)

technique is one of the simplest and most widely used methods to determine the

energy of fast neutrons. In this technique, the flight time of neutrons from the

target to the detector is measured using a START-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 efficiency, it

is desirable to maintain a long flight path to minimize the contribution from ∆L
L

to ∆E.

The measurement of fast neutrons with minimal energy uncertainty, finer

angular steps, and high detection efficiency points to the necessity to develop a

multi-detector array comprising organic based detectors with large flight 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, 39]. When a fused system undergoes binary fission,

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 particles like protons and alpha particles. Neutron

studies are therefore among the most sensitive and effective ways to probe nuclear

reaction dynamics. Neutron multiplicity measurements provide important data

regarding nuclear temperature, viscosity of nuclear matter, signatures of quasi-

fission 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 efficiency, cross-talk probability, and loss of neutron flux due to scatter-

ing, were simulated and compared with measurements using the FLUKA Monte

Carlo code [40, 41].

1.7 Outline of the thesis

The present thesis encompasses two distinct domains in the field of nuclear re-

search : nuclear instrumentation, and heavy ion induced fission to study the

impact of neutron emission in the fission of actinide nuclei. The initial two chap-

ters are dedicated for a detailed description of nuclear instrumentation, the art

and science about making scientific 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 fission detectors, analog signal processing electronics

for fission and neutron detectors and the data acquisition system are described

in great detail. Important results of the performance evaluation such as n − γ

discrimination, time resolution, cross-talk probability, secondary radiation sup-

pression, etc. are given based on the offline 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 in Chapter 3. A novel tech-

nique to determine the intrinsic efficiency 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 and γ-rays 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 efficiency, etc. are also incorporated in this chapter.

Experimental aspects of mass distribution and neutron multiplicity (νpre)

measurements are detailed in Chapter 4. A description of the Pelletron ac-

celerator facility at Inter-University Accelerator Centre, facilities used fission

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 fission fragments, average

neutron multiplicity, and the correlation of fragment mass with pre-scission neu-

trons are provided in this chapter.

The results of different measurements such as fragment mass and kinetic

energy distribution, νpre, and Mass − νpre are presented in Chapter 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 fission

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 in Chapter 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 fission, non-compound fission, etc. These

investigations provide deeper insight into the viscosity of nuclear matter, the time

scale of fusion-fission, the importance of shell effects to understand the reaction

mechanism, etc. Experimentally, nuclear fission 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 [2–5]. When a fused system evolves to binary fission, 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 effective ways to probe nuclear

reaction dynamics. Neutron multiplicity, the number of neutrons emitted per

fission, measurements can provide important data regarding nuclear tempera-

ture, nuclear dissipation, quasi-fission processes, etc. To determine the neutron

multiplicity, precise knowledge of the angular distribution and kinetic energy of

neutrons is essential. Recent findings from the DeMON array point to a novel

method for fusion-fission dynamics research [6]. The array has been utilized to

find 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 efficiency to find 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 IUAC

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 fission and related phenomena. The facility consists of a fixed 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 fixed 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 floor. The structure has eight independent horizontal rings.

These horizontal planes are separated by an inter-planar angle of 15◦ with respect

to the centre. The neutron detectors are mounted with an inter-cell separation

of ≈ 55 cm on different horizontal rings. A flight 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 4π.

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 within 1◦ and 1 mm accuracy.
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A circular ring fixed 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 of ≈ 12◦

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 five 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 fission study, the chamber usually houses a pair of multi-wire pro-

portional counters to detect the fission fragments. The chamber and the beam

lines are evacuated by a set of turbo-molecular pumps to a typical operating

pressure of 2×10−6 mbar. The whole assembly of the neutron array and the

reaction chamber are installed in beam hall-II 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 of 20◦ with respect to the beam for timing and energy

measurements. The beam scattered from 200 µg/cm2 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 2.1. 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 efficiency, and particle

dependent pulse shape. Inside the detector volume, the interaction of neutrons

and γ 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 excitation [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 γ-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 γ-rays emitted from heavy ion collision experiments.
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Figure 2.2: Pictorial representation of scintillation pulses from an organic liquid
scintillator [10].

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 to 5” diameter photo-multiplier

tube (PMT, Hamamatsu R4144). The PMT has 8 dynodes and a cylindrical

µ-metal to shield the tube from stray magnetic fields. A voltage divider base

with an in-built pre-amplifier 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 fixed 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 fluxes. Gas based detector systems are

one of the easiest choices, as they are cost effective and easy to construct in

different sizes and shapes. Two large area (20×10 cm2) multi-wire proportional

counters (MWPC) have been developed in order to detect the complementary

fission 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 fission 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 µm 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 µm 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 are ≈1 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 difference
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Figure 2.3: A schematic of the electrode configuration 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 offer a 2 ns tap-to-tap delay and characteristic impedance of 50

Ω. 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. Figure 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 chips used for finding 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 MΩ). 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-

amplifier was mounted near the detector inside the vacuum chamber. The X and

Y electrodes were assembled in a mutually perpendicular configuration 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

µm. 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 finish to avoid any non-
uniformity of electric field.

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

technique and the zero-cross over time (Z/C) method are the most widely used

electronic methods for particle identification, which make use of pulse shape

discrimination [14–16]. Though the charge comparison method appears to be the

most simple and straightforward technique for n−γ discrimination [15], Wolski et

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 for n − γ

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, amplification,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 − γ discrimination and its figure of merit (FOM) using this

module are described in the later sections.

2.4.2 Fast-timing pre-amplifiers

The position and timing signals from the MWPC were amplified by custom

built fast timing pre-amplifiers [18]. The pre-amplifier circuit is based on the

design given by Stelzer [19] and fabricated using high frequency bipolar junction

transistors. The design utilizes three/four inverting stages realized by common

emitter amplifier (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-amplifier signal is ≈ 2 ns

with an input impedance of 50 Ω. Since the power requirement is low (≈ 200

mW/ unit), the pre-amplifiers are compatible for in-vacuum operations. Five

such units (four positions and one timing pre-amplifiers) 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-amplifier 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 a TCP/IP stack implemented using a mi-

croprocessor (ATMEGA 168/328), an SPI driven Ethernet controller (ENCJ60)

and a 12-bit digital to analog converter (AD7541). Each board is identified with

a unique MAC and IP 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 the read and write operations. A total of 24

units are assembled in a single 2U 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 a VME 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 the BUSY

signal from all VME modules in the data acquisition. BUSY blocking was
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applied to the acquisition trigger via NIM electronics. The trigger would be

released only when (i) VME modules are not BUSY and (ii) signal from any of

the fission 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 controller (v2718 ).

A VME version of multi-parameter acquisition software LAMPS [21], 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-fission reactions. Also, a large γ-ray back-

ground is often expected from these reactions, and efficient n− γ 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 γ-rays from 137Cs radioactive source.

Generally, the value of bias voltage changes from detector to detector because of

the differences 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

sufficiently low ≈0.5 MeV below which the n − γ discrimination becomes poor.

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

2.6.1 Energy linearity
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Figure 2.6: Light output spectrum of monoenergetic γ-rays from 137Cs. The spec-
trum is used for energy calibration based on the Compton edge which is marked in
the figure.

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 finite 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, Naqvi et 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 γ-rays from 137Cs 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 γ-rays from different radioactive sources. The inset
shows the percentage deviation of data from the fit.

the Compton edge for 662 KeV energy γ-ray.

In order to verify the linearity of the pulse heights, the Compton edge posi-

tions for several γ-rays from radioactive sources were determined. Sources like
137Cs and 22Na were used for calibrating the light output spectrum and with

a given calibration, the light output spectra were recorded for higher energy γ

rays from 60Co and 241Am-9Be sources. In Figure 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 fit to the data points was applied. The vertical error bars

correspond to the statistical uncertainty in marking the Compton edge. The fit

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 showing n−γ 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 γ-rays inside the detector.

2.6.2 n - γ discrimination

The standard technique for n − γ discrimination using the Z/C method relies

on the shape of the light output pulse for different radiations interacting inside

the detector. The Z/C time of the pulse varies accordingly, and this technique

is used for n − γ discrimination employing the home made PSD module. The

performance of the module was tested for different threshold settings, and FOM

determined [17]. The quality of the n-γ discrimination is usually represented by

FOM, which is defined as,

FOM =
np − γp

nFWHM + γFWHM

(2.1)

where np, nFWHM , and γp, γFWHM are the centroid and Full Width at Half

Maximum (FWHM) of the neutron peak and γ peak respectively. A histogram

showing n-γ separation obtained at 120 keVee threshold using 241Am-9Be source

is displayed in Figure 2.8. A clear separation between peaks corresponding to

γ−rays and neutrons can be noticed in the figure. The FOM≈1.6 shows excellent
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quality of n− γ 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

flight 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 effective time

resolution will have contributions from both detectors, according to the formula,

σab =
√
σ2
a + σ2

b (2.2)

where σa and σb 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 γ − γ correlation peak from a ra-

dioactive source 22Na has been used to find 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 γ peak is desired as small as possible since it is the

reference peak used for converting the TOF spectrum into absolute time (Tabs)
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in ns using the relation,

Tabs(ns) = (nch − γpeak) C(ns/ch) + Tγ(ns) (2.3)

where C is the calibration constant and Tγ is the TOF of γ-rays in ns. γpeak

and nch are the centroid of γ 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 offline using a 252Cf source

of strength ≈1 µCi. The source was mounted at a distance of 25 cm to ensure

uniform illumination of the MWPC. By maintaining the chamber vacuum at ≈

5×10−6 mbar, a constant flow 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 sufficient 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

offline test. Indigenous fast timing pre-amplifiers were used to amplify the

MWPC’s position and timing signals. The anode signal at the pre-amplifier

output was given to a CFD, model Phillips Scientific 715, for time pick-off. 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-amplifier output were further amplified

by a Variable Gain Amplifier (VGA), model Phillips Scientific 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.



2.7. Performance evaluation of MWPC detectors 48

GDG

Pre−amp
Timing signal

Position signals

MWPC

Pre−amp

VGA

CFD

CFD

GDG

TDC

TDC

Strobe to

XL, XR, YU, YD

Figure 2.9: A block diagram of signal processing electronics used for the offline
examination of MWPC detectors.

2.7.1 Two-dimensional position information

Figure 2.10 shows the time difference spectra recorded, w.r.t. the anode signal,

from the two ends of position electrodes X and Y, which are labelled as XL,

XR, YU and YD. The overall spread in the spectra can be matched with the

end-to-end delay of each position electrode, knowing the TDC calibration (≈0.1

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 difference 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 configuration

is ≈ 2.4 mm in both the X and Y directions.

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

X = XL − XR and Y = YU − YD, 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.



2.7. Performance evaluation of MWPC detectors 50

500−

0

500

1000
Y

 p
os

it
io

n 
(c

h.
)

0

5

10

15

20

25
(a)

1000− 0 1000

X position (ch.)

500−

0

500

1000

Y
 p

os
it

io
n 

(c
h.

)

0

5

10

15

20

25(b)

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 difference between two

adjacent peaks is expected to be ≈ 20 channels. Figure 2.12 shows the X posi-

tion spectrum, enlarged to a small region to view the adjacent peaks. A linearity

fit was applied between the measured channel difference 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.
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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 fit
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 confirm 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



2.7. Performance evaluation of MWPC detectors 52

1390 1395 1400 1405 1410 1415 1420

MWPC Time of flight (channels)

0

200

400

600

800

1000

1200
C

o
u

n
ts

Entries     19409

Mean     1406

FWHM     0.7 ns

Figure 2.13: Time of flight spectrum of elastically scattered 48Ti beam detected
using MWPC. RF of the beam pulse was used as START to the time of flight 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 sufficient to stop other charged particles. Therefore, the masked position

spectrum is expected to show well-defined peaks at 5 mm separation uniformly.

The position spectrum obtained from the mask test is shown in Figure 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 affirm 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 48Ti pulsed beam scattered from thin 197Au targets. A time of flight was

set-up with MWPC detectors as STOP detectors, where START was generated
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Figure 2.14: Schematic representation of a segment of NAND detectors used for
cross-talk measurement. Reference detector R0 and 18 neighbouring detectors in two
rings R1 and R2 are shown in the setup [25].

from the RF of the beam pulse. Figure 2.13 displays a typical time of flight 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 efficiency, separation between detectors in the array, etc.[26, 30].

To obtain a quantitative estimate of the cross-talk effect in the NAND array,

we have performed an offline measurement using neutrons from the 241Am-9Be

(Am-Be) source.

The test was performed on a segment of NAND consisting of 19 nearest

detectors arranged in the configuration shown in Figure 2.14. It consists of

a reference detector R0 and neighbouring six detectors in ring R1 and twelve

detectors in ring R2, whose radial distances from the reference detector are ≈ 54

cm and ≈ 95 cm, respectively. An 241Am-9Be radio-active source was kept at the

centre of the spherical chamber of NAND, and a NaI(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 NaI(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 defined as,

Pab = Nab/Na (2.4)

where Na is the number of neutrons recorded in detector a and Nab is the number

of neutrons scattered from detector a to b and registered in both a 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 R0 events

R1 54 592397 270 4.6±0.28 × 10−4

R2 95 592397 78 1.3±0.15 × 10−4

4.6×10−4. 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 fission of 256Rf 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 Pab 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±0.08×10−3 reported

for the large detector array DEMON [30].

2.9 Beam dump radiation shield

Typical heavy ion fusion fission reactions experiments in NAND use targets of a

few hundred µg/cm2 thick foils, which offer 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, 33].

Paraffin wax is one of the easily available shielding materials enriched with

hydrogen. We selected paraffin 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 γ-rays. This can be minimized by adding boron

to the shielding medium, which leads to 10B(n, 4He)7Li reaction giving only 0.478

MeV γ-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 paraffin wax mixed with 30 % of boric

acid, which gives 5 % of boron. The shielding geometry has a rectangular shape

consisting of borated paraffin blocks. The overall dimensions of the shielding

blocks are 100 (l)×80 (h)×80 (w) cm3 and their total weight ≈ 500 kg. An outer

layer of a 7 cm thick lead wall is incorporated to attenuate the secondary γ-rays

produced at the beam dump.

The effectiveness of borated paraffin in neutron shielding was tested offline

using a 252Cf source. It was performed by setting up a TOF between a BaF2 and

BC501A detectors. The source was kept very close to BaF2 and BC501A was

mounted ≈100 cm away. The TOF of neutrons emitted by 252Cf was recorded

with this setup, in which the acquisition trigger was generated from BaF2. The

measurement of TOF along with the pulse shape analysis using the PSD tech-

nique helped to separate the flux of neutrons from γ rays detected in the BC501A

detector. The measurement was carried out with and without borated paraffin

blocks in between the detectors. Figure 2.15 shows the background suppressed

TOF spectrum obtained with and without paraffin shielding blocks. A clear sup-

pression of neutrons can be observed when borated paraffin is introduced into



2.10. In-beam measurements 57

280 300 320 340

Time of flight (channels)

10
0

10
1

10
2

10
3

10
4

C
o

u
n

ts
With borated paraffin

Without borated paraffin

Figure 2.15: TOF spectra of neutrons and γ-rays from 252Cf. Solid black spectrum
represents TOF distribution without paraffin block between source and detector, and
dotted red line shows the TOF spectrum with paraffin blocks to suppress neutrons.

the flight path. The performance of borated paraffin 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

paraffin was applied to this neutron flux, the suppression (number of neutrons

escaped/ number of neutron incidents) achieved was ≈ 10−4.

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 of 19F at 110 MeV

laboratory energy (≈18 % above fusion barrier) was incident on a 208Pb target

of thickness 700 µg/cm2. Two MWPC detectors were mounted at fission folding

angle to detect fragments. The fast neutrons emitted in coincidence with fission
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Figure 2.16: Two dimensional histograms showing n-γ discrimination using (a) Z/C
time vs. light output and (b) Z/C time vs. TOF for the reaction 19F+208Pb.

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 flight difference would not be sufficient to get

a clear separation between neutrons and γ-rays. But by recording TOF and

zero-cross time together, one can achieve n-γ discrimination. 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 Figure 2.16. The figure shows

distinct and well-separated bands of neutron and γ 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 258Rf have been measured [34]for the reaction 50Ti beam bombarded

on 208Pb target at 294 MeV incident energy. A similar reaction using 48Ti beam

bombarded on 208Pb target at 275 MeV incident energy has been performed in

NAND array recently [5]. 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

(Mpre), post-scission neutron multiplicity (Mpost) and transient time delay (τdelay)

in the fission 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 Elab Asymmetric cut Symmetric cut τdelay
(MeV) Mpre Mpost Mpre Mpost (zs)

50Ti+208Pb 294 1.9 ± 0.8 6.3±0.6 2.2±0.8 6.8±0.4 ≈45
48Ti+208Pb 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
50Ti+208Pb reaction may be attributed to the excess excitation energy of the

compound nucleus. It must be noted that there is a remarkable difference in
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error bars between these two measurements. For instance, in Ref. [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-fission have been the highlight of some of these recent experiments [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 fission, 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 fission 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 4π 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-γ
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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 fission 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 an 241Am-9Be 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 paraffin blocks with

lead covering showed excellent suppression of secondary neutrons and γ-rays.

