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SYNOPSIS

The aim of the present research is to study the propertietoafia nuclei using
neutron as a probe. In low energy nuclear physics, one ofdah@rtant reaction mech-
anisms is the formation of compound nucleus and its decay nHutrons (as well
as light charged particles and complex fragments) emittébdese reactions carry im-
portant information about the compound nuclear decay @ms&® such as fission and
evaporation. Under the present thesis work two physicsraxeats have been per-
formed. The motivation of the first experiment was to study dynamics of fission
at near-barrier energies by measuring the fission fragmessrdistribution and the
neutron multiplicity distribution. The second experiméas been performed to study
the angular momentum dependence of nuclear level densigyreder by measuring

the evaporated neutron energy distribution in coincidemitle y-ray multiplicity.

The study of fusion-fission (FF) reaction in transuraniaredats at near-barrier
energies has immense importance, as it may provide valughl¢for the super heavy
element synthesis and related studies. One of the compatiogsses, which is as-
sumed to cause hindrance to the formation of compound nsigltethe transuranic
region at near barrier energies, is quasi-fission. In thesigwork, we have investi-
gated the fusion-fission dynamics 60 + 238U reaction using fission fragment mass
distribution and pre-scission neutron multiplicity at neand below-barrier energies.
A sudden change in the fragment mass width, observed in #sept measurement,
confirmed the transition to quasi-fission at below-barrieergies; the same was in-
dicated earlier by Hinde et.al. from the study of fission fremt angular anisotropy.
However, the present measurement of pre-scission neutubtiphictity as well as the
earlier measurement of evaporation residue yield by Nishial. did not indicate any
significant departure from the respective statistical nh@dedictions throughout the

energy range. It is argued that the first two probes are margitsee for highly asym-



metric systems, whereas all probes would be useful and ¢oraptary to each other
for study of quasi-fission in more symmetric systems, whesgesgfission is more dom-

inant.

Nuclear level density (NLD) is an important ingredient oéthtatistical model,
which is generally used for studying a wide variety of nuckeactions, such as parti-
cle evaporation, fission, multifragmentation, and sp@litatAn accurate determination
of NLD, and its dependence on excitation energy and spinriticpiar, is essential for
precise prediction of cross-sections using the statisticadels. The dependance of
NLD on excitation energy and mass are well established. KMewiés variation with
angular momentum is still not well understood. In the présandy we have extracted
the nuclear level density parameter as a function of angatanentum. In this experi-
ment, we have populated the nuclétfSb througHHe + *°In reaction. The light-ion
induced reaction has been chosen in the present study @/bBe#vy-ion fusion route,
as only one major residue is produced via thg€2h) channel aE* = 31.3 MeV (42.9
MeV) in the light ion route. The measurement of evaporatadnoes in coincidence
with the y-rays multiplicity and its subsequent statistical modedlgsis revealed in-
teresting features of the spin dependence of nuclear lex®dity. The inverse level
density parametek appears to be decreasing with increase in angular momentum.
Different aspects of nuclear level density, such as the caldeetihancement of NLD
and the nuclear shape variation at higher angular momenawa heen thoroughly

considered to expalin the observed trend.

The above experiments were performed with the indigenadesheloped neutron
detectors. As a part of this thesis work, we have developediyywes of neutron de-
tectors for neutron energy and multiplicity measuremeriEsiergy measurement is
done by time of flight technique using small volume 1.5 litres) liquid scintillator

detector, whereas multiplicity measurement is done usiddo@ded large volumey



500 litres) liquid scintillator detector. For neutron egygmeasurement using time of
flight (TOF) technique, several small volume (lengthiameter : 1.5x5,3 x5,

5 x 5", 7" x 5") scitillator detectors have been developed. TheGtl loaded lig-
uid scintillator detector has been developed primarilytfer measurement of neutron
multiplicity in the decay of hot nuclei produced in nucleaactions arround the Fermi

energy domain; however, it is also planned to be used foralveehergy experiments.

The neutron time of flight detectors were made with liquichitator BC501A. A
systematic study of the variations of neutron detectiomaittaristics (&iciency, pulse
shape discrimination and intrinsic time resolution) hasrbearried out with these de-
tectors of various dimensions. It has been observed thét, thve increase in size of
the detector, the pulse shape discrimination property getser and time resolution
becomes broader. This is due to the reason that, higher diorers associated with
larger light loss and larger time spread of the arrival of foimoat PMT. On the other
hand, the detectionfigciency increases with the increase in active volume of the de
tectors. This study helped to optimize the active volumehef detector (% x5
and 7 x 5") for the neutron TOF array being developed for experiments 500

super-conducting cyclotron at VECC, presently undergamgmissioning trials.

Apart from the neutron energy distribution, the total numbkneutrons emitted
in an event (neutron multiplicity) also plays a crucial ratedetermining the reaction
mechanism, particularly in the Fermi energy domain. Howawveutron measurement
using time of flight technique is not generally quité@ent to estimate the neutron
multiplicity very accurately on event by event basis. Tkiglue to the fact that, the en-
ergy measurement using TOF technique is done by modulactdetewhich are kept
at a certain distance from the source position to achieve@regble energy resolution.
Therefore it stfers due to lack offciency. The &iciency may be improved by using

large number of detectors; however, very close pack gegmelirlead to large cross

Xi



talk effect. So the other alternative and rather economical solusido use a single,
large volume detector which will lead to high detectidfiaency. By utilising above
idea we have developed a éeutron multiplicity detector (NMD) using 500 litres of
0.5 % Gd loaded liquid scintillator BC521. Gd has higlh ¥) capture cross-section
for thermal neutrons. NMD can measure neutron multipliomyevent-by-event basis
with high dficiency (90% at 2 MeV). NMD has been thoroughly tested usmgf
fission neutron source. The details of the design, fabooadind characterisation are

described in the thesis.
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Chapter 1