The upcoming chapter will discuss about FLUKA calculations, as well as com-

parisons between these calculations and measurements, significant 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 fission studies around

Coulomb barrier energies.
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Chapter 3

Measurements and Monte Carlo

calculations of various detector

features

Large-volume liquid scintillator cells are widely used in neutron time of flight

(TOF) measurements for nuclear physics experiments [1–3]. Fast neutrons de-

tected in an array of cells kept at a large distance from the target allow high-

resolution TOF measurements covering a wide range of neutron energies. Accu-

rate estimation of neutron emission flux is of central importance in these mea-

surements involving energy and the angular distribution of neutrons. Unlike

charged particles, the interaction of neutrons in the medium of the detector is

rare, and therefore observed neutron counts require a correction for detection

efficiency to determine the number of emitted neutrons. Due to their intrinsic

properties like fast response time, high detection efficiency, and excellent neutron-

gamma (n− γ) discrimination at relatively low energy thresholds, organic liquid

scintillator detectors have found wide spread use in fast neutron spectroscopy

applications [4].

Neutrons with kinetic energy ranging from a few hundred keV to tens of

MeV are usually emitted in typical fusion-fission reactions. It is important to

68
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apply an energy-dependent efficiency correction to determine the total number

of neutrons emitted from the collision experiments. Another important aspect

to be considered in the estimation of neutron emission flux is the scattering of

neutrons by various materials in the flight path. Scattering causes loss of flux in

the emission direction and, in addition, generates neutron background for other

nearby detectors in the array. The cross-section for neutron scattering depends

critically on the characteristics of materials, such as composition, density, and

thickness. Monte Carlo simulations can be utilized to incorporate these factors

to estimate the percentage loss of flux and neutron background due to scattering

from various materials.

In order to determine the overall detection efficiency, the loss of flux due to

neutron scattering, etc. of the NAND facility, we have performed a Monte Carlo

simulation and validated the results with measurements. The performance char-

acteristics of the NAND array are described extensively in Chapter 2. In this

chapter, we discuss in detail the simulation study and the experimental technique

used for measuring the response function and detection efficiency of the array.

Monte Carlo simulation has been performed using a well-known multi-particle

transport code, FLUKA [5, 6]. The results are validated with measurements

using neutrons emitted from a 252Cf source. In section 3.1, we present the exper-

imental method used for neutron time of flight measurement and determination

of intrinsic efficiency of 5”× 5” BC501A. In the subsequent sections, FLUKA

simulations of scintillation response and detection efficiency are discussed. Sec-

tion 3.5 describes the role of neutron scattering from target chamber material

on neutron flux measurements. The estimation of neutron emission flux from

measured neutron counts is described in Section 3.6
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3.1 Experimental method for efficiency measure-

ment

There are various methods reported in the literature for measuring fast neutron

flux using scintillators [7]. Among them, the associated particle method is con-

sidered to be the most accurate technique, in which charged particle(s) emitted

along with neutrons are detected in coincidence. Then, a one-to-one correspon-

dence between the charged particle and neutron can be utilized to calculate the

number of neutrons emitted per event. For BC501A detectors, we have adopted

this method to measure the intrinsic efficiency, which is the ratio of the number

of neutrons detected to the number of neutrons incident in the detector volume.

For the measurements, spontaneous fission of 252Cf is considered as the reference

reaction. Though it is difficult to make one-to-one correspondence between fis-

sion and neutron counts due to the statistical nature of neutron emission, the

average number of neutrons emitted per fission of 252Cf is accurately known [8].

Therefore, by precise measurement of fission fragments in a fission counter and

associated neutrons in BC501A detectors, the detection efficiency can be esti-

mated.

To determine detection efficiency as a function of incident neutron energy

(En), it is important to take into account the probability distribution of neutron

emission f(En) in the laboratory frame. Knowing the shape of the distribution

function in the rest frame of fission fragments [9, 10], the energy distribution in

the laboratory frame can be generated using Monte Carlo codes. The mass and

velocity of moving fragments can influence the kinematics of neutron emission,

and simulations should take these kinematic effects into account to generate a

proper energy distribution. The energy-dependent efficiency can then be ob-

tained from a direct comparison between the measured energy spectrum and the

kinematically calculated energy distribution f(En).

Most of the fission reactions under study yield neutrons in the energy range
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below 20 MeV and FLUKA simulation results are well validated in this energy

region [11, 12]. The simulation takes into account both the kinematics of neu-

tron emission from 252Cf source and the response function of liquid scintillators

to fast neutrons. In general, the detector response to fast neutrons depends

significantly on various factors such as neutron energy, light output resolution,

detection threshold, etc. All these factors can be incorporated into Monte Carlo

calculations to obtain the light output for a given radiation. The estimation of

detector efficiency using FLUKA simulation involves two parts: kinematic simu-

lation to estimate the number of particles reaching the detector volume, known

as the reference spectrum, and the simulation of detector response to incident

radiation. The kinematic calculation takes care of the emission spectrum of the

neutron beam and the solid angle subtended by the detector system. Section

3.2 discusses the calculations involved in defining the reference spectrum of neu-

trons emitted by 252Cf. And the intrinsic properties of the detection medium are

addressed in the simulation of the response function discussed in Section 3.4.

3.2 Neutron energy spectrum of 252Cf

The efficiency measurement using 252Cf source is a model-dependent technique

where the neutron emission spectrum is modelled based on experimental ob-

servables [13, 14]. The neutron evaporation from an excited fission fragment

is considered a cascade process. Le Couteur and Lang expressed the cascade

evaporation spectrum of neutrons from an excited system with the formula [10],

f(En) dEn = const. Eλ
n exp(−En/Teff ) dEn (3.1)

The formula 3.1 is simplified by approximating λ = 0.5. This yields the

Maxwellian distribution [15, 16] (in the centre of mass frame), where the normal-

ization constant is obtained by setting the integral of the probability distribution
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Figure 3.1: The distribution of nuclear temperature as function of fragment mass,
reported in [14]. The red dashed line represents the average of this distribution.

function to unity (
∫∞

0
f(En)dEn = 1),

f(En) dEn =
2√

π T 3/2

√
En exp(−En/Teff ) dEn (3.2)

The temperature distribution of fission fragments from 252Cf has been exper-

imentally determined by various groups [13, 14]. Figure 3.1 displays the nuclear

temperature as a function of fragment mass reported in Ref. [14]. The average

of this distribution is found to be ≈ 1.06 MeV as shown by the dashed line in

the figure. Using experimentally determined average nuclear temperature, the

probability distribution of neutron energies in the rest frame of fragments can

be estimated by using Equation 3.2. To determine the efficiency of BC501A as a

function of energy, Equation 3.2 has to be converted into the laboratory frame.

A vector diagram showing particle emission from a moving source at an arbi-

trary angle relative to fission direction is given in Figure 5.8. Solid lines represent

the neutron emission in which the fragment is detected in the same hemisphere
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Figure 3.2: Vector diagram showing the emission of neutrons from an accelerated
fragment and the interdependence of velocity vectors in c.m. and laboratory frame.
The solid line indicates the emission of neutrons from the fragment in the same hemi-
sphere, whereas the dotted line represents neutron emission from the complementary
fragment. The label for fragment velocity is ~VF , for neutron velocity in c.m. and
laboratory frame are ~Vc.m. and ~VL respectively. The corresponding parameters of the
complementary fragment are labelled with prime symbol.

as the neutron detector, whereas the dotted lines represent the complementary

fragment. Since neutron emission from fully accelerated fragments is kinemat-

ically focused along the fission direction, only high energy neutrons from the

complementary fragment are expected to reach the detector. As the emission

probability falls exponentially with energy, the contribution from complemen-

tary fragments can be neglected. The transformation from the centre of mass to

the laboratory frame has been made using the following equations,

V 2
L = V 2

c.m. + V 2
F + 2 Vc.m. VF cos(θc.m.) (3.3)

θL = tan−1(
sin(θc.m.)

VF/Vc.m. + cos(θc.m.)
) (3.4)

where VF is the velocity of fragments, Vc.m. and VL are velocities of neutrons in

c.m. frame and laboratory frame respectively. θc.m. is the emission angle in c.m.

frame and θL is the laboratory angle. Rewriting Equation 3.3 in terms of energy
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we have,

EL = Ec.m. + Es/As + 2

√
Ec.m. ES
AS

cos(θc.m.) (3.5)

where Ec.m. is the energy of the neutron in the rest frame and ES/AS indicates

the kinetic energy per nucleon of the neutron source. Since 252Cf undergoes

fission through various modes [17], in a given number of fission events, the value

of ES/AS varies widely [18]. The average kinetic energy per nucleon for lighter

and heavier fragments is 0.963 MeV/u and 0.554 MeV/u respectively [18]. These

average values are considered for the transformation of neutron energies to the

laboratory frame from the c.m. frame. The characteristics of the neutron source

in the FLUKA input file were defined according to the Equations 3.2, 5.30 and

3.5, and the resulting energy distribution, f(En), has been used as the reference

spectrum for efficiency determination.

3.3 Experiment description

3.3.1 The detectors

The detection system consists of a gas detector for fission fragment detection

and organic liquid scintillators of the NAND array for fast neutrons. The NAND

array uses commercial BC501A liquid scintillators encapsulated in 5”× 5” cylin-

drical cell. The cell is optically coupled to a 5” diameter photomultiplier tube

(PMT) of the type Hamamatsu R4144 enclosed in a µ-metal shield.

A large area (8”× 4”) Parallel Plate Avalanche Counter (PPAC) was used

for detecting fission fragments from 252Cf. The gas detector was built using two

parallel electrodes, consisting of one anode wire frame and a cathode foil frame.

The anode frame is made of 20 µm thick gold-plated tungsten wires stretched

and soldered on to a 3.2 mm thick printed circuit board at ≈ 1 mm wire spacing.

Stretched aluminised Mylar foil (polyethylene teraphthalate) was used as the

cathode frame. One-side open 252Cf source was fixed on the cathode foil at its
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centre, which enables the detection of fission fragments emitted in≈ 2π steradian.

The electrodes were assembled with 6 mm inter-electrode separation and enclosed

in a rectangular aluminium chamber. A steady flow of low-pressure isobutane gas

has been maintained in the chamber to act as the detection medium. Henceforth,

we will use the term Cf-chamber to refer to the gas detector encapsulated with

a 252Cf source.

3.3.2 Experimental setup
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Figure 3.3: Schematic of the experimental setup and electronics for signal processing
and data collection.

A schematic of the experimental setup and signal processing circuit is shown

in Figure 3.3. The Cf-chamber was placed at the centre of the NAND spherical

target chamber, and a set of five structurally identical BC501A detectors, se-

lected from a segment of the NAND array were used for fast neutron detection.
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The energy-dependent efficiencies were determined for these detectors (N1-N5)

mounted at 18◦ angular separation, as shown in Figure 3.3. The setup helps

to measure and compare the energy-dependent efficiency of multiple detectors

simultaneously.

The Cf-chamber was operated with isobutane gas. Detection of isotropic

emission of fission fragments is important for estimating the efficiency using 252Cf

source. Depending on the gas pressure, the mean free path and consequently

the energy loss of fragments (∆E) vary inside the detector volume. The path

length is minimal for fragments emitted perpendicular to the plane of electrodes

(θ = 0◦) as compared to other directions. Therefore, at lower gas pressures,

the path length dependency could alter isotropic detection of fragments when

∆E drops below the detection threshold. The effects can be identified by using

multiple neutron detectors mounted at various angles w.r.t. the perpendicular

plane of the fission detector, as shown in Figure 3.3. In the present setup, the

path length is minimum for fragments emitted along the direction of neutron

detector N3. When the Cf-chamber was operated with gas pressure ≈ 2 mbar

(pressure sufficiently low to minimize triggering by alpha particles from 252Cf),

count rate difference of ≈ 10-13 % was observed between detectors N1(or N5)

and N3. By increasing the operating gas pressure to ≈7 mbar, the count rate

difference among detectors dropped to less than 5 %. A deep ionization chamber

for fission counting may help to avoid path-dependent trigger problems. But for

TOF applications, the time resolution would be poor as compared to avalanche

counters.

3.3.3 Signal processing and data collection

As shown in Figure 3.3, the signal processing electronics consist of a coincidence

circuit for detecting neutrons in correlation with fission events. The set up mea-

sures neutron TOF with reference to fission fragments detected in Cf-chamber.

Two signals were derived from the Cf-chamber: a fast timing signal from the
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Figure 3.4: Histograms representing various parameters measured in the experiment.
(a) Charged particle energy loss (∆E) histogram from the Cf-chamber. The region
between the arrows indicates energy deposited by fission fragments. (b) The histogram
showing time of flight of neutrons and γ-rays from 252Cf.

anode and the energy loss ∆E signal from the cathode. The anode signal fed

to a fast amplifier (FA) was further processed through a CFD for time pick-off.

The CFD output stretched to ≈4 µs using a GDG served as the master trigger of

the VME-based data acquisition system. The ∆E signal after pre-amplification

through a charge-sensitive pre-amplifier (CSP) was further amplified and shaped

by a uni-polar shaping amplifier. The signals from each neutron detector was

processed using custom-built electronics containing pulse shape discrimination

(PSD) and TOF circuits integrated into a dual channel NIM electronic module

[19].

VME ADC (v785 ) was used for acquiring the energy loss signal (∆E), n− γ

discrimination signal, and light output signal. TDC (v775 ) was used to record

TOF events triggered between fission and each neutron detector. A total of

25 million fission events were recorded using Cf-chamber, of which ≈ 1.5×104

events resulted in fission neutron coincidences. The light output spectrum, which

is used for setting the energy threshold, was calibrated using known energy γ-

rays from standard radioactive sources. Offline analysis of data was performed

using ROOT software [20].

The resulting spectra are displayed in Figure3.4(a-b). The light output spec-

tra of BC501A were calibrated in units of keVee (keV electron equivalent) using
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known energy γ-rays from radioactive sources such as 137Cs, 22Na, and 60Co.

Based on these calibrations, the detection threshold was set to ≈100 keVee.

Figure 3.4(a) shows the histogram of energy loss of charged particles in the Cf-

chamber. The narrow peak observed in the low-energy part of the spectrum

corresponds to alpha particle interactions. This is followed by a broad peak orig-

inating from the energy loss of fission fragments. The gain of the spectroscopy

amplifier was optimized to have both low and high energy fragments recorded

within the range of the ADC. The energy above the alpha peak (energy loss

values falling within the range marked by arrows) was used to apply 252Cf fission

coincidence condition in analysing the neutron TOF data. The corresponding

n − γ TOF spectrum is shown in Figure 3.4(b). Unlike in beam experiments,

here we have no beam pulse and have to make use of the Cf-chamber as START,

and that too operated at a low bias voltage to avoid the sputtering of radioac-

tive source material. As a result, the γ-peak is broadened with FWHM ≈ 3 ns.

Nevertheless, there is clear separation of neutrons from γ-rays.

From the measured energy spectrum, the intrinsic efficiency (ηintri.) of

BC501A detectors has been estimated as,

ηintri.(%) =
dNdet./dEn
dNref./dEn

100 (3.6)

where dNdet. is the number of neutron detected in a given energy bin dEn and

dNref. is the neutron counts expected in dEn according to the reference spectrum.

The detection threshold was kept at ≈ 0.5 MeV. The efficiency curve obtained

for one of the BC501A detectors, for the energy range ≈ 0.5-10 MeV neutron

energy, is shown in the Figure 3.5.
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Figure 3.5: Measured intrinsic efficiency, in percentage, of a 5”× 5” BC501A detec-
tor as a function of neutron energy.

3.4 FLUKA simulation of BC501A characteris-

tics

The response function and detection efficiency of BC501A for monoenergetic

neutrons and γ-rays have been simulated using FLUKA, a well-established Monte

Carlo code for simulating particle interaction and transport in scintillator media.

FLUKA is used along with an advanced graphical interface, Flair [21], making

it a versatile tool for simulation of particle interactions in different materials

and detector geometries. GEANT4 [22] models are also commonly applied in

detector simulation. However, we preferred FLUKA from the point of view of

flexibility, ease of use, and visualization of output files. For low energy (< 20

MeV) neutron interactions, FLUKA uses cross-section data based on the recent

evaluations from ENDF/B, JEF, JENDL, etc. [5, 6].

The interaction of fast neutrons with hydrogenous material results in the

creation of recoil protons. The mechanism of energy loss and resultant scintil-
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lation yield is a characteristic of the detection medium, which is represented by

a response function, R(L,E). To obtain the light output spectrum N(L) cor-

responding to neutron interaction, the recoil proton spectrum has to be folded

with the response function of the detector as,

N(L) =

∫
R(L,E) N(E)dE (3.7)

where N(E)dE is the differential number of recoil protons produced within the

energy interval dE around E, R(L,E)dE is the differential probability that a

recoil of energy within dE around E leads to a scintillation pulse of amplitude

L. The particle-dependent response of organic liquid scintillators and their origin

are described in section 3.4.3. The response function for a fixed energy deposition

is assumed to be a Gaussian distribution with zero mean value, and FWHM

equal to light output resolution (∆L) [11, 23]. The simulated light output L

was randomized using the Gaussian smearing function to account for detector

resolution, and a realistic Monte Carlo spectrum can be obtained. The detector

resolution ∆L for a given L can be written in parametric form as [23, 24],

∆L

L
=
(
α2 +

β2

L
+

γ2

L2

)1/2

(3.8)

The resolution parameter β is in general related to light production and

attenuation in the scintillator; α is associated with transmission of light from the

scintillator to the photocathode; and γ to PMT noise [23]. Since the parameters

are highly dependent on the fabrication details, even detectors with similar size

and composition may have different α, β and γ values.

3.4.1 Validation of FLUKA simulation

For optimal use of FLUKA simulation in low energy neutron interactions, it is

important to have its performance validated in the desired energy range [12].

Arneodo et al. have measured the recoil proton response in liquid scintillator
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BC501A exposed to monochromatic neutron beams below 20 MeV [23], termed

PTB measurements. The intrinsic efficiency of these BC501A detectors has been

reported for different neutron energies up to 19 MeV. To benchmark the Monte

Carlo code FLUKA for simulating the response function of organic liquid scin-

tillators, these efficiency values were used as the reference data.