Introduction

1.1 Genesis of nuclear research

Although the radioactivity was discovered by Becquerel 894, the actual birth
of nuclear physics may be counted with the discovery of rugckey Lord Rutherford
at 1911. He experimentally proved that the major mass of tivea & concentrated in
a very small region at the centre of the atom, which he nametens. Based on the
above finding, the first successful atomic model was propbgediels Bohr in 1913,
in which he conjectured that the negatively charged elestare circulating around
the positively charged nucleus in certain selected orlnitg d-inally, the picture of the
nucleus was completed with the discovery of neutron by J&heslwick in 1932. The
discovery of neutron gave nuclear physics research a neerdion as was understood
that, the neutrons account for the major part of the mass af\haucleus, which

otherwise would be unstable to sustain against the profauismsn.

Although a complete century has passed since the disco’ancteus, still we are
unable to explain all nuclear phenomena and the relatedhtttens in simple analyti-
cal way like the other interactions. Many shophisticategegxnents were performed

with the advancement of accelerators, detectors, whigbeldeio explore the finer de-



Chapter 1. Introduction

tails of the nuclei. On the other hand, with the advent of quemnmechanics, many
features of nuclear stucture and reactions are now fairlfy welerstood. However,

human quest still continues to address the unknown taegaf atomic nuclei.

Unlike in the case of atom, where Coulomb force plays thereéndle, all known
fundamental forces except gravity play important rolehimdase of nucleus. Since the
knowledge of strong interaction, which is the most impariateraction in nuclei, is
stillincomplete, nuclear properties cannot be derivedtégcally from first principles.
This made the problem of explaining the nuclear structureenddticult compared to
the atomic case. Herent models were proposed over the years to explain theaucl
structure, among which the shell model and the collectiveleh@re known to be
highly successful. The shell model explained the grounte sfain and magic numbers
of the nucleuslay49, whereas collective model emphasized the coherent behavi

of all nucleons in a nucleu8ph53.

Another dificulty in the study of nuclear physics is the limited numbeno€leons
present inside the nucleus. The nucelon number is neithalt emough that, they can
be described completely in terms of two body interactior; it large enough like
a mole of gas that, where statistical methods can be appiiectly to understand the
macroscopic properties. This was the main hurdle in thervegg of nuclear physics
to describe dterent nuclear phenomena theoretically. Gradualfiedent theoretical
models have been developed, each of which could explain gooperties but not
the overall nature. One of the most important and fundaneotatribution was the
“compound nucleus theory” of Bohr, which is one of the mojackbone of low energy

nuclear physics.

At low beam energies (5 - 10 MgX), compound nuclear reaction is one of the
dominant reaction mechanisms. The present thesis is am@tte address some of

the important aspects of nuclear structure and reactioamycs at low energy nuclear
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reaction using neutron as a probe. The idea of this preserk iwdo study the decay
rutes of the compound nucleus and explore some of the imgqetaperties of nuclei
e.g. nuclear level density. The details of compound nudtganation and decay have
been thoroughly described in the subsequent section wigh description about the
open problems in the particular area. Finally a brief dggmn of motivation and

outline of the thesis have been presented in the last section

1.2 Formation of compound nucleus: fusion

In the fusion process, two nuclei fuse together to form alsigavier nucleus.
The fused composite soon equilibriates in all degrees efiven (energy, shape/&l
ratio) and forms, an intermediate stage known as compoucdeus, before decay into
the exit channel. According to the compound nuclear hymthehe decay of the
compound nucleus is independent of the entrance channebréiag to this model,
when a projectilex interacts with a target nucleus, the reaction proceeds in two
stages. In the first stage, an excited compound nuc@&ysg formed by fusion of the
target and the projectile. In the next stage, the excitedpmamd nucleus decays into

the final productsY, y) and the reaction may be symbolically written as,
X+X—>C* > Y+y (1.2)

Compound nuclear reaction may be discriminated from othetear reaction pro-
cesses using impact parametbt &s shown in Figl.1 For distant collisionsd > R,

d is the distance of closest approach &b the interaction radius) the ions interact
only through the Coulomb field, resulting in Rutherford $eahg andor Coulomb ex-
citation. For peripheral collisiond(~ R), the two nuclei interact strongly for a short
time resulting in the onset of nucleon exchange and energyaea. As the impact

parameter decreses further€ R), there is stong overlap between the colliding nuclei

3
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2 Elastic scattering

Grazing collision

= Inelastic scattering
~ . .
s S Direct reactions
Ve N
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b, Xl \ formation
! ]
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/ Deep inelastic
collision

Close collision \

Distant collision Rutherford scattering

Coulomb excitation

Figure 1.1: Classification of dferent nuclear reactions with respect to impact parameter.

and they interact strongly for a long duration of time. Thpsmesses are classified as
deep inelastic collision. Finally, if the impact parameatereduced furtherd << R),
strong dissipative forces lead to the formation of fully ggyedamped compound nu-
cleus by fusion of the two colliding nuclei. The reactiongs@ection betwedmandb

+ db(or ¢ and¢ + d¢, ¢ is the corresponding partial wave) can be written claslyicea
do, = 27bdb or tr, = 2n%¢de, (1.2)

Considering that the fusion reaction takes palce upto aicectitical value of impact
parameteb < b, the corresponding valuest < £ the total fusion crosssection can

be written as

OFus = f[ do, = ﬂ/Tzfgr (1.3)
0

Fusion crosssection can be generalised in quantum meeth@igture as

[Cr ICI’

OFus = Z o = n A Z(Z{’ + DT, = n%(ler + 1) ~ n 222 (1.4)
=0 =0

4



Chapter 1. Introduction

1 <ty
T"‘{o > by

Here 1 is the reduced wavelength, aid is the transmission cdécient through the
barrier. Sincef, is the highest partial wave for which it can cross the bariier,
Eem = V(Rg) + 1262 /2uRs, whereV(Rg) is barrier height aRg, replacing this in the
earlier equation, one obtains

Ve

O'Fus:ﬂ'RZB(l_E_) Eecm > VB
cm

=0 otherwise (1.5)

HereE., is the beam energy in centre of mass frames the reduced mass of the
target projectile systenig is the separation between target and projectile centres. Th
above relation describes the dependence of fusion croisisen beam energy. The
total reaction cross section of which fusion cross sectsoa part, can be categorised
in terms of incident beam energy and angular momentum bitaanddy the projectile.
Fig. 1.2 shows the fusion cross-section in terms of incident beamggnd-rom the
systematic study of fusion cross-sectiop,, it has been found that the variation of
o Fus With bombarding energy has three distinct regidded 78 Bas8(. In the lower
energy region slightly above the barrier (region 1), fustooss-section increases with
incident energy alongwith the total reaction cross-seatig; and in this regionrg,s ~
owot- EQ.1.5explains the energy dependencergf in this region. At higher energies,
(region 2) the slope aofrys changes and in this regian: s < o due to opening of
many other reaction channels. At further higher energleret may be another region
(region 3) where fusion cross-section falls sharply, which may be due to the fission

limit of compound nucleus.

The angular momentum dependence of the reaction crossoseistishown
schematically in Figl.3. The lower part of the angular momentum distribution (up

to ¢) leads to the fusion. This can be further divided into twatparccording to the

5
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Figure 1.2: Variation of fusion cross-section with incident beam egerg
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Figure 1.3: Classification of dferent nuclear reaction by angular momentum.

decay. Fusion evaporation (FE) dominates at lower valuésaafl fusion fission (FF)

process dominate dt ~ ¢.. In higher angular momentum regiofi( < ¢ < fmax
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deep inelastic(p,) processes dominates. In the next higher angular momergum r
gion (fmax < € < Ly, Ly being the grazing angular momentum) elasic scatteritg)(
inelasic scatterings;n) and direct reactionsp) occur. Beyondy, (¢ > £4) Ruthford

scattering ¢rr) and Coulomb excitatiorufcg) occur.

1.3 Decay of compound nucleus: evaporation

Light and intermediate mass compound nuclei (typicalpyA< 150) predomi-
nantly de-excite by emitting light particles and gamma raysl this process is termed
as evaporation. The evaporation of light particle of anyipalar type stops when exci-
tation energy drops to a value below the correspondinggeeparation energy. The
de-exciation of the system thus stops with the formationvaperation residue which
can then undergo only-decay to come back to ground state. In evaporation process,
particle emission leads to the decrease of excitation grimrgit does not substantially
change the average angular momentum. In the later stages-@faitation, particle
emission from the high angular momentum states is hindevesd degree whereg-
emission competes favorably with particle emission. Jtaecay extends in typical
cases to approximately one neutron binding energy abovgrdst line. The yrast
energy for angular momentuthis defined as the energy for which no levels of an-
gular momentum valud exist below that energy and is qualitatively given By =
(72/28611)I(J + 1), Tet1 being the &ective moment of inertia. Once the region of the
yrast line is reached; rays cascade from one yrast level to the next, each reduoeng t

J value of the nucleus. Pictorial representation of Yras Ismishown in Figl.4.
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[72]
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Figure 1.4: Schematic diagram showing the formation cross-sectioroofpound nucleus at
a fixed excitation energy with broad range of angular momantiop) and decay of compound
nucleus via particle angt emission (bottom).

1.3.1 Estimation of evaporation probablity using statistcal model
approach

Nucleus, being a complex many body system, may exist in metsreint config-
urations even at very small excitation energy. The densith@®quantum mechanical
states increases rapidly with excitation energy. Even at barrier energies, there
are many states available for a compound nucleus and it magydarough dterent
routes. Due to the complexity to estimate number of statesascopically, the statis-
tical models are essential for the understanding and pgrediof evaporation phenom-
ena. In the case of compound nuclear decay through partideseon, the probability

of particle decay is inversely proportional to the total raenof possible decays. So, in

8
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the calculation based on statistical framework, it is galeassumed that all possibil-
ities for decay are intrinsically equally likely and are shgoverned by density of final
states and barrier penetration factor (transmissiofffiooent). The theoretical descrip-
tion of the compound nuclear decay was first proposed by \Regs[Wei37, Wei4(
under the framework of statistical mechanics. Weisskogfrdit consider the angu-
lar momentum dependence, which was resolved by Hauser amth&eh Hau573 by
considering angular momentum in their calculation. The et@glbased on the Bohr’s
independent hypothesis and the principle of detailed lcalaf-ormation and decay
channels are statistically independent. The principlesthited balance assumes that
the transition probability W/, ; of a system from an initial state) (to final state ¢) is

related to the probability of inverse transition;\)f as follows
PiWiL s = pt Wi (1.6)

Herep; andp+ are the densities of the initial and the final states respalgtiThe partial

cross-section for compound nucleus formation can be wrdte Bla52 Tho64

Jp+Jt J+S

2en+ 1
. T 1.7
Ofus =T (ZJP + 1)(2JT + 1) JPZJT ; [ ( )

Here Jcn is the compound nucleus spidy, Jr are the spins of projectile and target
nuclei. T, is the transmission cdiécients for entrance channel, which depends upon

the projectile energy. Her® = Jp + Jr is the channel spin.