To reproduce the PTB data using FLUKA simulation, the matching detector

setup has been defined in FLUKA according to the geometrical and material

characteristics as reported in [23]. The position and divergence of the beam were

defined such that the neutron beam illuminates the longitudinal section to create

recoil protons in the scintillator volume, whose depth is equal to the diameter of

the cylindrical cell. The simulated light yield N(E) was folded with the detector

response function R(L, E) to obtain the experimental light output spectrum

N(L). The values of α, β and γ were taken from [23]. The neutron detection

efficiency was then estimated from the ratio of the number of recoil protons

produced above threshold energy (Eth
P ) to the number of incident neutrons of

energy En.

The results of the FLUKA simulation along with PTB data for different neu-

tron energies are summarized in Table 6.1. Six energy points spanning from ≈0.5

MeV to 19 MeV neutron beams have been covered in this calculation. Broadly,

the FLUKA simulation reproduces the measured efficiency data very consistently

throughout the measured energy range. At detection thresholds (Eth
P ) near neu-

tron energies (En), FLUKA calculations show deviation from measurements ≈15

%. This may be due to uncertainties associated with the experimental threshold

settings. The errors in the efficiency measurements of PTB data are followed by

the errors in sensitivity reported [23]. After verifying the validity of the simula-

tion, we have applied the model to determine the response function and efficiency

of NAND detectors.



3.4. FLUKA simulation of BC501A characteristics 82

Table 3.1: FLUKA calculation of neutron detection efficiencies for 6”× 2” organic
scintillator at different energy thresholds. The simulation results are compared with
measurements reported in [23].

En (MeV) Eth
P (MeV) Intrinsic efficiency (%)

PTB meas. [23] FLUKA calc.
0.56 0.25 19.9 ± 1.8 26.6

1.2 0.25 36.5 ± 3.0 35.6

2.5 1.40 12.4 ± 1.0 14.1

5.0 1.40 23.1 ± 2.1 22.4

14.8 2.0 11.4 ± 0.9 12.3

19.0 2.0 11.0 ± 1.2 10.6

3.4.2 Estimation of α, β and γ values for NAND detector

The resolution parameters α, β and γ for 5”× 5” BC501A detectors in the

NAND array were obtained by comparing the simulated spectrum with measured

light output data using monoenergetic γ-rays. The light output was measured

using radioactive 22Na source, which emits pair-annihilation γ-rays in the decay

process. The Compton energy spectrum corresponding to γ-interaction in the

liquid scintillator was collected in coincidence with another detector mounted at

180◦ with respect to the first detector. The coincidence data was collected in

order to minimize the background interactions in the neutron detector. Using

known calibration and energy thresholds, the measured light output spectrum

was compared with the FLUKA simulated spectrum.

The geometry and material characteristics of the detector were incorporated

in the FLUKA calculation. Monoenergetic (511 keV) γ-ray beam was fired to

illuminate the full cross-sectional area of the detector. Event-by-event scoring

of energy deposited by γ-rays via Compton scattering was written to the output

file and analysed. The total number of Compton electrons produced in the de-

tector volume was set to match the integral counts in the experimental Compton

spectrum. Figure 3.6 shows the comparison between the measured (points with

error bars) and simulated (dashed curve) light output spectrum corresponding
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simulated (dashed curve) for a 5”× 5” BC501A organic scintillator detector. Solid
curve corresponds to simulated spectrum after folding with detector resolution. The
simulated spectrum is normalized to the area of experimental distribution.

to the interaction of 511 keV γ-rays in BC501A. The peak in the simulated spec-

trum indicates the Compton edge. The stark discrepancy between the spectra

suggests that the simulated data needs to be smeared with random Gaussian

noise that accounts for the resolution of the detector. The chi-square minimiza-

tion procedure was applied to determine the values of light-dependent resolution

parameters, as defined in Equation 3.8.

The best values of resolution parameters α, β, and γ that reproduce the

experimental spectrum were obtained by minimizing χ2, defined as

χ2 =
∑
i

[Nmeas.(Li)−NMC(Li)]
2

σ2
meas.(Li)

(3.9)

where Nmeas.(Li) is the light output corresponding to the ith channel of the

experimental spectrum, NMC(Li) is the corresponding Monte Carlo spectrum



3.4. FLUKA simulation of BC501A characteristics 84

smeared with resolution parameters, and σ2
meas.(Li) is the statistical error in the

measurement. The minimization method yields values of α ≈ 13 ± 2.0%, β ≈

9±1.5% and relatively small value of γ ≈ 3±0.4%, the parameter corresponding

to PMT noise. As shown in Figure 3.6 the shape of the simulated spectrum

(solid line) after Gaussian smearing using these parameters agrees well with the

measured spectrum.

3.4.3 Simulation of recoil proton response

The response of an organic liquid scintillator to charged particles can be expressed

by the relation between the scintillation energy emitted per unit path length, dL
dx

and specific energy loss, dE
dx
. In organic scintillators, a high ionization density

due to specific energy loss along the track of the particle leads to quenching, a

non-radiative decay of excited molecules [25]. As ionization density varies with

particle type, the effect of quenching will be reflected as particle-dependent light

output. Chau has formulated a relation, which is the modified form of Birks

equation to express dL
dx

in terms of dE
dx

incorporating quenching [25–27]

dL

dx
=

S(dE
dx

)[
1 + kB(dE

dx
) + c(dE

dx
)2
] (3.10)

where S is the scintillation efficiency of the medium, the product kB and c are

adjustable parameters to fit the experimental data.

The equation can be rewritten in the form dL
dE

which represents the fluorescent

light emitted when a charged particle loses dE amount of energy in the detector

volume as [28],
dL

dE
=

S[
1 + kB(dE

dx
) + c(dE

dx
)2
] (3.11)

For fast electron interactions, the specific energy loss is relatively low, and

Equation 3.11 can be approximated to S ( dL
dE
≈S); a linear dependence between

light output and particle energy. To obtain the fluorescent light generated by en-

ergetic protons produced by fast neutron interaction, energy-dependent quench-
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ing has to be incorporated in the simulation.

In the FLUKA simulation, energy-dependent quenching has been included to

find the scintillation light produced by recoil protons. The geometrical details

such as detector size, source to detector distance (175 cm) and physical charac-

teristics of the detector, like material compositions, stoichiometry, and density

were incorporated in the input of FLUKA. The properties of neutron beam with

characteristics similar to those of a neutron source 252Cf, were described in the

user subroutine, ‘source’. The beam emission was defined to be isotropic in the

c.m. frame with Maxwellian energy distribution in the range 0-12 MeV defined

according to Equation 3.2. The transformation Equations 5.30 and 3.5 were

used to obtain the energy and angular distribution of fission neutrons in the

laboratory frame. The total number of fission events was matched to the exper-

imental value. The randomness in fission direction, neutron emission angle, and

the probability distribution of neutron emission energy were also accounted for

in the simulation. The fast neutron interaction was identified by recoil proton

production in the active volume of the detector. The energy deposited by recoil

protons and the energy of corresponding neutrons were scored event by event.

The parametric fit results reported by Craun and Smith [28] have been applied

in Equation 3.11 for quenching. The light output thus obtained was expressed as

electron equivalent energy in the units of keVee or MeVee. These equivalent en-

ergy spectra are further Gaussian smeared with resolution parameters (α, β and

γ) to obtain realistic Monte Carlo spectra. Figure 3.7 displays the light output

distribution generated by recoil protons for monoenergetic neutron interactions.

In Figure 3.7(a), spectra corresponding to neutron beams of energies 3, 6, 8 and

10 MeV spanning the dynamic range of interest are shown. Figure 3.7(b) shows

FLUKA simulated light output distribution compared with measured data for

a quasi-monoenergetic neutron of 4±0.2 MeV. The simulation reproduces the

measured data very well.
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Figure 3.7: (a) simulated light output distribution corresponding to interactions of
neutrons of energies 3, 6, 8 and 10 MeV incident on 5”× 5” BC501A. (b) comparison
of the measured light output with FLUKA simulation results for quasi-monoenergetic
neutrons of En = 4.0± 0.2 MeV.

3.4.4 Intrinsic efficiency of 5”× 5” BC501A detectors

The intrinsic efficiency of a single BC501A cell was determined from the number

of recoil protons that result in scintillation light output above the detection

threshold, Eth
P . In the measurement, the energy threshold for neutron detection

was set to be ≈0.5 MeV [29, 30]. The light output corresponding to neutron
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interactions in the energy range ≈0.5 MeV - 10 MeV has been simulated using

FLUKA, including energy-dependent quenching effects. From simulated data,

the intrinsic efficiency as a function of neutron energy was estimated using the

equation,
dη

dEn
=
( 1

FN Mn
dΩ
4π

)( 1

f(En)
(
dNP

dEn
)(En)

)
(3.12)

where FN is the number of fissions, Mn is the average neutron multiplicity

from 252Cf fission, dΩ is the solid angle subtended by a single neutron detec-

tor, (dNP
dEn

)(En) is the number of recoil protons produced above threshold energy

by neutrons with energy between En and dEn, and f(En) is the probability distri-

bution of neutrons from 252Cf in the laboratory frame evaluated using Equations

3.2 and 3.5.
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Figure 3.8: The intrinsic efficiency of 5”× 5” organic scintillator, BC501A as func-
tion of incident neutron energy. The experimental results are shown with error bars.
Circle (red) and diamond (green) symbols represent FLUKA and GEANT4 simulation
results [31] respectively.

Figure 3.8 shows intrinsic efficiency for a 5”× 5” BC501A liquid scintillator

obtained from FLUKA simulation and measurements. The measured data points
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are shown with statistical errors. The error in En indicates the uncertainty that

emerged from the position of interaction in the liquid cell and the intrinsic time

resolution of the detector. For comparison, the efficiency curve for a similar

detector obtained from the GEANT4 [22] simulation at 0.5 MeV threshold [31]

is also displayed in the figure. The FLUKA simulation reproduces measured

efficiency data reasonably well in the dynamic range of interest and is in good

agreement with the results of the GEANT4 simulation.

3.5 Scattering of neutrons by materials

In large detector arrays, one dominant factor that limits accurate estimation of

neutron flux from a given reaction is the scattering of neutrons by various ma-

terials on their flight path. In the design phase of the NAND facility, careful

consideration was given to minimizing the amount of scattering material. Never-

theless, physical structures such as the vacuum chamber wall, detector coverings,

etc. are inevitable. These materials remain as sources of neutron interaction,

causing neutron attenuation and scattering. NAND uses a spherical vacuum

chamber made of 4 mm thick stainless steel (SS) wall as reaction chamber. Neu-

tron interactions with the chamber wall can be a major source of attenuation and

background in the detectors. In order to evaluate the effect of neutron scattering,

FLUKA simulation has been performed to calculate the loss of direct neutron

flux in a single cell and the subsequent generation of neutron background in

neighbouring detectors. For comparison, simulations were carried out for two

commonly used vacuum chamber materials, aluminium (Al) and stainless steel

(SS) in the form of 4 mm thick sheets placed in the neutron beam path at 50 cm

away from the source position.

The geometry defined in the simulation consists of three organic liquid scin-

tillators placed at 175 cm distance from the source position and at 18◦ angular

separation from each other, as displayed in Figure 3.3. A beam of neutrons

with energy distribution defined according to Equation 3.2 and beam divergence
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Figure 3.9: Spatial distribution of normalized neutron fluence (neutrons/
cm2/primary weight) after scattering from 4 mm thick sample material (marked by
vertical line) placed 50 cm away from source position. The three rectangular boxes
represent neutron detector regions. The inset shows the energy distribution of incident
neutrons as defined by Equation 3.2.

just sufficient to illuminate the cross-sectional area of the central detector was

directed at the sample materials (Al or SS). Figure 3.9 shows the spatial distri-

bution of normalized neutron fluence (neutrons/ cm2/primary weight) obtained

after interactions from the sample material placed 50 cm away from the source

position. The energy distribution of the incident neutron is shown in the inset.

The three rectangular boxes shown represent neutron detector regions. The de-

tector structures are mounted at angles 0◦ and 18◦ w.r.t. beam direction with

angular acceptance of ≈ ±2.0◦. The scattered beam into these regions was

recorded.

The percentage of neutron flux incident directly (φdirect) in the cross-sectional

area of the neutron detector at 0◦ for the two materials (4 mm thick) is given

in Table 3.2. The background flux (φscattered) due to scattered neutrons in the
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Table 3.2: Percentage of incident neutron flux (direct and scattered) on neighbouring
detectors after interactions from 4mm thick material placed in neutron beam path.
Two materials, Al and SS, are compared in the FLUKA calculation. The background
due to neutron scattering from vacuum chamber material is lower than measured
cross-talks events in the array [32].

Scattering φdirect φscattered Cross-talk
material at 0◦ (%) at 18◦ (%) probability (%)

Aluminium 91.7 5.6×10−3

4.6±0.28×10−2[32]
Stainless steel 88.1 3.8×10−2

detector mounted at 18◦ is also given. It is noticed that the loss of flux due

to scattering (≈ 8 %) and the associated neutron background are minimal for

aluminium material as compared to stainless steel. The measured cross-talk

probability, which is the probability to detect the same neutron in two or more

neighbouring detectors after scattering [33], is given in the last column of Table

3.2. In the present configuration of neutron detectors in NAND array, the cross-

talk probability between a pair of nearest detectors is found to be comparable

to φscattered caused by the chamber wall made of stainless steel. It indicates that

the choice of material for the chamber does not make a significant difference in

terms of neutron background, as it is lower than the distortion caused by cross-

talk in the array. Considering the mechanical aspects and ease of fabricating

large-volume spherical chambers intended for high vacuum operations, stainless

steel was chosen for the NAND target chamber.

3.6 Estimation of neutron emission flux

With accurate knowledge of the intrinsic efficiency of detectors, the flux loss due

to scattering, and the solid angle subtended by the detectors (geometrical effi-

ciency), the emission flux can be determined from the measured neutron counts.

The efficiency curve derived from Equation 3.12, integrated over neutron energy

range, yields the overall efficiency of a single detector. For 252Cf source kept at
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the centre of the NAND array,

ηintegral =
( 1

FN Mn
dΩ
4π

)∫ Emaxn

EthP

1

f(En)
(
dNP

dEn
)(En) dEn (3.13)

where Emax
n is the maximum neutron energy. One can define absolute efficiency of

full detector array by incorporating the integral efficiency (ηintegral), geometrical

efficiency and scattering loss as,

ηabs. = (φincident) (ηintegral) (
dΩ

4π
) NBC501A (3.14)

where NBC501A is the total number of BC501A detectors comprising the array.

The ηabs. is an important parameter for multi-detector arrays aiming to study

neutron multiplicity distribution Clarke, JINR. From the efficiency measurement

performed for five neutron detectors, the average integral efficiency was found

to be ≈ 48 % at ≈ 0.5 MeV threshold. Considering scattering from spherical

vacuum chamber made of 4 mm thick stainless steel, the FLUKA simulation

yields ≈ 12 % loss in neutron flux due to scattering. Taking into account all

these contributions in Equation 3.14, the absolute efficiency of NAND array

with 100 detectors is found to be ≈ 1.40 %. Slight deviations from this value

can be expected according to the shape of the neutron evaporation spectrum (a

function of nuclear temperature) and the resultant integral efficiency. In reaction

studies where neutron distribution is important, the neutron flux emitted by

the source can be obtained by normalizing measured neutron counts with the

absolute efficiency of the array.

3.7 Summary and conclusions

We have investigated the light output response and intrinsic efficiency of the

BC501A liquid scintillator of the NAND array using monoenergetic γ-ray sources

and fast neutrons from 252Cf fission source. Monte Carlo computation using
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FLUKA reproduced the measured light output of the detector for γ-rays and

neutrons after smearing the simulated data with detector resolution. The reso-

lution parameters α, β, and γ have been derived for 5”× 5” BC501A detector

with values of 0.13±0.020, 0.09±0.015, and 0.03±0.004 respectively.

The energy-dependent efficiency was calculated and compared with measured

data at ≈0.5 MeV energy threshold. In the measurement, the fragments and co-

incident neutrons from the spontaneous fission of 252Cf source were detected by

using a 2π detector and BC501A respectively. The kinematics of neutron emis-

sion and particle-dependent quenching effects were incorporated in the FLUKA

simulation. It was found that the FLUKA results are in good agreement with

the measurement. It reproduces the measured efficiency curve reasonably well

across the studied energy range. Also, good consistency has been observed be-

tween FLUKA and GEANT4 results.

Based on the calculation presented in this work, we conclude that the esti-

mated neutron flux loss due to scattering from the NAND target chamber wall

is ≈12 %. The background due to scattering is not found to be significant as

compared to the cross-talk between the nearest pair of detectors in the array.

Taking into account all these factors, the neutron detection efficiency of the full

array is ≈1.40 % at 0.5 MeV threshold energy. After fine-tuning and evaluating

its performance, the NAND array has been employed for heavy ion induced fis-

sion research. The following chapter describes the experimental aspects of fast

neutron measurements in coincidence with fission.
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Chapter 4

Measurement of mass distribution

and neutron multiplicity in 227Pa :

Experimental aspects

Experimentally, various aspects of nuclear fission are investigated by measur-

ing different fission observables. Some of the important observables used for

investigating the heavy ion-induced fission process are the mass distribution of

fragments, kinetic energy, mass angle correlation, angular distribution, light-

charged particle multiplicities, neutron multiplicity, etc. These probes have been

intensively used in the past few decades to study the nature of fission under vari-

ous circumstances, such as compound nuclei (CN) at higher and lower excitation

energies, various entrance channels, target deformation, etc. And these studies

elucidate largely our understanding of induced nuclear fission processes. Nev-

ertheless, these studies also show the possibility of overlap in the experimental

observables. Overlap of observables or similar experimental observation but of

different physics origin makes the fission studies more challenging.