1
T 1+ exd—(¢ - to)/d]

T, (1.8)

Here d is the difuseness parametef,, is the critical angular momentum for fu-
sion. The evaporation cross section is generally estimaieddauser Feshbach

method Hau53. In this method, the cross section for the decay of the compound
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nucleus to channealcan be expressed in terms of partial and total decay widths as
follows

[

ﬁ (1.9

Oi = OFus

The partial decay width of a compound nucleus of excitatioergy E* and spinJcy

for the evaporation of particleis [Hau53

Jen+Jdd j+s

1 N *
M= gr—rgs | 20 O O piE -Bmcl)T(9de (110)

J4=0 J=|dcn—dul ¢=lj-s

whereJy is the spin of the daughter nucleiwss,£ and j are the spin, orbital and total
angular momenta of the evaporated partielegnd B; are its kinetic and separation
energies,7;(e) is the transmission caéiécient for the exit channel pq andpcy are the

level densities of the daughter and the compound nucleectsely.

1.3.2 Nuclear Level Density

It is clear from the above (E4..10 that nuclear level density plays a crucial role in
determining the statistical decay rate. The nuclear leeakdy (NLD) is the number
of different ways in which individual nucleons can be placed in #réous single par-
ticle orbitals such that the excitation energy lies in thegeE* and E* + dE*. NLD
provides important structural information of highly exait nuclei, and is necessary
in understanding complex nuclear reaction. Thus one neesiffiaiently accurate
description of the nuclear level density over a wide intepfathe excitation energy
and angular momentum. Since we know the nuclear level dessitcurately only at
low excitation energies, we largely depend offetent theoretical models to predict
the level densities at high excitation energies. Among ifterdnt models, Fermi gas
model Bet34, constant temperature mod@&i|65], Gilbert Cameron model3il654,
Hartree Fock BCS modeHer05 Dem0], Moment methodHua0Q Lang93 Nak97

10
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are generally used. The Fermi gas model is the most widelgt description of the
nuclear level density which was proposed by Be®etBq. It is based on the thermo-
dynamic relation between entropy and average energy of lemsijovhich is assumed
to be made up of nucleons behaving like non-interacting Fgam. Bethe’s model
assumes that, the individual neutrons and protons occujgy afdow energy levels
in the ground state and fill up the higher individual statesrat excitation energy.
The nuclear level density for a spherical nucleus in the Fgam model with constant

single-particle level density (uniform level spacing) ¢enestimated as,

e o (2341 w2\ exp[2Va(E* — Eror — Ap)]
pin(E*,J) = — 5 Vax E _Eu_ A (1.11)
12 h?
2
Jrig = gA5/3r§ (1.13)
7T2 nge_n pr P
a= g[g (er) + 9°(ep)] (1.14)
3 3A
neeny - 270 PPy - 2
g'(er) 27 9°(er) 2P (1.15)

Here E*, Eiot, Ap, Jett, Jrg, J, A are the excitation energy, rotational energy,
pairing energy, ffective moment of inertia, rigid body moment of inertia, alagumo-
mentum and mass number of the decaying nucleus, respgciied parameters, r,,

01, 67 are the nuclear level density parameter, nuclear radiuslafarmability codi-
cients, respectivelyy’(e!) andgP(ef) are the neutron and proton single-particle level
densities at their respective Fermi energi€sand ef, respectively. The density of

levels near the ground state varies markedly depending @ddmr even numbers of

11



Chapter 1. Introduction

neutrons and protons, the vicinity of the closed shell aredsipherical or the deformed
nature of the nucleus. Our current understanding of thestre of low lying nuclear
levels is based on few important concepts. Some of the mgstriiant concepts are

shell dfect, pairing correlation and collective phenomena, whiehdasscussed below.

e Shell dfect on NLD

The NLD parameter, is related to the density of the single particle levels near
the Fermi surface and is influenced by the shell structuretbeghape of the
nucleus, which in turn depend on excitation energy. Thel gfict in nuclear
level density parameter is shown in Fiy5, which indicates decrease in level

density parameter in the visinity of magic nuclei. The spgcand the order

35
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Figure 1.5: Variation of nuclear level density parameter with mass nembata taken from
the compilation of Reference Input Parameter Library (RIPCp09.

of the single particle level depends on the shape of the augletential. The

12
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deformation is related to sheltfect, which may be seen by comparing the se-
guence of single particle levels for a spherical nucleus wWibse for a nucleus
with varying deformation. Excitation energy dependentcdgsion of nuclear
level density parametea, has been proposed by Ignatyuk et. En[7y, which
incorporated the féect of nuclear shell structure at low excitation energy and
went smoothly to the liquid drop value as expected at higkelt&ion energy.