The broadening of mass width observed in the mass distribution of fragments

may have its roots in shell effects, non-compound fission processes such as quasi-

fission, etc. [1, 2]. Similarly, higher particle multiplicities are interpreted in
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terms of the dissipative nature of fission evolution, early re-separation of the

fused system before full equilibration, etc. [3–5]. Hence, measuring one or two

quantities may be inadequate to conclude the nature of fission comprehensively.

This brings up the necessity of measuring multiple fission observables and their

correlation simultaneously. The validity of conclusions based on one observable

can be examined in the case of other observables. In the theoretical analysis, the

need for simultaneous reproducibility of various measured quantities and their

correlations will restrict the model parameters, which can give better insight

into the physics origin or interpretation of the experimental observables. The

National Array of Neutron Detectors (NAND) is one such facility that enables

us to measure multiple observables of the same fission events efficiently [6]. The

design, development and performance evaluation of NAND facility is described

extensively in the Chapter 2. In the present scientific investigation, the NAND

facility is used to find the influence of multi-chance fission, a phenomenon in

which fission is preceded by neutron emission, in determining the fission modes

at low and intermediate excitation energies.

Mass distribution is one of the most sensitive and extensively used experi-

mental probes that gives direct information about the complex rearrangement

of compound nuclear mass. If the neutrons are mostly emitted before the saddle

point in the evolution towards fission, the average value of multi-chance fission

(MCF) can be calculated simply from the pre-scission neutron multiplicity (νpre).

Furthermore, the correlation between fragment mass and νpre, known as mass-

gated pre-scission neutron multiplicity, can be utilized as a sensitive probe to

study the role of MCF in determining distinct fission modes. With this motiva-

tion, we have measured the mass distribution, average νpre and the Mass− νpre
correlation for a light actinide nucleus 227Pa formed in the complete fusion reac-

tion of 19F+208Pb in the E∗ range ≈ 30 - 60 MeV.

The experiment was performed using the 15 UD Pelletron accelerator facility

at the Inter University Accelerator Centre (IUAC), New Delhi [7]. Pulsed beam
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of 19F at laboratory energies of 90 MeV, 95 MeV, 100 MeV, 105 MeV and 120 MeV

was bombarded on isotopically enriched nuclear targets of 208Pb. The compound

nuclei formed in the heavy ion-induced fusion with excitation energy in the range

≈ 30 - 60 MeV undergo binary fission. The fission fragments were detected by

using two large-area sensitive fission detectors. The NAND facility was used for

the measurement of fast neutrons emitted in coincidence with the heavy ion-

induced fission process. This chapter is dedicated to discussing experimental

aspects of heavy ion-induced fission and is organized as follows: The accelerator

facility at IUAC is described in the following sections. This is followed by a

detailed discussion about various sub-systems of the NAND facility, such as the

scattering chamber, analogue-based signal processing, and data acquisition in

the subsequent sections.

4.1 Pelletron Accelerator at IUAC

The 15 UD Pelletron Accelerator facility at IUAC is a tandem electrostatic accel-

erator capable of delivering essentially all stable beams with energies depending

on the charge state of the ion and the terminal voltage [7–9]. A schematic of the

Pelletron accelerator is shown in Figure 4.1.

The accelerator is installed in a 5.5 metre-diametre, 26.6 metre-high cylin-

drical vessel. A Multi-Cathode Source of Negative Ion by Cesium Sputtering

(MC-SNICS) situated at the top, as shown in the Figure 4.1 is used for pro-

ducing the required beam species. The extracted negative ion beam from the

ion source is accelerated through General Purpose (GP) tubes to a few hundred

kilo electron volts (keV) energies. The pre-accelerated beam is then injected into

the vertically configured accelerator through a bending magnet. The magnetic

rigidity of the bending magnet is selected such that only particles of a given

m/q will follow the trajectory to the accelerator tank. Hence, injector magnet is

also called mass selector. Due to the high positive potential, as high as 15 MV,

built at the terminal, the negative ions experience a strong electrostatic force of
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Figure 4.1: A schematic of the Pelletron accelerator facility at IUAC.

attraction and gain energy. On reaching the terminal, the beam passes through

a stripper made of a small volume of gas or thin foil, which removes several

electrons, thereby converting them into positive ions. These ions are accelerated

further to ground potential at the tank bottom due to electrostatic repulsion.

The total energy gain (Etotal) from the dual acceleration is given by,

Etotal = Eini + (q + 1)Vterm (4.1)

where q is the charge state of the ion, Eini is the energy gained from the pre-

acceleration and Vterm is the terminal potential.
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A second bending magnet, known as energy analyzer magnet, positioned at

the bottom of the accelerator tank, is used for selecting the beam of required

energy. Due to the statistical nature of electron stripping at the terminal, the

beam species can have a distribution of charge states varying from q = 1 to

Z, where Z is the atomic number. The energy of the ion beam is selected by

adjusting the magnetic field of the analyzer magnet B = 797.55×
√
m Etotal/ q2

where Etotal is the energy in MeV, m is the mass in u, and B is given in Gauss.

In addition to the dc (continuous) beam, the accelerator is capable of delivering

pulsed beam with a repetition rate of 250 ns - 2µs with the help of a multi-

harmonic buncher. In the present experiment, pulsed beam with a repetition

rate of 250 ns in the laboratory energy range of 90 MeV to 120 MeV was used.

After energy selection, a switcher magnet was used to switch the accelerated

beam to the NAND facility installed in the beam hall-II of the IUAC.

4.2 Target details

For mass distribution measurements, the thickness of nuclear targets is desired

to be a few hundreds of µg/cm2 or less to minimize the energy loss of frag-

ments inside the target material. Due to energy loss in a material medium,

fragments travel at velocities lower than their emission velocities, which affects

the mass spectrum derived from the velocities of complementary fragments. For

the present study, 208Pb targets of thickness ≈ 250 µg/cm2 were prepared by

thermal evaporation. Due to the difficulties in preparing self-supporting 208Pb,

it was deposited on carbon backing of thickness ≈ 20 µg/cm2. The general prin-

ciples of nuclear target fabrication and details of deposition facilities are given

in the reference [10].
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4.3 Measurement techniques

The principle followed in deriving the mass distribution of fission fragments is

based on the conservation of linear momentum. In the energy range of 4 − 7

MeV/u, where fission is binary in nature, momentum conservation yields,

M1V1 = M2V2 (4.2)√
2M1E1 =

√
2M2E2 (4.3)

where M1,2, V1,2 and E1,2 denote the mass, velocity and energy of the respec-

tive fragments. Thus, the mass ratio (MR = M2

M1+M2
) can be calculated directly

from the velocities or energy of both fragments of a given fission event as,

MR =
V1

V1 + V2

=
E1

E1 + E2

(4.4)

In the present experiment, we have used a pair of large-area (20 cm × 10 cm)

multi-wire proportional counters for fission fragment detection. These fast timing

detectors provide an accurate time of flight (TOF) of complementary fragments

in the laboratory frame [11]. From the TOF information, fragment velocities and

the mass distribution can be derived according to equation 4.4

The method used for extracting neutron multiplicity, which is the number of

neutrons emitted per fission, is based on a global fit to the experimental neutron

energy spectra at different angles by minimizing the χ2. In the evolution of a fully

equilibrated compound nucleus towards fission, neutrons can be emitted at vari-

ous stages, such as the transition from equilibrium configuration to saddle point

(pre-saddle neutrons), the descent from saddle to scission (saddle-to-scission neu-

trons), scission to pre-acceleration of fragments (near-scission neutrons), and

from fully accelerated fragments (post-scission neutrons). Though it is difficult to

separate various neutron groups from measured neutron spectra experimentally,

the kinematic correlation between fragments and neutrons can be investigated
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to find the neutrons emitted prior to fission, known as pre-scission neutrons, and

those emitted by fully accelerated fragments, known as post-scission neutrons.

The term pre-scission neutrons includes pre-saddle neutrons, saddle-to-scission

neutrons, and near-scission neutrons, as they pose similar kinematic correlations

with the neutron sources. The number of neutrons detected in any given detector

will have contributions from fast-moving fragments and slow-moving compound

nuclei according to their relative angles w.r.t the neutron detector. This feature

is exploited through numerical methods to find neutron multiplicities.

4.4 Experimental setup
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Figure 4.2: Schematic view of the experiment setup used for measuring neutron
multiplicity in coincidence with fission. θn, θnf1, and θnf2 represent relative angles
between various neutron sources [compound nucleus (CN), fragments f1 and f2] and
neutron detectors. Neutron detectors (N1 to N16 of NAND array) in the reaction
plane alone are displayed (see text for details).

A schematic of the experimental setup used for measuring the mass distribu-

tion, average neutron multiplicity, and their correlations is shown in Figure 4.2.
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High efficiency liquid cells from the NAND facility were used for detecting the

fast neutron emitted in coincidence with fission at various angles [6, 12]. The

design, development, characterization, and installation of these detector systems

are explained in great detail in chapters 2 and 3.

4.4.1 Fission detectors : MWPC

One of the MWPC detectors was mounted left side to the beam direction in

forward angle 40◦ at a distance of 27 cm from the target. To detect the comple-

mentary fragment, a second MWPC was mounted at folding angle of 160◦ w.r.t.

the first detector. This corresponds to an angle of 120◦ for the second detector

w.r.t beam direction. In order to improve the coincidence rate of complementary

fragments, the back-angle detector was placed relatively close to the target at a

distance of 23 cm. The gas detectors were operated with a continuous flow of

isobutane gas (99.5 % purity) maintained at 4 mbar pressure. A bias voltage of -

440 V was applied to the central timing electrode, keeping the position electrodes

at ground potential.

Figure 4.3 shows the inside view of the scattering chamber. A schematic of

the gas handling unit used for MWPC operation is also shown in Figure 4.3.

During pumping and venting of the vacuum chamber, MWPC detectors were

kept at the same pressure as the target chamber via a bypass valve to protect

the entrance widow foil of MWPCs made of 0.9 µm mylar foil. After attaining

the required vacuum in the target chamber, typically 5×10−6 mbar or better, the

gas detectors were disconnected from the chamber by closing the bypass valve.

This is followed by the circulation of isobutane gas at 4 mbar pressure, which is

regulated by a needle valve in the gas input and a rotary pump at the gas exit

line. An electro-pneumatic shut-off valve connected to the gas inlet is used to

protect the MWPC detectors from vacuum accidents. In case of power failure,

the immediate closure of the shut-off valve stops further flow of isobutane gas

into the detector volume, thus preventing any damage to the window foil of the
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Figure 4.3: (top) Inside view of the scattering chamber, which accommodates the
targets, detectors, and the preamplifiers. (bottom) A photograph, and schematic
diagram of the gas handling unit used for circulating isobutane gas in the MWPC
detectors.

4.4.2 Neutron detectors : BC501A

Fast neutrons emitted in the fission process were detected using BC501A detec-

tors in coincidence with the fragments. Each BC501A detector consists of a 5

inch diameter and 5 inch depth ( 5”× 5”) liquid cell coupled to a 5” diameter
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Table 4.1: The relative angles θn, θnf1, and θnf2 of BC501A detectors N1 - N16,
used in the present experiment. see the Figure 4.2 for details.

Detector θn θnf1 θnf2 Detector θn θnf1 θnf2

(deg.) (deg.) (deg.) (deg.) (deg.) (deg.)

N1 18 22 138 N9 162 122 78

N2 36 4 156 N10 162 158 42

N3 54 14 174 N11 144 176 24

N4 72 32 168 N12 126 166 6

N5 90 50 150 N13 108 148 12

N6 108 68 132 N14 90 130 30

N7 126 86 114 N15 72 112 48

N8 144 104 96 N16 18 58 102

photomultiplier tube (PMT), model Hamamatsu R4144. These liquid scintilla-

tors are mounted on the geodesic dome structure of the NAND facility, providing

a 175 cm flight path for fast neutrons. Figure 4.2 shows the neutron detectors

of the reaction plane alone, which are labelled as N1 to N16. The relative angles

of these detectors w.r.t beam (CN), fission fragment 1 (f1) and fragment 2 (f2)

are listed in Table 4.1. To minimize the secondary radiation background due to

the interaction of the beam on the tantalum sheet mounted at the end of the

beam line, a beam dump made of borated paraffin and lead is installed 4.5 m

downstream from the target.

The light output among the scintillators for a given energy radiation varies

due to differences in the gain of PMT. To ensure uniform light output response

from all detectors used, the bias voltages of all neutron detectors were optimized

to achieve similar light output for known gamma rays from radioactive sources

such as 22Na, 137Cs, and 60Co. Typically, the bias voltages vary in the range

≈ - 1500 V to - 1800 V. Two Passivated Ion Implanted Planar Silicon (PIPS)

detectors of thickness 300 µm, labelled as M1 and M2 in the Figure 4.2, were

mounted at ≈ 12◦ on either sides w.r.t beam direction. These detectors were

used for continuous monitoring of the beam.
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Figure 4.4: (top) Timing and X-position signals derived from one of the MWPC de-
tectors. (bottom) Timing and light output signals extracted from the photomultiplier
tube of a BC501A detector.

Figure 4.4 displays the raw signals obtained from one of the MWPC detectors

and a BC501A detector. The timing signal extracted from the anode of MWPC,

and one of the position signals processed through a fast timing amplifier are

shown in the top panels. The bottom panels show the timing and light output

signals derived from a BC501A detector. The timing signal was obtained from

the last dynode (anode) of the PMT whereas the light output pulse was derived

from one of the intermediate dynodes, which is later processed through a charge-

sensitive preamplifier.

4.5 Signal processing electronics and data acqui-

sition

The electronics used for analog signal processing are primarily intended to de-

rive the interaction position and time of flight (TOF) of complementary fission

fragments as well as the TOF of associated neutrons. Signal processing and data
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Figure 4.5: Signal processing electronics for fission detectors.

Figure 4.6: Signal processing electronics for neutron detectors.

collection systems are composed of three distinct sections: (i) signal processing

electronics for fission detectors; (ii) electronics for neutron detectors; and (iii)

VME-based data acquisition. The data acquisition trigger was derived from a

coincidence between the radio-frequency (RF) signal of the pulsed beam and

fission detectors. Figures 4.5 and 4.6 show various electronic modules used for

processing the signals from fission and neutron detectors.

A block diagram of the electronics setup used for processing the signals from

MWPC and neutron detectors for coincidence measurements is shown in the
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Figure 4.7. Each MWPC detector provides five signals: a timing signal and four

position signals (XL, XR, YU, and YD). All the signals were preamplified using

indigenously developed vacuum-compatible timing preamplifiers. The timing

signal, derived from the avalanche electrode, shows sufficient amplitude after

the pre-amplifier for further processing. But the signals derived from position

electrodes need to be amplified. The position signals were processed through fast

amplifiers (Phillips Scientific, model 777 ) and Constant Fraction Discriminators

(CFD) (EG&G Ortec, model CF-8000 ) for time pick-off. The threshold voltage

for all CFD modules was kept relatively low, ≈ 30 mV, well above the noise level,

to ensure maximum detection efficiency.

The timing signals from MWPCs in coincidence with the RF signal of the

beam pulse were used for setting the data acquisition trigger logic, which is

shown in the Figure 4.8. In the first step, the timing signals from MWPC

detectors were processed through a CFD (Phillips Scientific, model 715 ) and

fed to a logic OR unit (Ortec, model CO-4020 ). The OR module gives a NIM

signal at the output if any one of the MWPCs is triggered by charged particle

radiations. The OR output was stretched for ≈ 200 ns, known as the coincidence

window. The RF signal processed through the CFD (Phillips Scientific, model

715 ) module was properly delayed to fall within the coincidence window (see

Figure 4.8). These signals (OR output and RF) were given to a logic AND unit

(Ortec, model CO-4020 ). The output of the logic AND unit implies a coincidence

between the RF of pulsed beam and the MWPC signal. The intrinsic spread in

the RF was ≈ 1.3 ns. The RF signal, in coincidence with MWPC signals, was

used as the trigger for the TOF measurements. Indigeneously developed VME

crate control module receives the coincidence signal from the logic AND unit

and generates acquisition strobes for the ADC (CAEN, v785 ) and TDC (CAEN,

v775 ) modules for data collection [13]. An in-house developed root-based data

acquisition software, NiasMARS, is used for collecting data in list-mode/ event-

mode [14].
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Figure 4.7: A block diagram of electronics used for the analog signal processing and
data acquisition to measure the mass distribution and neutron multiplicities.

Figure 4.9 shows the position and TOF signals of MWPC detectors. Figures

4.9(a) and (b) are the TOF spectra obtained from MWPCs mounted at forward

and backward angles, respectively. A clear separation of fission fragments from

scattered beams can be observed in these plots. In the Figures 4.9(c) and (d), the

interaction positions X (X = XL−XR) and Y (Y = YU−YD) of fission fragments

are displayed. These difference-spectra span around 3200 channels in X and 1600

channels in Y. The distributions in the position spectra are proportional to the

end-to-end delay (160 ns and 80 ns in X and Y, respectively) of the delay chips
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Figure 4.8: Figure shows a typical coincidence condition applied for binary fission
measurements. The green pulse represents a LOGIC OR of timing signals from MW-
PCs. RF of the beam pulse, shown in yellow line, is delayed to coincide with MWPC
signal.

used in the X and Y electrodes.