This is expressed as,

a=2a[l- AUs{l —expsU)}] (1.16)

U=E*-Eqoq-Ap (1.17)

ot = O'4~A4/3, (1.18)
a

Ap = % (1.19)

where,d’is the asymptotic Fermi gas value of the liquid drop NLD paggen

at the excitation energy where shefilexts are believed to be depleted leaving a
smooth dependence on mass nunfexS is the shell correction obtained from
the diference of the experimental and the liquid drop model mass#§ i the
rate at which the shellffect is depleted with the increase in excitation energy.
E*, E,ot andAp are the excitation energy, rotational energy and pairingrgn

of the decaying nucleus. Pairing energy is positive for fee¥en) nuclei, zero

for (odd, even) and (even, odd) and negative for (odd, oddlenu

e Collective enhancement of NLD

One of the interesting aspects of NLD at low excitation epésghe possibility
of its collective enhancement due to the coupling of rotalas well as vibra-
tional degrees of freedom with the single particle degrdeseedom for nu-

clei with appreciable ground state deformations. The nsicopic calculation of

13
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level densities for deformed and spherical nuclei and tb@mparison with the
respective experimental level densities obtained frontroeuwesonance studies
indicated the need for including th&ect of collective excitation on single par-
ticle level density. The collective enhancement of NLD doi¢hie ground state
deformation was qualitatively described by Ignatyuk et. [En79. Accord-
ing to this prescription, the level densigg¢E*, J) at excitation energ¥* and

angular momentund may be expressed as,
P(E*, J) = pin(E*, J)Keon(E*) (1.20)

whereKeoi(E*) = Kyin(E*) Kiot(E*) is the collective enhancement factor, con-
sisting of both vibrational and rotational contributiopg,(E*, J) is the intrinsic
level density comprising of single patrticle level densityn deformed nuclei,
the most important contribution to the collective enhaneetrof NLD origi-
nates from the rotational excitations, whereas in case bérsgal nuclei, the
collective enhancement can be caused by vibrational éxei®[ChalQ. The
long range correlations, which are mainly responsible ffier énhancement of
level density, are expected to die out at higher excitat®jdrnholm, Bohr and
Mottleson Boj73] have suggested that there may be a critical temperatyre,
beyond which the collective enhancement in NLD is expeatefd2de out, and

the value ofT. is estimated as,
Te = hwoB2 ~ 40A7Y38, MeV. (1.21)

wherewy is the mean oscillation frequency agg is the ground state nuclear
guadrupole deformation. As a consequence, there shoulddduation of the
NLD parameter abové@.. However, the results of some of the recent experi-
ments, although showing indications about such changesme €ases, are not

guite conclusiveJun98 KomO071.

14
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e Excitation energy dependence of NLD

From Eq.1.11itis evident that nuclear level density increases rapidth¢he in-
crease in excitation energy. Most often, several evapmratiannels are in com-
petition. The characteristic functional form of the levelngity €xp2 VaE*))
has an important consequence for the excitation energyndiepee of this com-
petition. Fig.1.6 shows the logarithms of the level densities as a function of
excitation energy, which indicates that the logarithmshef kevel densities ap-
proach each other with increasing energy. This means tieat¢bay probabil-
ities of the diferent channels come closer to each other. They asymptygtical
tend to become equal. This means that decay channels, wigahegligible

at low excitation energies become more important or evenpeoable with the
most important channels at higher excitation energy. Tlsis emplies that the

number of open channels increases with excitation energy.

100

80 - Parent nucleus
60 - \

40 -

Daughter nucleus 1

N

Daughter nucleus 2

Inp (MeV™")

0 . 2IO . 4I0 . 6I0 . 8I0 . 1(I)0
E* (MeV)

Figure 1.6: Schematic of excitation energy dependence of NLD of motigkitvao daughter
nuclei, shifted by corresponding emission thresholds.

Recent experiment showed, the excitation energy depeedgficuclear level

density as described in Efj.11is however not sflicient [Neb8§. Precise mea-
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surement over a wide range of excitaiton energy showed fheher depen-
dence is needed, which is incorporated through excitait@ngy dependence of
nuclear level density parametar The observed trend was subsequently anal-
ysed and reproduced by the theoretical calculation peddriny Shiomo and
Natowitz [ShlI9(Q. They considered thefkects of the finite nuclear size, the
momentum and frequency dependence of tliective mass, shellfiects and
the corresponding variation of thesffeets with temperature. Fid..7 [ShI9]
shows the calculated values of nuclear level density parrkalong with the
measured one as a function of temperature (wkasethe inverse level density

parameterk = 1/a).

K (MeV)
T

O Chulick et al.

8 % %% ® Gonin et al
L

Q) Hagel et al.

Figure 1.7: Variation of nuclear level density parameter k with tempera T.

e Spin dependence of NLD

In the phenomenological description of tiedependence, there are two pre-

scriptions. In the first approach thle-dependence appears as a multiplicative
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function to the total level density. This function is a Gaasswhose width is

defined in terms of a temperature dependent spin fiijgazametetr.

Va

2J+1
p(E*,J):—( e

202

—(J+1/2)7
202

XH )| (1.22)

12 )3/2 exp2 VaE®)
24

28 rig E* 2

hZ

0'2:

(1.23)

However this formalism is mostly used in low excitation eyyeand low an-
gular momentum region, such as neutron capture resonandes.other ap-
proach is used at higher excitation energy and angular mtumeregion, where
the spin dependence in NLD is generally taken into accouahiapproximate
way by incorporating the spin dependent shape change agi@edy rotat-
ing liquid drop model (RLDM)Coh74. In this approach, the rotational energy
Eiot = (h2/28rig)J(J + 1) is subtracted from the excitation energy. This ef-
fective excitation energy is used in the conventional fdarar the level density
p(E*, J) (see Eql.1]1). The level density parameter is taken as constant and the
J dependence gf(E*, J) is incorporated througg;.; by modifying the moment
of inertia termJe+s = Jiig(1 + 61J° + 623%). This prescription has been used to
explain inclusive particle spectra at higher excitatioergies and at higher an-
gular momenum. Exclusive measurement with respect to tpelanmomentum
may reveal additional details on the spin dependence of NHADE* >> E,q,

the two prescriptions become equivalent.

1.3.3 Transmission cofficient

The transmission cdicient .7; as discussed in Ed..10 is generally estimated
from the analysis of the angular distribution of elasticteméng between the emitted

particle and the residue nuclei using optical model. In thiggcal model the interaction
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between an incident particle and a target nucleus is repteddy a complex mean
field potential \4(r), which has both real and imaginary components. The radl p
always represents the strength of the potential, whichesatise elastic scattering,
and the imaginary part gives the strength of the absorptotergial through all non-
elastic channels, which accounts for the loss of incidemt flthe absorption may be
of different kinds such as surface type, volume type or a combmdgpending upon
the energy and structure of the interacting particles. dgpiorm of optical model

potential is given below

Vop(r) = +Vc(r) Coulomb term
=V, fu(r) real volume term
+Vs0u(r) real surface term

—iWs0u(r) imaginary surface term
—IW, T (r) imaginary volume term
—dsof - § Vsohv, (1) real spin-orbit term

+Hidsol - 8 Wsohw, (r)  imaginary spin orbit term

whereds, ~ 2fmis the spin-orbit constant. The Coulomb term is generallgudated

by assuming interaction of a point charge with a uniformlgigfed sphere of radiuz

[3 r2
Ve(r) = 2 R
Z,Z:€/r r>Re

)sztez/Rc r<Rc

Z, andZ; are projectile and target charge respectively. The reaimadinary volume

terms are normally taken to be of Wood-Saxon form

() = L =W, (1.24)

1+exp(r ;R)

whereR;, g are the radius and fluseness respectively. The real volume potential

reflects the average interaction of the projectile with theleons of the target nucleus.
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The imaginary volume potential takes into account the Idgz@ectile nucleon due
to the collision with the nucleons of the target. The real andginary surface terms

of the optical potential are taken to be either the derieati/\WWood-Saxon

v an Qe . exd(r—R)/a] .:

gi(r) = —4a (1) 4(1+eX|d(r—R)/a])2 i=V,W, (1.25)
or a Gaussian

o0 o] V] - a2

The real surface term of the optical potential is used to kexbnuclear many body
effects. The imaginary surface term takes into account therptiso due to the cou-
pling to the quasi bound compound nucleus states and to thagan of low energy
collective modes which have their coupling concentratethennuclear surface. The
spin-orbit term is included to take into account the intémacbetween the spin of the
nucleon with its orbital momentum. Both the real and imagirepin-orbit terms of

the optical potential are taken to have a Thomas form factor,

_1d. 1 exi(r-R)al -
"= e = G exn - Ryal? = Voo Voo (1.27)

The radiusR; is parametrised in terms of the reduced radiuand target mass as
R = r,AY3, with r; in the range; ~ 1.1 -1.3 fm. The dfuseness values are generally
taken in the range; ~ 0.4 -0.7 fm. The dierent optical model parametevs, Vs, W,
W, Vso, Wso, @s are are estimated by fitting the calculated angular disiobuwith

experimental data.
The wave functions associated with the scattered partckesalculated from the
optical potential by solving the Schrodinger equation.
5, 2m
VY + ﬁ[E — Vop(N]y =0 (1.28)

19



Chapter 1. Introduction

Considering the total wave functiom as a combination of an incident plane wave
and a spherical scattered wave. This may be done by expatdimgartial waves.
These equations may be integrated numerically for eaclesaitr contributing to the
interaction and the resulting (complex) radial wave funies are matched to the known
asymptotic form beyond the nuclear field to obtain the sdatjematrix element §

The observable quantity can be described as

do(6)
=0 = |f(6) (1.29)
where
f(6) = fc(6) + le Z(zf +1)(S; - 1) (1.30)
=0

in which fc(0) is the Coulomb scattering amplitude. The expression fastel scat-
tering (oeL), reaction cross-sectiofrg) and total reaction cross-sectiamd;) can be

written as follows

e =72 ) (20+ 1)1 - S/ (1.31)
0

or=n ) (20 +1)(1-1S/P) (1.32)
0

Otot = Ol + OR (1.33)

Tp=1-|S]] (1.34)

Sg = eXF(Ziég) (135)

Hereis the reduced de-Broglie wavelengdlajs a complex number representing
the phase shift between the outgoing and the ingoing wawes,Z is the tranmission

codficient.
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1.3.4 Experimental determination of NLD parameter

The most straightforward method of determining level dgrisito count individ-
ual levels. This is possible at low excitation energies wlige levels are well spaced
and easily resolved by a variety of techniques includinggéa particle and neutron
spectroscopy. Level densities of nuclei at excitation giesrwell above the parti-
cle separation energy, where they form the continuum, cavetier be studied only
through less direct approaches which involve models forfdieation and decay of

the compound nucleus.