Neutron detector signals were processed using custom-built pulse shape dis-

crimination modules [15]. Figure 4.7 shows the block diagram for signal pro-

cessing of one of the neutron detectors used in the present study. The dynode

signal from PMT is routed through a charge-sensitive preamplifier and fed to

a uni-polar shaping amplifier. This output represents the total light output,

which was used to set the energy threshold for each neutron detector. The de-

tection threshold was set to obtain ≈ 0.5 MeV neutron energy. The anode signal

was split into two. One branch was processed through a zero-cross (Z/C) over

circuit for neutron gamma (n − gamma) discrimination, and the other branch

was routed through a CFD for time pick-off. The prompt CFD signals, derived

from all neutron and fission detectors, were delayed properly w.r.t the trigger

by means of Gate and Delay Generator (GDG) modules to confine them within

the TDC range of 400 ns. The NIM output from GDG was converted to an

ECL signal using a NIM-ECL converter module, and fed to the TDC module as

STOP signal for time of flight measurements. The START was provided by the



4.5. Signal processing electronics and data acquisition 114

1800 2100 2400

TOF 1 (channels)

4 k

8 k

12 k

16 k

C
o

u
n

ts
 

1800 2100 2400

TOF 2 (channels)

2 k

4 k

6 k

-1600 -800 0 800 1600

X position (channels)

0 

100 

200 

300 

400 

C
o

u
n

ts

-800 -400 0 400 800

Y position (channels)

0

100

200

300

400

(a) (b)

(c)
(d)

scattered beam

scattered beam

Fission fragments Fission fragments

Figure 4.9: Histograms representing various signals of the MWPC detectors. (a) and
(b) are the TOF spectra of the front and back-angle MWPC respectively, measured
w.r.t the coincidence pulse. (c) The horizontal position spectrum obtained by X =
XL −XR. Similarly, (d) represents the vertical position spectrum obtained by Y =
YU − YD.

coincidence logic described.

Figures 4.10 (a)-(c) show the spectra of acquired signals from one of the

neutron detectors. Figure 4.10(a) shows the TOF spectrum measured in the

Common Stop mode of data acquisition. Neutron gamma discrimination

obtained through pulse analysis is shown in 4.10(b). Figure 4.10(c) represents

a typical light output spectrum generated by neutron and gamma interactions

in the liquid cell. Spectra similar to 4.10 (a)-(c) are obtained from all other

neutron detectors used. Figure 4.10(d) is obtained by plotting TOF against the

zero-cross over spectrum. It shows excellent discrimination of neutrons from

γ-ray backgrounds. This 2D spectrum will be used further for gating neutron
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The light output spectrum generated by combined neutron and γ-ray interactions in
the liquid cell. (d) A two-dimensional histogram obtained by plotting the spectra in
(b) against (a).

events in the data analysis. The data analysis methods adopted for extracting

the average neutron multiplicity, fission fragment mass distribution, as well

as the correlation of fragment mass with pre-scission neutron multiplicity are

described in the coming chapter.
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Chapter 5

Data analysis methods

The binary fission data was analyzed using the ROOT-based analysis framework

[1]. The analysis is primarily intended to extract the mass distribution of fission

fragments, average neutron multiplicity, and the correlation of mass distribution

with pre-scission neutron multiplicities at different excitation energies. These

quantities were derived from the measured time of flight (TOF) data of fission

fragments and neutrons. As known, the measured data will be an admixture of

the time of flight of various particles. For instance, the TOF spectra measured

using MWPC detectors have contributions from scattered beams, target recoils,

etc., along with fission fragments. Similarly, BC501A detectors give TOF of

neutrons in the γ-ray background. Therefore, proper discrimination of neutrons

and fission fragments from unwanted radiation background is important. This

is achieved in offline analysis by applying stringent coincidence conditions such

as angular coincidence, full momentum transfer, etc. The gated events were

analyzed by applying appropriate equations to extract the physical quantities of

interest. In this chapter, we discuss the mathematical formulation of different

methods adopted for finding the mass distribution and neutron multiplicities

from time of flight measurements.
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Figure 5.1: A schematic of co-ordinates (θ,φ) of the hit position of one of the
fragments with respect to the beam direction. The black line arrow points to the co-
ordinates (θ0,φ0) of detector centre. And the red arrow shows to co-ordinates (θi,φi)
of a given fission event i.

5.1 Data analysis to find mass distribution and

TKE of fission fragments

There are two methods commonly used for finding the mass distribution of binary

fragments produced in a fusion-fission reactions. In the first method, known as

the velocity reconstruction method or kinematic coincidence method, the abso-

lute velocity of fission fragments was determined using the time of flight technique

[2, 3]. The mass ratio of the fragments is derived from the ratios of their velocities

in the centre of mass frame. This method solely relies on the measurement of the

absolute time of flight of fission fragments using either a START-STOP detector

set up or a pulsed beam. In situations where these facilities are not available or

applicable, the absolute time of flight fragments cannot be determined. In such

cases, the mass distribution of fragments is extracted from the time difference

between their flight times to the fission detectors mounted at known distances.

This method is known as the time of flight difference method. For the present
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thesis work, the absolute time of flight of fission fragments was measured with

the help of a pulsed beam. The mass ratio distribution was derived by the veloc-

ity reconstruction method. A detailed mathematical formulation of the method

is described in the following section.

In this method, the velocity vectors of the binary fission events are reproduced

by the accurate measurement of interaction position and TOF. The following cal-

ibration equations are used for converting the TDC channel numbers to absolute

position.

Let x1 and x2 be the channel numbers of the two edges of the position spec-

trum. And y1 and y2 be the corresponding absolute values of positions (-10.0 cm

and +10.0 cm as displayed in the Figure 5.1). Then,

y1 = mx1 + c (5.1)

y2 = mx2 + c (5.2)

where m and c are the slope and intercept respectively. By rearranging this, the

following equations can be obtained for m and c as,

m =
(y1 − y2)

(x1 − x2)
(5.3)

c =
(x1y2 − x2y1)

(x1 − x2)
(5.4)

In the Figure 5.1, the coordinates of the hit position of one of the fragments

are schematically shown. Knowing the distance to the centre of the detector

L0 and (θ0, φ0) of the detector centre, the precise interaction position (θ, φ) and

path length L traversed by the fragments can be calculated from the following

trigonometric relations:

L =
√
df 2

1 + Y 2
f where, df1 =

√
L2

0 +X2
f (5.5)

θ1 = θ0 − tan-1(
Xf

L0

) (5.6)
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θ = cos−1(
df111

L
) where, df111 = df1 cos(θ1) (5.7)

φ = φ0 + tan-1(
Yf
df1111

) where, df1111 = df1 sin(θ1) (5.8)

where Xf and Yf are the calibrated positions derived from the MWPC signals.

All the notations used are followed by the Figure 5.1. Similarly, the angular

coordinates (θ, φ) and path length L for the complementary fragments can be

determined from the other MWPC signals. To obtain the absolute time of flight

of fragments, the TOF spectrum has been calibrated:

TOF (ns) = m TOF (ch.) + C (5.9)

where m and C are the slope and intercept respectively. The TDC slope was

measured using a time calibrator (Ortec Time Calibrator, model 462 ), which

generates logic signals at precise time intervals. To estimate C, the TOF peak of

elastically scattered beam has been used, whose energy at a given angle is known

from calculations [4]. C was obtained by matching the peak of the scattered beam

to the calculated TOF.

5.1.1 Velocity reconstruction method

The laboratory velocities of fragments (v1, v2) were determined from path length

L and the calibrated TOF data. Figure 5.2 shows the vector diagram of fission

fragment velocities in horizontal and vertical planes. Given that the two velocity

vectors and the beam axis are co-planar, the measured velocity vectors can be

decomposed into parallel and perpendicular components w.r.t. the beam axis,

as shown in 5.2(a). These components are labelled as w1 = v1 cos(θ1) and u1 =

v1 sin(θ1). V1 and V2 are the velocities of fragments in centre of mass frame. vpar

represents the parallel component of velocity induced by the beam. In the case

of full momentum transferred (FMT) events, vpar matches with the compound

nuclear velocity vcn = 1.388 (
√

EP
AP

) ( AP
ACN

) where AP and ACN are the masses of
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Figure 5.2: Velocity vector diagram of fission fragments in the laboratory and centre
of mass frames. (a) shows the velocity vectors and their components in the plane of
beam axis and (b) in the plane perpendicular to beam axis [2].

the projectile and compound nucleus, and EP is the energy of the projectile.

From the Figure 5.2(a), we can write,

w1 − vpar = V1 cos θcm1 (5.10)

w1 − vpar = (
u1

sin θcm1

) cos θcm1; where, [V1 =
u1

sin(θcm1)
] (5.11)

Similarly,

w2 − vpar = −(
u2

sin(θcm1)
) cos(θcm1) (5.12)

w1 − vpar
w2 − vpar

= −(
u1

u2)
) (5.13)

Rearranging this, we get,

vpar = (
u1w2 + u2w1

u1 + u2

) (5.14)

Similarly, from Figure 5.2 we get,
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(x1 + x2)2 = u2
1 + u2

2 − 2u1u2 cos(φ12); where, φ12 = φ1 + φ2 (5.15)

By substituting the values of x2
1 = u2

1 − v2
perpand x2 = u2

2 − v2
perp, this equation

can be simplified to,

vperp =
u1u2 sin(φ12)√

u2
1 + u2

2 − 2u1u2 cos(φ12)
(5.16)

For fission followed by full momentum transfer, vpar − vcn and vperp are expected

to be centered around zero. FMT events can thus be differentiated by applying

a velocity filter around vpar − vcn, vperp = (0, 0). Velocity vectors satisfying

this criteria have been considered for FMT fission studies. The centre of mass

velocities of the fragments were calculated using the equations,

V1 =
√
u2

1 + v2
par − 2u1vpar cos(θ1) (5.17)

V2 =
√
u2

2 + v2
par − 2u2vpar cos(θ2) (5.18)

If M1 and M2 are the corresponding masses of fragments, then momentum con-

servation yields,

M1V1 = M2V2 (5.19)

This gives,

MR =
M1

M1 +M2

=
V2

V1 + V2

(5.20)

Thus the mass ratio MR of fragments can be obtained from the ratio of centre of

mass velocities. The total kinetic energy, TKE of the fragments were calculated

as,

TKE =
1

2
(M1V

2
1 +M2V

2
2 ) (5.21)
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Figure 5.3: (a) Time of flight correlation of complementary events recorded using
two MWPC detectors for 19F+208Pb reaction at 105 MeV beam energy. Events
corresponding to fission fragments and scattered beam particles are indicated using
arrows.(b) correlation of velocity components along the parallel and perpendicular
directions with respect to the beam axis. FMT events are marked in red circle.

Figure 5.3 summarizes various coincidence conditions applied to filter the

FMT events from other processes. In Figure 5.3(a) the time correlation of events

detected in MWPC1 and MWPC2 is shown. Fission fragments were separated

from other charged particles, such as scattered projectiles, target recoils, etc.,

by TOF and folding angle coincidence. Fission events are selected for analysis

of fragment mass and kinetic energy distributions by applying a graphical cut

around the most intensive region, as shown in Figure 5.3(a). The calibrated X,

Y position information and TOF of complementary fragments have been used

to find the velocity vectors of the two fragments, as described earlier. The pro-

jections of these velocity vectors to the parallel (vpar) and perpendicular (vperp)

planes with respect to the beam direction are shown in the Figure 5.3(b). A

software cut around the centroid, fixed at the values (vperp, vpar - vcn = 0, where

vcn is the compound-nucleus velocity) was applied to select FMT events. These

selected events were further analyzed to determine the velocities of the fragments

(V1, V2) in the centre of mass frame. From V1 and V2, the mass ratio distribution

and TKE of the fragments have been extracted using the Equations 5.20 and

5.21 respectively.
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5.1.2 Energy loss correction

When a fission fragment passes through material medium such as target, entrance

foil of the detectors, etc. it loses energy as predicted by the Bethe formula,

−dE
dx

=
4πnZ2

mev2

(
e2

4πε0

)2

ln

(
2mev

2

I

)
(5.22)

where Z and v are atomic number and velocity of the charged particle, n is the

electron density of the material, e and me are the charge and mass of electrons,

and I is the mean excitation energy [5, 6]. The measured velocity or energy

will the residual of its original value. Fission fragment mass derived from these

measured velocities must be corrected for energy loss in various media traversed

by the particle.
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Figure 5.4: Energy per nucleon versus range relationship of fragments from the
fission of 227Pa at ≈46 MeV excitation energy.

The energy loss correction was applied in a simplified way by utilizing the

"Energy per nucleon (E/A) - Range" relationship of charged particle in matter.
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Range of the particle can be approximated by,

R(E) =

∫ E

0

(
dE

dx
)−1 dE (5.23)

The picture 5.4 depicts a typical E/A - Range plot obtained for fragments in

the fission of 227Pa at ≈ 46 MeV excitation energy. The measured energy per

nucleon, denoted as (E/A)R and the corresponding range RR are shown with

red line. The picture also depicts the initial energy (E/A)0 and the associated

range R0. When the particle of energy (E/A)0 passes through a material of

effective thickness d0, the range decreases to RR such that RR = R0 − d0. So,

from the E/A - Range correlation, as shown in the figure, the expected range

in the absence of material medium and the corresponding energy (E/A)0 can be

reconstructed, knowing the (E/A)R and d0. In a pioneering work, Northcliffe

and Shilling calculated the E/A - Range table for heavy ions (1 ≤ Z ≤ 103) in

various material media in the energy range 0.0125 ≤ E/A ≤ 12 MeV/u [7]. In

the current study, a C++ code that integrates these calculations was utilized

to apply energy loss correction to the velocities of fission fragments in event-by-

event mode [8]. The program calculates the initial energy E0 from the mass (A),

kinetic energy (E) and nuclear charge (Z) of the fragment. In the calculation,

the extracted values of A and E, as described in the previous section, are used.

The nuclear charge of the fragment was estimated by applying the concept of

unchanged charge density (UCD) where (A/Z)CN = (A/Z)FF1 = (A/Z)FF2.

5.2 Analysis methods to find average neutron

multiplicity

In the evolution of a fully equilibrated compound nucleus towards fission, neu-

trons can be emitted at various stages. Primarily, pre-scission neutrons and

post-scission neutrons are separated from the total by exploring their kinematic
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relationship with neutron sources. The overall effect of source velocity is the

kinematic focusing of emitted particles along source direction and energy change

based on emission angle. This effect has been visualized using a Monte Carlo

calculation using FLUKA code which simulated the angular distribution of neu-

trons evaporated by moving sources [9, 10]. Figure 5.5 displays the two dimen-

sional spatial distribution of neutrons in the plane of beam axis, emitted by

two moving sources. Figure 5.5(a) and (b) are respectively the spatial distri-

bution of neutrons emitted by a compound nucleus and fission fragment (FF).

The simulation takes into account typical values of mass and kinetic energy of

moving sources. Though the neutrons are emitted isotropically in the rest frame

of sources, their distribution in the laboratory frame are substantially modified.

The figure clearly demonstrate the influence of source velocity on the angular

distribution of neutrons. Particles emitted by the slow moving CN are nearly

isotropic in laboratory frame too. Whereas in the case of fast moving FF, the

distribution is highly focused on the source direction.

The changes in the kinetic energy of emitted neutrons due to source velocity

are shown in the Figure 5.6. In the c.m. frame, the FLUKA parameters are

defined to yield identical neutron energy spectra. Figure 5.6(a) shows the energy

spectra obtained in the lab. frame at two relative angles θns = 0◦ and 90◦.

The neutron source is a slow moving CN. When comparing the 90◦ detector

w.r.t the 0◦ detector, a slight decrease in neutron yield and a change in the

energy spectrum towards lower energy may be observed. The results of similar

calculation for fast moving fragments are shown in 5.6(b). The neutron spectra

calculated at the same relative angles θns = 0◦ and 90◦ depicts the magnitude

of kinematic effects on spectral distribution with increase in source velocity.

These kinematic correlations between neutrons and their sources are utilized to

determine the number of neutrons emitted by CN or fission fragments from the

sum spectra.

The method used to extract neutron multiplicity, which is the number of
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Figure 5.5: Spatial distribution of neutron fluence emitted by moving sources in the
plane of beam axis (X-Z plane), simulated using FLUKA. Figure on the top corre-
sponds to the neutron emission from CN moving along Z direction and the bottom
figure shows the same from fragments moving at 40◦ w.r.t. Z direction.
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Figure 5.6: Kinetic energy distribution of neutrons emitted by moving sources at
various angles. Figures show the changes in yield and spectrum of neutrons as the
relative angle increases from θns = 0◦ to 90◦. (a) neutrons emitted by slow moving
CN. (b) neutrons emitted by fast moving fission fragments.



5.2. Analysis methods to find average neutron multiplicity 131

neutrons per fission, is based on fitting the experimental neutron energy spectra

at different angles by minimizing the χ2. As known, the reliability of parameters

extracted by χ2 minimization techniques is critically dependent on the neutron

evaporation model used. Neutron energy spectra at various angles as well as the

relative angle between neutron source and neutron are the other two decisive

parameters for extracting neutron multiplicity by the multi-source fitting proce-

dure. In the following sub-sections, estimation of these two parameters and the

formulation of the moving source model are described.

5.2.1 Measurement of neutron kinetic energy

The kinetic energy of fast neutrons was measured by the TOF technique. The

flight path between the target and the front face of the BC501A detector of

the NAND array is precisely set to be 175 cm. TOF of the fast neutrons in

coincidence with the fission was recorded in event-by-event mode. As known,

BC501A detectors are sensitive to both neutrons and γ-rays. Discrimination

of neutrons from the γ-ray has been achieved by time of flight difference and

pulse shape analysis. Figure 5.7 shows a typical n-γ discrimination spectrum

obtained in the present measurement. To derive the energy spectrum, the TOF

of neutrons, shown in the gated region, was calibrated by using the position of

prompt γpeak as the time reference,

Tabs.(ns) = m (TOFch − γpeak) + Tγ (5.24)

where m is the calibration constant expressed in ns/channels, TOFch is the TOF

of neutrons in channels, γpeak and Tγ are the position of reference γ-peak and

its time of flight in ns respectively. Calibrated TOF data was converted energy

histogram using the conventional equation,

En(MeV ) = (
1

1.3882
) mn v

2
n; where, vn =

distance(cm)

Tabs.(ns)
(5.25)
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Figure 5.7: (a) Two dimensional plot of time of flight versus zero-cross over recorded
in a BC501A detector. Well-separated neutron and γ bands are labelled in the figure.
(b) A typical kinetic energy spectrum of neutrons derived from time of flight by
applying n-γ discrimination gate, shown in the figure (a).

where mn is the mass of neutron and vn is its velocity in cm/ns.

5.2.2 Moving source model : Kinematic calculation

In the model used for χ2 minimization, three neutron-emitting sources are con-

sidered: a slow-moving compound nucleus and two fast-moving fission fragments

[11]. In the frame where the sources are at rest, the statistical model expression

for neutrons evaporated from an excited nucleus is,

f(E)dE ∝ E σinv(E) exp (−E
T

)dE (5.26)

where E is the neutron energy in rest frame σinv(E) is the capture cross section

for inverse reaction and T is the mean nuclear temperature [12, 13]. Symbols

with bars indicate the parameters in the c.m. frame. From this equation, the

double differential of neutron multiplicity for a given energy and solid angle (dΩ)
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is obtained as,

d2M

dEdΩ
= M K E σinv(E) exp (−E

T
) (5.27)

where M is the neutron multiplicity and K is the normalization constant calcu-

lated by setting the integral 1
4π

∫∞
0
f(E)(dE) to unity. σinv(E) can be expressed

in simplified form as 1/
√
E or calculated using parametric formula. In our com-

putations, a parametric form proposed by Chatterjee et al. to σinv(E) is used

[14, 15]. The conversion from rest frame to the laboratory frame was performed

using standard kinematics, including the Jacobian determinant as,

d2M

dELdΩL

=
d2M

dEdΩ
J(

E, dΩ

EL,ΩL

) (5.28)

The explicit form of the Jacobian is a 2×2 determinant [16]:

J(
E, dΩ

EL,ΩL

) =

∣∣∣∣∣∣
∂E
∂EL

∂E
∂ΩL

∂Ω
∂EL

∂Ω
∂ΩL

∣∣∣∣∣∣
Figure 5.8 shows the velocity vector diagram of neutrons emitted by a moving

source as well as the interdependence of velocity vectors in the c.m. and the

laboratory frame. The following equations are derived to find the energy and

emission angle of neutrons emitted by three moving sources [17, 18].

v2
c.m. = v2

L + v2
S − 2 vL vS cos(θL) (5.29)

θc.m. = tan−1(
sin(θL)

cos(θL)− vS/vL
) (5.30)

where vS is the velocity of neutron source, vc.m and vL are velocities of neutrons

in rest frame and laboratory frame respectively. θc.m is the emission angle in

c.m frame and θL is the laboratory angle. Rewriting Equation 5.29 in terms of
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Figure 5.8: Diagram showing interdependence of velocity vectors in c.m. and lab-
oratory frame for neutrons emitted from an accelerated source. The labels vL and
vc.m. represent the velocities in lab and c.m. frames respectively. vS is the velocity of
the source.

energy, we get,

Ec.m = EL + Es/As − 2

√
EL ES
AS

cos(θL) (5.31)

where Ec.m is the energy of neutron in the rest frame and ES/AS indicates the

kinetic energy per nucleon of the neutron source.

Using the relations,

dΩ = 2π sin(θ)dθ, dΩL = 2π sin(θL)dθL (5.32)

as well as the Equations 5.30 and 5.31, the partial derivatives given in the Jaco-
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bian determinant are calculated.

∂E

∂EL
= 1 − r cos(θL) (5.33)

∂Ω

∂EL
= −(

π r

EL
)
sin3(θcm)

sin(θL)
(5.34)

∂E

∂ΩL

=
r EL
π

(5.35)

∂Ω

∂ΩL

= (1 − r cos(θL))
sin3(θcm)

sin3(θL)
(5.36)

where r = vS
vL
. And finally, the formula for Jacobian determinant is calculated

as,

J(
E, dΩ

EL,ΩL

) = (1.0 − r cosθL)2 sin
3θcm

sin3θL
+ r2 sin

3θcm
sinθL

(5.37)

Equation 5.27 combined with the Jacobian transformation is used for predicting

the double differential of neutron multiplicity spectrum at a given solid angle.

For each neutron source, d2M
dELdΩL

is calculated separately using its multiplicity,

temperature, source velocity, relative angle and mass. And the total is obtained

by summing the contribution from each source,

{ d2M

dELdΩL

}
T

=
{ d2Mpre

dELdΩL

}
CN

+
{ d2Mpost

dELdΩL

}
F1

+
{ d2Mpost

dELdΩL

}
F2

(5.38)

whereMpre also labelled as νpre is the pre-scission neutron multiplicity andMpost

(or, νpost) is the post-scission neutron multiplicity. The measured neutron energy

spectra at various angles were fitted with
{

d2M
dELdΩL

}
T
, by minimizing the χ2, to

extract the average neutron multiplicity and nuclear temperature.

5.2.3 Moving source model : Watt formula

B. E. Watt proposed a simplified formula to fit the energy spectrum of neu-

tron from the thermal fission of 235U [19]. The formula includes the following

fundamental assumptions: (1) neutron emission is isotropic in the rest frame of
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fragments, (2) neutrons are emitted from the fully accelerated fragments and (3)

a simplified form of the neutron emission spectrum proportional to
√
E exp(−E

T
)

in the c.m. frame. The formula reproduced the experimental data quite well in

the measured energy range and was later termed the Watt formula. The Watt

expression in the following form is widely used to represent the double differ-

ential of neutron multiplicity from three moving sources in heavy ion-induced

fusion-fission,

d2M

dEndΩn

=
3∑
i=1

νi
√
En

2(πTi)
3/2

exp(−
En + Ei/Ai − 2cosθi

√
EnEi/Ai

Ti
) (5.39)

where Ai, Ei, Ti and νi are the mass number, kinetic energy, temperature and

multiplicity of each neutron emitting source i, respectively. En is the laboratory

energy of neutron and dΩn is the solid angle subtended by each BC501A detec-

tor. θi denotes the relative angle between neutron source and neutron detector.

Though the Watt formula is an empirical equation, it is widely used for deter-

mining the neutron multiplicity and temperature of neutron sources due to its

simplicity and ease of implementation in calculations [20–24].

5.2.4 Relative angle between neutron sources and neutrons

As emphasized in the previous sections, the angular distribution of neutrons in

the laboratory frame is substantially modified in comparison to c.m. distribution

due to kinematic effects. The three parameters that influence the laboratory

distribution are the source’s kinetic energy, kinetic energy of neutrons, and the

relative angle between the neutron emission direction and the neutron source.

The total number of neutrons registered in a given detector at a specific (θ, φ) is

expected to have contribution from three moving sources: CN, fragment 1 and

2. The angle between the neutron detector and neutron sources is known as

the relative angles, labelled as θn, θnf1 and θnf2 for the three sources CN, f1,

and f2 respectively. The reference coordinate system (right handed Cartesian
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Figure 5.9: The Cartesian co-ordinate system, defining relative angles with respect
to the direction of CN and fission fragments.

coordinates) is defined such that the beam travels down the Z axis. The following

Figure 5.9 shows the coordinate system used and relevant angles.

Out of these moving sources, CN always moves nearly in beam direction (Z-

axis). As a result, the relative angle θn is same as θ measured w.r.t. the reference

coordinate system. On the other hand, fragments move in an angle θ1 as shown

in the Figure 5.9, where 0 < θ1 < 180. Therefore the relative angle θnf1 differs

from θ of the reference system. The relative angle can be determined easily by

taking the dot product of unit vectors along the fragment and neutron directions

as,

â.b̂ = |a| |b| cosθnf1 (5.40)

θnf1 = cos−1(axbx + ayby + azbz) (5.41)

The components of unit vectors (ax, ay, az) along the direction of neutron de-

tectors are calculated from their known (θ, φ), using the standard conversion
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equations,

ax = sinθ cosφ (5.42)

ay = sinθ sinφ (5.43)

az = cosθ (5.44)

The fission detectors provide the two dimensional positions (XMW , YMW ) w.r.t.

their centre. To determine the components of unit vectors (bx, by, bz) of fragments

w.r.t. the reference coordinate system (X,Y,Z), coordinate transformation has

been performed. This comprises a rotation about the origin by θ1 followed by a

translation of d. The following transformation equations give the components of

vectors along the (X,Y,Z) direction in terms of MWPC positions (XMW , YMW ).

bx = −XMW cosθ1 + d sinθ1 (5.45)

by = YMW (5.46)

bz = XMW sinθ1 + d cosθ1 (5.47)

The component vectors are normalized with R =
√
b2
x + b2

y + b2
z to get the unit

vector. The spherical polar coordinates of the fragment f1, (θ, φ), is calculated

using the equations,

θf1 = cos−1(
bz
R

) (5.48)

φf1 = tan−1(
by
bx

) (5.49)

If φf1 < 0.0,then φf1 = φf1 + 360.0. By applying Equations 5.42 - 5.44 and 5.45

- 5.47 in formula 5.40, the relative angle θnf1 has been calculated. Similarly, the

relative angle θnf2 can also be calculated by coordinate transformation of θ2 and

d. But, since (θf1, φf1) of the first fragment is known, the folding angle (θfold)
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correlation can be applied to find (θf2, φf2) of the second fragment as,

θf2 = θfold − θf1 (5.50)

If φf1 < 180.0; φf2 = φf1 + 180.0; else, φf2 = φf1 − 180.0. The components

of the Cartesian coordinates (cx, cy, cz) corresponding to (θf2, φf2) are calculated

by,

cx = sinθ2 cosφ2 (5.51)

cy = sinθ2 sinφ2 (5.52)

cz = cosθ2 (5.53)

Then the relative angle for the complementary fragment θnf2 has been calculated

from the dot product θnf2 = cos−1(â . ĉ) as prescribed by 5.40.

The angle θ1 between the MWPC centre and the beam direction in a given

measurement is typically pre-determined. For example, in the current experiment

setup, θ1 was fixed at 40◦. Due to the large angular coverage of MWPC detectors,

more than 20◦ at d = 25 cm, there will be a significant degree of uncertainty

in the relative angles θnf1 and θnf2. To reduce the angular uncertainty, position

gates were applied in the offline analysis which restricted the angular coverage

to ± 8◦.

5.3 Mass gated pre-scission neutron multiplicity

Mass gated neutron multiplicity measurements are generally performed to find

the correlation of prompt neutron emission with fragment mass to investigate

various aspects of fission dynamics. The current investigation focuses on the

fusion-fission of 227Pa in which the measurements were conducted within the

excitation energy range of ≈ 30 - 60 MeV. Experimental investigations in this

energy range show the evidences of shell effects in fragment mass distribution
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and its attenuation with increase of excitation energy [25, 26]. The existence of

shell effects at relatively higher excitation energy can be correlated with neutron

emission from the compound nucleus before fission. Changes in the yields of

fission modes can be correlated with the decrease in excitation energy at fission

caused by multi-chance fission. In order to figure out the dependence of pre-

scission neutron emission on fragment mass, νpre was extracted as a function of

fragment mass for symmetric (A = 108u - 118u) and asymmetric (A = 128u -

140u) partition of mass distribution. The measurements were carried out energies

E∗ = 32.4 MeV (≈ 4 % below the Coulomb barrier), 46.1 MeV and 59.6 MeV. In

the following chapter, the salient results of neutron multiplicity measurements

will be analyzed in the framework of theoretical calculation.
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Chapter 6

Results and discussion : Impact of

multi-chance fission

The mechanism of mass division in the fission of an excited nucleus has been the

subject of intense research since the discovery of fission. Generally, it is observed

that fission in the actinide region has bimodal characteristics (symmetric and

asymmetric) [1–4]. Fission at higher excitation energies (E∗) leads to a symmet-

ric distribution of fragment masses, as predicted by the macroscopic liquid drop

model [5]. On the other hand, mass distribution is generally found to be asym-

metric at lower excitation energies [6]. An overlap of these two distinct fission

modes may occur when fission is preceded by consecutive particle emission, a

phenomenon called multi-chance fission (MCF).

Neutron emission reduces the initial excitation energy of the compound nu-

cleus (CN) to E∗− Sn−En , where Sn is the neutron separation energy and En

is the neutron kinetic energy. Chance fission occurs only at higher E∗, sufficient

for allowing fission after neutron evaporation, and it is important to account

for its probability when interpreting the observables of fission at higher excita-

tion energies. In a seminal work by Hirose et al., the influence of multichance

fission in actinide nuclei at higher excitation energies was investigated through

fragment mass distribution [7]. In the experimental studies, fission in actinide

144
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targets was induced by the multi-nucleon transfer (MNT) process. The apparent

mass-asymmetric fission at higher excitation energies (≈ 60 MeV) was explained

in light of MCF. Despite the high initial E∗, the multichance or sequential nature

of fission decay restored the shell effects in these nuclei.

Unlike fission induced by MNT, the full momentum transfer (FMT) process

(e.g in fusion reactions) results in the formation of neutron-deficient compound

nuclei. The probability of a higher chance fission is lower in such systems com-

pared to CN formed via MNT. Therefore, an early washout of the shell effects

as a function of E∗ can be expected in these nuclei [8]. However, if the MCF,

particularly higher chance fission contributes significantly at any given excitation

energy, the revival of microscopic effects needs to be invoked to explain the ex-

perimental results. As described earlier, the measurement of pre-scission neutron

multiplicity (νpre) and νpre in correlation with fission fragment mass can provide

precise data to comment on the role of pre-scission emission on mass division.

To investigate the impact of multi-chance fission in experiment observables, we

have measured the mass distribution of fragments, average νpre and mass gated

νpre in a lighter actinide nucleus 227Pa formed via 19F+208Pb fusion reaction.

The experimental techniques and analysis methods are described in detail in

the previous chapters. In this chapter, we discuss the results of these measure-

ments, the theoretical calculations performed to understand the experimental

observables and their correlation, etc.

6.1 Results of mass distribution, < νpre > and

mass gated νpre measurements

Fission fragment mass distribution, average νpre and mass gated νpre of the ex-

cited compound nucleus 227Pa were extracted at different beam energies in the

range 90 - 120 MeV. For proper validation of the theoretical model, < νpre > was

measured at laboratory energies: Elab = 90 MeV, 95 MeV, 100 MeV, 105 MeV,
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and 120 MeV. Analysis to derive the mass distribution and mass gated νpre were

concentrated at Elab = 90 MeV, which is ≈ 4 % below the Coulomb barrier, 105

MeV, and 120 MeV. The corresponding excitation energies are E∗ = 32.4 MeV,

46.1 MeV and 59.6 MeV respectively.

6.1.1 Mass distribution
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Figure 6.1: Panels (a)-(c) Mass distribution of fission fragments at three excitation
energies. Measurements are shown in filled squares. The results of multi-Gaussian fit
to the measurements are also shown. The black dotted curve represents the symmetric
component and asymmetric components are shown with green and pink lines. The
red solid line indicates the sum of symmetric and asymmetric components of mass
distribution. (d) The ratio, in percentage, of asymmetric component to the total mass
yield at three excitation energies.

Mass distribution was extracted by the velocity reconstruction method. The

obtained mass distribution of fragments at E∗ = 32.4 MeV, 46.1 MeV, and 59.6

MeV are shown in the Figure 6.1. At the highest excitation energy studied (E∗

= 59.6 MeV), the mass curve is nearly symmetric and can be fitted fairly well

with a single Gaussian function. On the other hand, at lower excitation energies,
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the mass distribution deviates from the symmetric Gaussian shape and exhibits

the contributions of asymmetric components.

To quantify the asymmetric yield, multi-Gaussian functions were used to fit

the mass distribution curve. The underlying assumption is that, the broadening

and resultant deviation from symmetric Gaussian curve is due to asymmetric

splitting of the compound nucleus at lower excitation energies. Furthermore,

the asymmetric components have equal area and their masses sum to compound

nuclear mass (A1+A2=ACN) for all asymmetric fission. The following three

Gaussian functions were applied to fit the experimental mass curve by χ2 mini-

mization method.

Gs(x) =
a1

σ1

√
2π

exp(−(x− µ1)2

2σ2
1

) (6.1)

Gas1(x) =
a2

σ2

√
2π

exp(−(x− µ2)2

2σ2
2

) (6.2)

Gas2(x) =
a3

σ3

√
2π

exp(−(x− µ3)2

2σ2
3

) (6.3)

where Gs(x), Gas1(x) and Gas2(x) are the Gaussian functions used to represent

symmetric and asymmetric components of fission. Given the complementarity of

fragments in binary fission (a2 = a3, σ2 = σ3, µ3 = ACN −µ2), the nine variables

(a, σ, µ) of three Gaussian function can be constrained to six. Moreover, the

centroid of the symmetric fission can be fixed to µ1 = ACN/2. Further, the

width of symmetric Gaussian was also fixed based on theoretical calculations [9].