Though several attempts have been made in the recent yeansi¢ostand, both
theoretically as well as experimentally, the excitatioargy (temperature) dependence
of NLD [Kat78 Shl9], ShI9Q Cha03, the information available about its angular
momentum dependence is quite limited. Henss et. al. hadatzt the NLD at
high spin by measuring the neutron spectra foetaporation channel in coincidence
with the Yrasty-rays measured with ardgamma detector arrayHen8§, but they
did not explore the dependence of NLD inffdrent angular momentum region. In
another measurement, Mitra et. al. showed a broad struictyreay multiplicity gated
charged particle particle spectrumitC + °*Nb system and they conjectured that it
may be due to an unusual spin and excitation energy depeadérnice nuclear level
density Mit02, Mit06]. In a recent experiment by Gutpa et. al., theay multiplicity
gateda-particle evaporation spectra were measured for a numbeudei with A ~
180,E* ~ 56 - 61,< J > ~ 15 -307, the inverse level density parameteks (=
1/a) were found to remain constant within the limits of statiatierrors Gup09. In
an another measurement by the same group, performéd-~atl20, E* ~60 MeV,
< J >~ 10-20% andZr =48-55 (R is the atomic number of the residue), no systematic
variation of the inverse level density parameter was olexkrizorZy = 49, 50, and 51,

‘k’ was found to be constant while for the other cases it wasmbddo increase with
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increasing angular momentur@{ip0g. However, the calculations based on statistical
theory of hot rotating nucleiAgglQ predicted that the value & would increase
with J in all cases. As the experimental information on level dgnsarameter as a
function of angular momentum is still scarce, it is eviddrdttthe interplay of the key
parameters, such as ground state deformation, excitatiengy and spin in NLD is yet
to be properly understood. So the present understandinigeovetriation of NLD as a

function of angular momentum is not conclusive and requiréhker investigations.

1.4 Decay of Compound Nucleus: Fission

An excited compound nucleus with mas200 predominantly decays by fission,
where it breaks up into two nuclei having similar masses.etrent years, one of the
major goals of the fission research is to understand the dipsashfission in the super
heavy region. There has been a lot of activities in the studthe mechanism of
fusion reaction at near-barrier energies in the actinigggon [Hin95, Gho09 Ram85
Itk04, Nis0g, which plays key role in the synthesis of super heavy eldséBHE).
Major hindrance in the formation of super heavy elementsastppression of fusion -
evaporation (FE) channel not only by the equilibrium fissmwacess but also due to
the non equilibrium fission processes, such as, quasi+ig8&) and preequilibrium
fission (PEF). There are plenty of research activities atldtie globe in recent years
to identify, and, if possible, quantify the factors whicimtier the compound nucleus
formation and and to locate the favorable condition forduagio occur (incident beam

energy, entrance channel parameters).
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1.4.1 Equilibrium and non equilibrium fission process

Equilibrium fission (or fusion-fission) is characterisedthg formation of a com-
pound nucleus (CN) which is equilibrated in all degrees eéftom. In this case fis-
sion fragment mass, energy and angular distributions grea®&d to exhibit properties
which are independent of the entrance channel. On the o#met, Iin the case of non-
equilibrium fission, the composite system undergoes fidsefare attaining complete
equilibration in all degrees of freedom (energy, mass, slep). The non-equilibrium
fission process can be broadly categorized in three typessidigsion, fast-fission
and pre-equilibrium fission. The occurrence of these peeEesan be understood, in
terms of the potential energy landscape of interactionrmi@kas a function of the

inter-nuclear distanceas illustrated in Figl.8.

Consider the two colliding nuclei in ground states when taeyfar apart. At the
point of collision, a neck is formed between the two nuclehjeh gradually evolves
to a single composite system with two mass and charge distsibcenters. The in-
teraction potential, estimated by assuming it to be a fonctf separation between
the two nuclei alone, where all the internal degrees of foee@re frozen, is termed
as “sudden potential”. The sudden approximation is reddgnalid to describe the
fusion potential of the colliding ions. In the subsequerdletron of the fused system,
the composite system relaxes in shape and mass degreesdadriteand thus gener-
ates a new density distribution in the region where the ioerlay is the strongest.
So exit channel (fission) potential is calculated using lzali@ approximation, where
the nuclear shape is allowed to adjust so as to minimize thengial energy at each
distance of separation. Due to the continual change in shiapediabatic procedure
does not lead to any short-range repulsion. Adiabatic addesuapproximations are
very useful for obtaining analytical results which proviaeonceptual framework for

understanding the fusion-fission process.
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Compound Nucleus Fast Fission
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----- Adiabatic potential (exit channel)

Figure 1.8: lllustration of different reaction mechanisms in terms of entrance channeldreyl
dash line) and exit channel nuclear potential (blue shostdine) as a function of internuclear
distance.

In the case of equilibrium fission (or fusion-fission), thengmsite is trapped in
the entrance channel after surmounting the fusion baiTiee saddle configuration is
elongated enough to keep the system trapped and the systévesto the formation
of compound nucleus. After that, fission occurs from the conmg nucleus crossing
the fission barrier (see Fig-8). On the contrary, in the case of quasi fission, the com-
posite is trapped behind the conditional saddle point femttass asymmetric entrance
channel (sudden potential). Subsequently, the compagsters evolves towards sym-
metry and the potential between them also evolves (the atitapotential), in such
a way that the composite reaches mass asymmetric sadddglydivehich means that
the system first fuses and then fission occurs without passieggh the compound

nuclear configuration. This reaction channel is charanterby full energy relaxation
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but incomplete mass and shape relaxations. The pictopagsentation of the quasi

fission trajectory in three dimensional potential energyase is shown in Figl.9.

' Potential Energy

Figure 1.9: Pictorial representation of quasi fission in three dimensiopotential energy
surface.

Quasi-fission phenomenon is generally observed in Actinigdei. Hinde et. al.
investigated the orientatiorffects in fusion-fission reaction U nucleus Hin95].
The 238U nucleus is prolate deformed in the ground state; therefloeeCoulomb-
barrier height between target and projectile nuclei depemdtheir mutual orientation,
and, diferent reactions may occur fromftlrent touching configurations. The two
extreme cases are the collisions with polar and equatddak<f the deformed tar-
get nucleus. At low projectile energy, nuclear contact es@nly at polar collisions,
whereas at higher energy contact is obtained also in eqabtoilisions. It was ob-
served that the equatorial collisions result in fusionefisswhereas the polar collisions

lead to quasi-fusion at near barrier energidsp5].