And the experimental mass distribution curve was fitted with,

F (x) = Gs(x) +Gas1(x) +Gas2(x) (6.4)

considering a1, a2, σ2 and µ2 as free parameters. The fit results are summarized in

the Table 6.1. Figure 6.1(a)-(c) shows the relative contribution of three Gaussian

curves to the total experimental mass curve at these excitation energies. The

yield ratio (Y), which is the ratio of asymmetric to symmetric fission yield, is
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Table 6.1: Results of three-Gaussian fit to the mass distribution measured at differ-
ent excitation energies.

E∗ σ1 σ2 µ1 µ2 Yeild ratio

(MeV) (u) (u) (%)

32.4 15.7 7.7 91 136 20.2 ± 1.1

46.1 14.4 7.2 90 137 11.4 ± 1.3

59.6 13.2 5.4 91 136 4.8 ± 2.7

defined as,

Y (%) =
2 a2

(a1 + 2 a2)
100 (6.5)

where a1 and a2 are the area under symmetric and asymmetric Gaussian curves.

Error in the yiels ratio (σY ) can be calculated as,

σY (%) =

√
(
∂Y

∂a1

)2 σ2
a1 + (

∂Y

∂a2

)2 σ2
a2 which gives; (6.6)

σY (%) = 2

√
a2

1 σ
2
a2 + a2

2 σ
2
a1

(a1 + 2 a2)2
100 (6.7)

where σa1 and σa2 are the errors in a1 and a2 respectively. Figure 6.1(d) shows

the yield ratio extracted by fitting the experimental mass curve.

6.1.2 Average neutron multiplicity

Neutron multiplicity was extracted by fitting the energy spectra of neutrons

measured at various angles relative to three moving neutron sources. A global

fit to the double differential neutron spectra ( d2M
dEdΩ

) at various angles was ap-

plied by minimizing the χ2 to obtain the pre-scission and post-scission neutron

multiplicities.

Figure 6.2 shows an example of the moving source fit to the experimental

neutron multiplicity spectrum in the laboratory frame for E∗ = 46.1 MeV. In

Figure 6.2(a) and (b), the double differential of neutron multiplicity are shown
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Figure 6.2: Panels (a)-(c) Examples of the three-moving-source fits to double dif-
ferential neutron multiplicity spectra in the laboratory frame at various angles for
19F+208Pb reaction at 105 MeV beam energy. (d) Angular correlation of neutron
yield dM/dΩ as a function of θn for 16 detectors in the reaction plane. The con-
tributions from individual neutron sources are indicated by curves; green dashed (
fragment 1), blue dot-dashed (fragment 2) and pink dotted (CN source). The red
solid line indicate total contributions from all sources and black solid circles denote
data points with statistical errors. The dotted vertical line in (d) at θn = 0◦ separates
the data measured at Φ = 0◦ and 180◦.

as a function of neutron energy for two NAND detectors near the MWPCs in

the reaction plane. As expected, due to kinematic focusing, these spectra are

dominated by contributions from their respective fission fragments. Figure 6.2(c)

shows the fit result of the data from the NAND detector at backward angle. This

spectrum shows the largest contribution from pre-scission neutrons (CN source).

In Figure 6.2(d), the derivative of the total neutron multiplicity dM/dΩ is plotted

as a function of relative angle θn for 16 NAND detectors mounted in the reaction

plane. It shows the contribution of three neutron emitting sources to the total

neutron yield dM/dΩn at various angles and the corresponding value obtained

from the kinematic fit. The excellent agreement between multiple moving-source

fits and experimental spectra displayed in Figure 6.2(a), (b), (c) & (d) indicates
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Table 6.2: Experimentally obtained pre-scission neutron multiplicities (average and
mass-gated) of 227Pa at different excitation energies.

Elab E∗ < νpre > < νpost > < νpre >sym < νpre >asym

(MeV) (MeV)

76.0 24.2 0.92 ± 0.14 0.81 ± 0.14 1.00 ± 0.14 [10]

90.0 32.4 1.44 ± 0.25 1.46 ± 0.08 1.32 ± 0.31 1.60 ± 0.36

95.0 36.6 1.55 ± 0.22 1.64 ± 0.08

100.0 41.4 1.83 ± 0.18 1.53 ± 0.11

105.0 46.1 1.96 ± 0.25 1.85 ± 0.08 2.01 ± 0.27 1.83 ± 0.33

120.0 59.6 2.58 ± 0.32 2.04 ± 0.11 2.66 ± 0.35 2.43 ± 0.43

the data are well described by three moving sources. The average νpre and νpost

extracted from the fitted spectra are listed in Table 6.2.

6.1.3 Mass gated pre-scission neutron multiplicity
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Figure 6.3: Distribution of total kinetic energy of fission fragments as function of
mass for 19F+208Pb reaction at 105 MeV beam energy. The vertical rectangles repre-
sent the mass gates defined at symmetric and asymmetric region of the distribution
to extract mass-gated neutron multiplicity.

To find the dependence of pre-scission neutron emission on fragment mass,
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νpre was extracted for symmetric (108u - 118u) and asymmetric (86u - 98u (left)

and 128u - 140u (right)) partition of mass distribution at E∗ = 32.4 MeV, 46.1

MeV and 59.6 MeV. Figure 6.3 shows the Mass − TKE correlation spectrum

obtained for E∗ = 32.4 MeV in which various mass gates (symmetric and asym-

metric) used for finding νpre are drawn in red dotted lines. The mass gated

neutron multiplicities for measured energies are shown in Table 6.2. The table

also includes the mass gated νpre for 227Pa measured at E∗ = 24.2 MeV. In this

measurement [10], the compound nucleus 227Pa was populated by fusion of 18O

with 209Bi target.

6.2 GEF model calculations

At lower excitation energies, we have experimentally observed the occurrence of

asymmetric components in the mass distribution. Additionally, the results of

mass gated νpre measurements at E∗ = 32.4 MeV suggest a larger probability of

asymmetric fission upon higher pre-scission neutron emission. But the asymmet-

ric components of mass are negligible at the highest excitation energy studied

(E∗ ≈ 60 MeV). At this energy, the mass gated νpre exhibits the typical pattern

seen in the liquid drop fission [11]. The observed deviations at lower excitation

energies can be attributed to the multi-chance nature of fission.

It is challenging to determine the probability or impact of a given fission

chance since the experimental data is an admixture of all fission chances. How-

ever, theoretical calculations that consider MCF in the fission decay [9, 12, 13]

can be used to determine the contribution of each chance to overall fission out-

comes if the calculation reproduces experimental observables. Average νpre is

one such observable that has a direct relationship with MCF probability. Com-

parison of experimental νpre with theory for various E∗ shall validate the MCF

probability incorporated in the theoretical model. Validated MCF models can

therefore be used to predict the influence of neutron emission on fission modes

at different excitation energies. Thus, a direct comparison between experiments
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Table 6.3: Results of the coupled channels calculation to estimate the average an-
gular momentum of the compound nucleus at different beam energies.

Elab Ec.m σfus < l > σfus(exp) [14]

(MeV) (MeV) (mb) (~) (mb)

90 82.4 2 7.5 43 ± 0.2

95 87.0 124 11.7 163 ± 0.8

100 91.6 351 18.0 382 ± 2

105 96.2 514 23.8 515 ± 3

120 109.9 960 34.2 953 ± 5

and model predictions can be applied to deduce the influence of various fission

chances on experimental observables. The calculations were performed using

GEneral description of Fission observables (GEF) model [9]. For the present

study, GEF Version 2021/1.1 is used. GEF is a semi-empirical code widely used

in low energy fission for describing fission observables and their correlations us-

ing global parameter values [9, 15, 16]. It describes the sequential decay of a

nucleus specified by its excitation energy (E∗) and average angular momentum

(< l >). For the compound nucleus 227Pa formed in fusion reaction 19F+208Pb

at various excitation energies, the < l > corresponding to each excitation energy

was determined using coupled-channels calculation code CCFULL [17]. The in-

put parameters for CCFULL calculation such as the nuclear potential, radius

parameter, diffuseness parameter, etc. were taken from [18]. With these param-

eters, the measured cross-sections were reproduced quite well in the whole energy

range, and the corresponding < l > values were obtained [14, 18]. It is worth

to note that in the lower < l > range (l < 15), small deviations in < l > values

does not influence the fission chance probability considerably. Table 6.3 shows

the results of the CCFULL calculation along with the experimentally measured

fusion cross section. GEF model calculations were performed for different values

of (E∗, < l >) corresponding to measured beam energies, taking into account

the multi-chance fission in the CN decay scheme. The distributions of fission

fragment mass, kinetic energy, neutron multiplicity, and their correlations were
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obtained from the list-mode output generated by GEF.

6.3 Validation of GEF model calculation
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Figure 6.4: Pre-scission neutron multiplicity measured for 227Pa in the range of E∗

= 24.2 - 59.6 MeV. Present measurements are shown in filled circles and previous mea-
sured data is denoted with filled diamond [10]. GEF model prediction corresponding
each measurement is shown in filled squares.

As described earlier, the fission decay probability incorporated in the GEF

model can be validated through < νpre > measurements. νpre is the sum of pre-

saddle (νps) and saddle to scission (νss) neutron multiplicities. The pre-saddle

neutron multiplicity can be related to various fission chances as,

< νps > =

∑n
i=1(i− 1) P f

i∑n
i=1 P

f
i

(6.8)

where P f
i is the probability of fission for a given chance i. Post-saddle emis-

sion does not alter the observables or probability of fission [9, 19]. In Figure

6.4, the average νpre obtained from the GEF model calculation is compared with

the experiment results. The black-filled circle symbols represent data from the
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present measurement. The error bars shown are only statistical errors. The

data represented using the filled diamond symbol is from Ref.[10], where CN
227Pa was studied using the reaction 18O+209Bi. The filled-square symbols show

the GEF results. It is observed that the GEF model reproduces the experi-

mental data within error bars reasonably well across all measured energy in the

range, E∗ ≈ 24 MeV - 60 MeV. This ascertains that sequential fission decay

analysis incorporating a specific yield to a given fission chance (P f
i ) can describe

the experimental results. As particle emission lowers the excitation energy, the

potential energy surface that governs the fission modes will be modified after

each fission chance [1]. Therefore, analyzing the observables (mass distribution

and kinetic energy) of each fission chance separately can give important infor-

mation about the revival of shell effects on pre-saddle neutron emission. Since

< νpre > measurements validate the sequential fission decay scheme of GEF, the

calculation has been extended to study the observables of each fission chance

by analyzing the GEF list-mode outputs at initial excitation energies E∗= 59.6

MeV, 46.1 MeV, 32.4 MeV, and 24.2 MeV where mass gated < νpre > results

have been obtained.

6.4 Multi-chance fission and its impact on exper-

imental observables

6.4.1 Mass distribution : Theory and measurements

GEF model calculation was performed to find the mass distribution of fission

fragments from the fission of 227Pa at E∗= 59.6 MeV, 46.1 MeV and 32.4 MeV.

The sequential decay of CN, validated by < νpre > measurements, was incorpo-

rated in the calculation. In the previous section 6.1.1, the percentage of asym-

metric fission that was determined by fitting the experiment data is discussed.

Experiment data shows a relatively higher contribution of asymmetric fission at
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Figure 6.5: Panels (a)-(c) Comparison of experimental mass distribution with GEF
model calculations at three excitation energies. (d) Asymmetric yield ratio, in per-
centage, predicted by GEF at these excitation energies is compared with the results
of multi-Guassian fit to the experimental data.

all measured energies. In the Figure 6.5, a comparison of GEF calculations with

measurements for these excitation energies is presented. Figures 6.5(a), (b), and

(c) show the overall mass distribution obtained from measurements and calcu-

lations. The Y-axes are normalized to 200 %. And Figure 6.5(d) compares the

percentage yield of asymmetric fission.

GEF model predicts ≈ 16 % of asymmetric fission of type S-II [4] at E∗= 32.4

MeV, ≈ 4 % at E∗= 46.1 MeV and ≈ 0.5 % at E∗= 59.6 MeV. Model calcula-

tion excluding multi-chance fission gives negligible yield (< 0.3%) of asymmetric

fission at all these energies. This implies that the shell influenced asymmetric

fission, represented by S-II, is originated by the neutron emission and the sub-

sequent decrease in excitation energy at fission. An admixture of symmetric

and asymmetric fission modes results in the final mass spectrum slightly devi-

ated from Guassian distribution. Figure 6.5 shows mass distribution at E∗=
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59.6 MeV matches quite well with GEF predictions. And slight deviations from

the GEF model can be observed in Figure 6.5(b) (E∗= 46.1 MeV) and Figure

6.5(c) (E∗= 32.4 MeV). At these energies, expriment data shows higher percent-

age of asymmetric fission as highlighted in the Figure 6.5(d). Since the mass

distribution curves (Figure 6.5(a), (b) and (c)) are normalized uniformily, yield

percentage of symmetric fission has to be lower than GEF prediction at these

energies. As anticipated, Figure 6.5(b) and Figure 6.5(c) show lower yield for

symmetric fission in the experiment data. On the whole, though slight deviations

are observed between theory and measurements, inclusion of multi-chance fission

is inevitable to explain the experimental results.

6.4.2 Mass - TKE correlation : GEF model

The changes in the total kinetic energy of fission fragments as a function of mass

at different compound nuclear excitation energies is one of the probes used for

studying various fission modes [1, 20]. In low energy fission of actinide nuclei,

shell effects give rise to asymmetric mass division with heavier mass centred

around A ≈ 140 and an increase in TKE due to the compact configuration of

nascent fragments [4]. Measuring the Mass - TKE correlation following each

chance fission is a big experimental challenge. However, the contribution from

each step of multi-chance fission has been theoretically investigated using the

GEF code. For the present study of 227Pa at four initial excitation energies,

GEF predicted chance fission probability (P f
i ) is listed in Table 6.4. Multi-

chance fission with a probability less than 5 % is not considered here as they do

not contribute significantly to the total fission yield. The average saddle point

excitation energy (< Esp >i), also called the excitation energy at fission, for a

given chance fission i and the saddle point excitation energy averaged over all

chances (< Esp >) are also given in the Table 6.4. The Esp after particle emission

is the minimum for last-chance fission. Therefore, the influence of fragment shells,

if exist, will be seen predominantly in the observables arising out of last-chance



6.4. Multi-chance fission and its impact on experimental observables 157

Table 6.4: GEF model calculation showing the probabilities of various fission
chances, average saddle point energy and pre-saddle multiplicity at different exci-
tation energies of 227Pa.

E∗ fission P f
i < Esp >i < νps > < Esp >

(MeV) chances (%) (MeV) (MeV)
59.6 1 7.4 59.6 2.24 38.1

2 17.0 49.1
3 30.7 39.9
4 32.0 30.4
5 10.6 23.3

46.1 1 11.6 46.1 1.76 30.0
2 26.1 35.9
3 37.8 27.4
4 21.9 18.6

32.4 1 17.6 32.4 1.30 20.8
2 39.3 22.8
3 38.1 15.3
4 5.0 7.3

24.2 1 34.7 24.2 0.76 17.5
2 54.3 15.2
3 11.0 8.1

fission.

From GEF list-mode output, the Mass− TKE correlations were calculated

independently for every chance fission given in Table 6.4. Figure 6.6 (panels

(a) through (u)) shows the findings for each chance fission (labelled as ch1, ch2,

etc.) and their weighted average for E∗ = 59.6 MeV, 46.1 MeV, 32.4 MeV, and

24.2 MeV. The upper panels (a), (b), (c), and (d) display the Mass − TKE

distribution from first chance fission events. The spectra do not reveal any

detectable signs of shells at any of the excitation energies. The next lower panels

(e), (f), (g) and (h)) display the results for second chance fission. Similar findings

may be seen except for panel (h) which show the occurrence of asymmetric

fission caused by fragment shell effects. An enhanced contribution of asymmetric

components to the total mass distribution is seen in the subsequent lower panels

(k), (l), and (o). At E∗ = 24.2 MeV and 32.4 MeV, the last chance fission (ch3

and ch4 respectively) show the highest contribution of shell mediated asymmetric
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Figure 6.6: GEF predicted Mass - TKE correlations for 227Pa at E∗ = 59.6, 46.1,
32.4 and 24.2 MeV. The upper panels (a)-(d) correspond to GEF produced Mass -
TKE spectra corresponding to the first chance fission. Similarly, the Mass - TKE
spectra for second, third, fourth and fifth chances are shown in panels (e)-(h), (i)-(l),
(m)-(o) and (p) respectively. Blank region indicates the absence of corresponding
fission chances at that excitation energy. Bottom panels (r)-(u) show the Mass -
TKE spectra obtained by the averaging all the fission chances according to their
probability, for a given excitation energy.

fission to the total fission due to their excitation lower energy at fission (< Esp >i

) as given in Table 6.4. On the other hand, the spectra corresponding to E∗ =

46.1 MeV and 59.6 MeV show no evidence of shell mediated asymmetric fission

at any stage of multi-chance fission (see the spectra of ch1 to ch5 for 59.6 MeV

and ch1 to ch4 for 46.1 MeV). The bottom panels (r),(s),(t) and (u) display the

overall Mass − TKE distribution, taking into account all fission chances. As
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Figure 6.7: Comparison of experimental Mass− TKE correlations in 227Pa at E∗

= 59.6, 46.1 and 32.4 MeV. with GEF calculations. Panels (a)-(c) GEF calculations
including multi-chance fission. The average excitation energy at saddle point, <
Esp >, are shown in each panel. The black solid lines indicate the average of kinetic
energy. Panels (d)-(f) Measurements. The black circles with error bars represent the
average of kinetic energy for a given mass bin.

observed in the panels (r) and (s), the Mass − TKE plot at E∗ = 46.1 MeV

and 59.6 MeV do not reveal any noticeable signs of shell effects. However, a

modest enhancement in kinetic energy corresponding to asymmetric fission as

well as an overall departure in the distribution compared to the higher energies

are shown in the Mass − TKE plot of E∗ = 24.2 MeV and 32.4 MeV (panels

(t) and (u)). Current detailed analysis at each stage of sequential decay reveals

that the asymmetric component in the final mass distribution is caused by the

revival of shell effects at higher fission chances.

6.4.3 Mass - TKE correlation : Measurements

TheMass - TKE correlation estimated by GEF is compared with measurements

made at E∗ = 59.6 MeV, 46.1 MeV, and 32.4 MeV in Figure 6.7. In order

to account for the effect of finite mass resolution, GEF data were purposely
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broadened by the present experimental mass resolution of σm=5 u. The solid

line represents the GEF predicted average TKE as a function of fragment mass.

The solid circle represents the averaged TKE over the 5 u mass bin. At three

measured energies, theMass−TKE distribution predicted by GEF, accounting

for all possibilities, closely matches the measured data. At E∗ = 59.6 MeV and

46.1 MeV, the average TKE shows a parabolic relationship on fragment mass

in both the measurement and GEF results. As shown in Figure 6.7(c) and (f),

the average TKE is found to be almost constant for a range of fragment masses

and moderately higher for asymmetric masses at E∗ = 32.4 MeV. However, the

observed spectrum does not show any noticeable asymmetric mass shoulders. At

this energy, shell effects cause a significant amount of asymmetric fission and

an increase in kinetic energy in the third and fourth chance fissions, as shown

in Figure 6.6(k) and (o), which modifies the overall Mass− TKE distribution.

Therefore, asymmetric fission modes at higher chance fission may be attributed

to the change in Mass−TKE distribution observed when the excitation energy

was reduced from 59.6 MeV to 32.4 MeV (Figure 6.7(d) and (f)). A closer look

at the Mass−TKE distributions in Figure 6.7 panels (d), (e), and (f) indicates

that there may be a transition from symmetric to asymmetric fission at E∗ ≈ 46

MeV.

6.4.4 Mass - νpre correlation

To determine the dependence of νpre on fragment mass, we further analyzed the

GEF output for mass distribution corresponding to each chance fission for a

given excitation energy. The mass gated pre-scission neutron multiplicity, νMpre
was calculated using the expression,

νMpre =

∑n
i=1(i− 1) NM

i∑n
i=1 N

M
i

(6.9)
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Figure 6.8: Correlation between experimental νpre and fragment mass compared
with GEF model calculation for 227Pa at E∗ = 59.6, 46.1, 32.4 and 24.2 MeV. Filled
squares with error bars denote the νpre extracted from symmetric and asymmetric
mass cuts to total mass distribution. Data of E∗ = 24.2 MeV is from [10].

where NM
i is the fission yield for a given fragment mass M. The value of NM

i for

a given mass bin was obtained by averaging the multi chances according to their

probability. The variation of νpre as a function of fragment mass is summarized

in Figure 6.8. GEF results are compared to present measurements made at 59.6

MeV (Figure 6.8(a)), 46.1 MeV (Figure 6.8(b)) and 32.4 MeV (Figure 6.8(c)).

Figure 6.8(d) shows a comparison of mass gated pre-scission neutron multiplicity

of 227Pa at 24.2 MeV reported in [10] with GEF calculation. According to GEF,

due to multi-chance fission, shell effects are prevalent at this excitation energy

which is displayed in the Figure 6.6(h), (l) and (u).

At E∗ = 59.6 MeV and 46.1 MeV, the measured data show higher νpre for sym-

metric mass division than for asymmetric mass. Similar findings were reported

for compound nuclei at high excitation energies [11, 21]. This is attributed to

the difference in the timescales of symmetric and asymmetric fission of the sys-

tem at higher excitation energies [11]. At lower excitation energies, 32.4 MeV

and 24.2 MeV (Figure 6.8(c) and (d)), higher νpre correlates with asymmetric
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fission. GEF calculations, that account for the multi-chance nature of fission,

reproduce similar Mass− νpre correlations at these energies. This indicates that

at these two energies, multi-chance fission strongly influences the fission mode.

Mass− TKE correlation shown in Figure 6.6 also unambiguously indicates the

presence of shell effects at higher fission chances for E∗ = 32.4 MeV and 24.2

MeV.

The chance fission probabilities given in Table 6.4 for 32.4 MeV shows that

≈ 43 % of fission occurs at < Esp > ≈ 14.4 MeV (ch3 and ch4, where the

presence of shell effect was observed). Similarly, at E∗ = 24.2 MeV, the second

and third chance fission (where shell effects were noticed) together account for

≈ 65 % of fission at < Esp > ≈ 13.9 MeV. This suggests that even though

the compound nucleus was formed at E* of 32.4 MeV and 24.2 MeV, pre-saddle

neutron emission leads to the restoration of the shell effects when the excitation

energy at the saddle point is greatly reduced, leading to asymmetric fission.

Therefore, the correlation between higher νpre and asymmetric mass division

can be interpreted as a feature of the fragment shell effect reinstated by multi-

chance fission in actinide nucleus 227Pa. For E∗ = 59.6 MeV and 46.1 MeV, GEF

calculations predict multi-chance fission and an overall decrease in Esp as shown

in the Table 6.4. However, neither Mass− TKE nor Mass− νpre distributions

show significant evidence of shell- mediated asymmetric fission.

The saddle point excitation energy was sufficient for the attenuation of shell

effects in 227Pa formed at energies of 59.6 MeV and 46.1 MeV. In contrast, fission

of neutron-rich compound nuclei formed by the MNT process shows evidence of

shells even at higher E∗ up to ≈ 60 MeV [7, 22]. Dynamical model calculation

using the Langevin approach by including MCF successfully reproduced these

experimental mass spectra [12]. In neutron-rich CN, the neutron emission prob-

ability is higher than fission [9, 12, 23] and < Esp > of the fissioning nucleus

is reduced, promoting shell-mediated mass asymmetric fission. Present work,

together with works by others [7, 12, 13, 22] shows that the fission observables in
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these two extreme scenarios (neutron-deficient CN formed by FMT and neutron-

rich CN formed by MNT) can be explained by the proper inclusion of pre-saddle

particle emission and the resulting saddle point excitation energy.

6.5 Summary and Conclusion

Using time of flight technique and fragment-neutron angular correlation, we have

determined the mass distribution, prompt neutron multiplicities in the fission of
227Pa populated by 19F+208Pb complete fusion at different excitation energies.

The measurements were carried out for excitation energies as low as 32.4 MeV,

which is ≈ 4 % below the Coulomb barrier and up to E∗ = 59.6 MeV. The

influence of pre-scission neutron emission on mass division (symmetric or asym-

metric) of 227Pa was determined by investigating the variation of pre-scission

neutron multiplicity as a function of fragment mass. Semi-empirical calcula-

tions within the framework of GEF model, incorporating multi-chance nature

of fission, were carried out to determine the Mass − TKE and Mass − νpre

correlations in 227Pa at measured excitation energies. The sequential fission de-

cay incorporated in GEF model was ascertained by comparing the < νpre > at

multiple energies with measurement.

For each excitation energy, the Mass − TKE distribution corresponding to

different fission chances was examined using the GEF model. From this, it is

concluded that there is no noticeable asymmetric fission mediated by shell effects

at E∗ = 59.6 MeV and 46.1 MeV according toMass−TKE correlation. Whereas,

at E∗ = 32.4 and 24.2 MeV, the average TKE is found to be virtually constant

over a range of fission fragment masses. This change inMass−TKE distribution

as compared to the corresponding spectra at E∗ = 59.6 MeV and 46.1 MeV is

attributed to the existence of asymmetric fission modes due to higher chance

fission. The experimental Mass − TKE distributions at these energies agree

well with the overall trend anticipated by the GEF calculation.

In light of multi-chance fission, we have demonstrated the theoretical distri-
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bution of pre-scission neutron multiplicity as a function of fragment mass. The

measured Mass − νpre correlation and its variation with excitation energy are

in good agreement with predictions from the GEF model. At higher excitation

energies (46.1 and 59.6 MeV), νpre was seen to be larger for symmetric fission

as reported in literature. However, higher νpre was correlated with asymmet-

ric mass division at lower excitation energies (24.2 and 32.4 MeV). According

to GEF calculations, higher chance fission significantly reduces the saddle point

energy (Esp) at these excitation energies. At these lower saddle point energies,

shell effects are prominent which give rise to an interplay of asymmetric fission

modes. From these results, it is concluded that the correlation of higher νpre

with asymmetric fission than symmetric fission is a signature of shell effects re-

instated by sequential fission decay. Though 227Pa nucleus populated at 46.1

and 59.6 MeV also exhibit multi-chance fission and resultant decrease in saddle

point excitation energy, the available excitation energy appears sufficient for the

attenuation of shell effects.
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Chapter 7

Summary and future outlook

Nuclear fission stands out as one of the most fascinating discoveries of 20th

century, profoundly impacting human life through its potential applications.

Decades of dedicated research have significantly enhanced our comprehension

of this phenomenon. However, there remain emerging areas in the field that

warrant thorough investigation [1–3]. Experimentally, nuclear fission has been

studied through the measurements of fragment mass distribution, angular dis-

tribution, mass - energy correlation, etc. The advancements in light particle

detectors have expanded the scope of investigation to encompass particle mul-

tiplicities and their correlations with other fission observables. Notably, among

the light particles, neutron emission width (Γn) is orders of magnitude higher

than charged particles as it does not experience any Coulomb force. This makes

neutron measurements an efficient probe in the study of nuclear reaction dynam-

ics.

One of the intriguing area in the field of nuclear research that has emerged

in recent years is the fission of neutron-rich actinide nuclei at higher excitation

energies [2, 4]. This area of study holds significant importance, particularly in

the context of applications such as the Accelerator Driven Sub-critical system

(ADS) program, which aims to convert long-lived actinide nuclear waste into

shorter-lived fission products. In a seminal work, Hirose et al. studied the

168
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fission of neutron-rich actinides, formed through multi-nucleon transfer (MNT)

[4]. Their observation of shell mediated asymmetric fission above E∗ ≈ 50 - 60

MeV stands remarkably away from the notions about fission at higher excitation

energies. Subsequent theoretical calculations incorporating multi-chance fission

have yielded reasonably accurate mass spectra. A series of experimental and

theoretical studies, inspired from [2, 4], underscored the necessity to incorporate

the multi-chance fission for the comprehensive description of fission in actinide

nuclei [5–7].

The primary focus of the investigations presented in this thesis is to exam-

ine the influence of multi-chance fission on the decay of compound nuclei (CN)

formed through the conventional full-momentum transfer (FMT) fusion process.

Fusion via FMT typically results in the formation of neutron-deficient CN. In

such systems, the emission probability, denoted as Γn, tends to be relatively low

compared to neutron-rich nuclei formed through multi-nucleon transfer (MNT).

However, the significant contribution of multi-chance fission can alter the fission

modes, leading to substantial changes in the overall mass distribution. To ad-

dress these phenomena, we conducted studies focusing on the role of multi-chance

fission by measuring the mass distribution, mass-energy distribution, and addi-

tionally exploring the correlation of pre-scission neutrons with fragment mass.

Detection of fast neutrons coinciding with fission events was accomplished us-

ing the National Array of Neutron Detectors (NAND) facility [8]. The thesis

also provides a comprehensive overview of the facility and includes Monte Carlo

calculations performed to assess its performance characteristics [8, 9].

A neutron detector array comprising a hundred BC501A organic liquid scin-

tillators has been developed and installed at the Inter-University Accelerator

Centre (IUAC) in New Delhi for the study of heavy ion induced fission and asso-

ciated phenomena. These are commercially available 5”× 5” scintillators, each

coupled to 5” diameter photomultiplier tubes. High detection efficiency, excellent

neutron-gamma discrimination (FOM ≈ 1.6 at ≈ 0.5 MeV threshold), apprecia-



170

bly good time resolution (∆T < 1 ns), and excellent scintillation response to

incident radiations make the BC501A detectors a versatile tool for fast neutron

measurements. For the detection of binary fission fragments, a pair of large-

area (20 × 10 cm2), two-dimensional position-sensitive Multi-Wire Proportional

Counters (MWPCs) with fast timing capabilities (∆T ≈ 500 ps) have been de-

signed and developed [10]. One major challenge in the fission studies employing

multi-neutron arrays is the occurrence of cross-talk between neighbouring detec-

tors. The cross-talk probability between a pair of BC501A detectors of NAND

array was measured offline, using an 241Am-9Be source. For typical nuclear reac-

tion studies where neutron emission per fragment is less than 5, cross-talk prob-

ability is estimated to be ≈ 1.4×10−3 [8], consistent with the results obtained

from the DEMON array [11]. The performance characteristics of BC501A detec-

tors and the array were simulated using FLUKA Monte Carlo calculation code

[12, 13]. FLUKA simulation was utilized to calculate the resolution parameters

of 5”× 5” liquid cells, and the scintillation output for mono-energetic neutrons.

The intrinsic efficiency was calculated and compared with measured data, in the

neutron energy range of ≈ 0.5 MeV to 10 MeV. Based on the FLUKA calcula-

tion, it was concluded that the loss of neutron flux due to scattering from the

chamber wall made of stainless steel is ≈ 12 %. Considering proper inclusion of

geometric solid angle subtended by 100 detectors, integral efficiency, and the loss

of flux due to scattering, the absolute efficiency of the full array was estimated

to be ≈ 1.40 % at 0.5 MeV threshold energy.

Following optimal tuning and performance evaluation, the neutron array has

been utilized for heavy ion induced fission research.

In our experimental approach, we conducted measurements of the mass dis-

tribution, average neutron multiplicity (νpre), and correlations between fragment

mass and pre-scission neutron multiplicity (Mass− νpre) in 227Pa compound nu-

cleus formed through the complete fusion reaction 19F + 208Pb, in the excitation

energy range of ≈ 30 to 60 MeV [14]. To analyze the data, we employed well-
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established techniques such as the velocity reconstruction method for deriving

the mass distribution [15] and the moving source fit method [16] for determining

neutron multiplicity. The results were analyzed theoretically using GEF model

calculation, incorporating the multi-chance fission [17, 18]. While chance fis-

sion is present across all energy regimes above the neutron binding energy, its

impact on mass division becomes particularly pronounced when the excitation

energy at fission decreases significantly. Analysis of the Mass − TKE correla-

tion spectra at E∗ = 59.6 MeV and 46.1 MeV suggests that multi-chance fission

does not substantially influence the fission modes. However, at lower excitation

energies of 32.4 MeV and 24.2 MeV, the measurement has shown the evidences

of asymmetric fission. Theoretical analysis at these two energies reveals a sig-

nificant occurrence of asymmetric fission driven by fragment shell effects. Thus

the observed trend inMass−TKE distribution as compared to the correspond-

ing spectra at higher energies is attributed to the presence of shell-influenced

asymmetric fission modes facilitated by higher chance fission. This conclusion

is ascertained by Mass− νpre correlation measurements performed at these en-

ergies. At higher excitation energies, the shape of mass distribution remains

unaltered by pre-scission neutron emission. Whereas at lower excitation ener-

gies, Mass−νpre relationship indicates asymmetric fission when more number of

pre-scission neutrons are emitted. GEF calculations suggest that higher chance

fission substantially reduces the saddle point energy (Esp). At these two lower

energies, around 50 % of the fission occurs at Esp ≈ 14 MeV, where shell effects

play a prominent role, promoting an interplay of asymmetric fission modes.

In conclusion, our findings suggest that the correlation of higher pre-scission neu-

tron multiplicity with asymmetric fission is a signature of shell effects reinstated

by multi-chance fission.
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Future outlook

From the present study, we have concluded that the multi-chance fission plays

a decisive role in the fission of actinide nuclei. It facilitates the revival of shell

effect at higher fission chances that leads to an overall increase in the width mass

distribution. By examining pre-scission neutrons in coincidence with fragment

mass, we have been able to clearly discern shifts in fission modes. However,

it is crucial to note that the widening of the mass distribution may not solely

stem from shell effects but also from phenomena like deformation-dependent

quasi-fission. Studies using deformed actinide targets near the Coulomb barrier

energies have demonstrated that target orientation contributes to a broadened

mass distribution due to incomplete mass equilibration [19–21]. Taking into

account of our results, it’s plausible that the final mass distribution comprises

contributions from both quasi-fission and asymmetric fission facilitated by multi-

chance fission. Our results suggest that a coincident measurement of fragment

mass and νpre at energies near the Coulomb barrier could provide conclusive

insights for a comprehensive understanding of fission phenomena. Further, the

development of very large-area fragment detectors, spanning wide emission angle

≈ 5 ◦ - 90 ◦, will enable the exploration of di-nuclear system evolution through

the measurements of Mass− Angle correlation, Mass− TKE correlation, and

Mass− νpre correlations simultaneously.

The neutron detector array developed for the neutron-based research is one

of the kind which enables a wide range of scientific inquiries. These include

investigations into the impact of entrance channels on fission dynamics, nuclear

dissipation at extremely high excitation energy and angular momentum, the

timescale of fusion-fission and quasi-fission processes, among others. With up-

coming accelerator facilities such as the High Current Injector (HCI) at IUAC, it

would be possible to explore the heavy ion reaction dynamics using low-abundant

beam species (13C, 15N, 22Ne, 36,38Ar, etc.), and at very low excitation energies.
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