Fast fission, a non-equilibrium fission process, occurs wihencomposite is

trapped inside the fusion pocket but the fission barrier & tompound nucleus
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vanishes due to large angular momentum (see Eig. For fast fission to occur
Jor > Joi—o. The typical reaction time scale of fast fission is of the omfel02! to
10-2° seconds, which is intermediate of deep inelastic reactiwhfasion-fission time
scalesBac81. The deep inelastic phenomenon occurs when the pockegisutiden
(entrance channel) potential vanishes due to large angudarentum (see Fid..8). In
this case the system may not gefisuent time for significant mass exchange before

the separation.

Another non-equilibrium fission process, pre-equilibrifission, takes place when
fission occurs before the composite system equilibraté olegree of freedomK is
projection of total angular momentudon the fission axis (see Fig10. Ramamurty
et. al [Ram83 proposed the pre-equilibrium fission model and explairedanoma-
lous angular distributions of several fissioning systergs &€F, 2*Mg, 28Si and?S +
208pp . Pre-equilibrium fission gives rise to a narrow varianaiad K = 0 for spin
less particles, as the memory of the entrance channel oegatine is partially retained
in these reactions. This usually occurs in systems wherégki®n barrier height is

comparable to the temperature and the fission widthfiscsently large.

1.4.2 Estimation of fission probablity using statistical mdel ap-
proach

Similar to evaporation as described by Hql0Q the fission decay width is esti-

mated using Bohr and WheeleB¢dh39 model,

1 E*—-Bs
gs

Herepys andps, are the level density at the ground state (stable equilibposition)
and the fission saddle point (unstable equilibrium posjtreapectivelyE* is the total

excitation energyBs is the fission barrier height. Considering tHeeet of nuclear vis-
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Figure 1.10: Schematic diagram of typical fissioning system as per sgululet model.o is
the angle between fission axis and incident beam directitmgrangle ¢ = K/J.

cosity by taking in to account Kramer’s prescriptidr@4Q, decay width is modified

as

T = (V1+y2=y)re”
1 E*-Bs
= (\/1 + ’}/2 - ’}/)m L psp(E* - Bf - E)dE (137)
gs

Wherey is the nuclear viscosity given 8/ (2wsy), 8 is the dissipation cdicient and

wsp IS @ measure of the potential curvature of the fission sadulg.p

1.4.3 Experimental probes

Different experimental probes are used to study the equilibfission and non

equilibrium fission processes. Details of these probes eseribed below.
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e Angular distribution

The angular distribution is a powerful tool to study the shap the fissioning
nucleus at saddle point and also the angular momentum ieslatvthe fusion
process. The final directions of fission fragments are dyeetated to the ori-
entation of the nuclear symmetry axis during passage tlirdlig saddle point.
This orientation is expressed in terms of the projectionsotdl angular mo-
mentumJ along the nuclear symmety axis and along the beam axid. In
statistical saddle point moddFife84, the fragment angular distributio(0) is
related to the angular momentum distributidand the widthK, of the K dis-
tribution of the fissioning nucleik, is related to the nuclear temperatdrend
effective moment of inertidi.¢¢ at the saddle point. The angular distribution

W(0) for a particular andM can be written as follows.

J
W3 (6) o< > To(23+ Lpu(Ess K)(2J + 1)/2]ID} ()P (1.38)
K

=-J

Here 6 is the angle of the symmetry axis with respect to the beanciiline,
T, is the transmission céigécient, py(E;, K) is the level density at the transition
state,Dy, « (6) is the rotational wave function. Based on statistical nhodeh

a constant temperature level density prescrippidi;, K) can be expressed as

follows
(B K) o ex{E* — By — €]/T (1.39)
pt(Et, K) o exp[_$r°t] o exp[ 2_8::?_?_] oc ex;{;—é] (1.40)
K8 = 25 Ters (1.41)
T (1.42)
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WhereE*, B; ande are the excitation energy, fusion barrier, kinetic energy o
the fission fragment, respectively., , 3, are the moments of inertia associated
with rotation around the symmetry axis and perpendicul@s.akor compound

nuclei formed with spin projectioM = 0 along the beam direction and taking

average oved andK, the angular distribution becomes

W(o) - 3Ty Ykesy 3(23 + 1D}, « (O)Pexp(—K?/2K2)
- Sy exp-K2/2K2)

(1.43)

which involves summations overandK of the symmetric-top wave function
DﬁAZO’K(H) and assuming a sharp-ctitexpression for the spin distribution and
a GaussiarK distribution. Herel,, is the critical angular momentum for fusion
and the term (2 + 1)T; reflects the formation cross section for a specific com-
pound nucleus of spid. Fission fragment angular anisotropd| is defined as

the ratio of the fragment yields along the beam direction thwedperpendicular

direction, i.e.,
(W(0°))
= - 1.44
A= We0)) (1.49)

Considering the saddle-point temperatiire [E*/a] and assuming + 0.5 ~

J, the anisotropyd, reduces as

(1.45)

In the case of pre-equilibrium fission, the composite udesgitssion before it
attainsK equilibration; this leads to larger fragment angular atmgoy [Ram9qQ.
In the case of quasi-fission, mass equilibriation is not detepas the fission
takes place from the conditional saddle point. Experimentalence Tok85
shows that the mass asymmetry degree of freedom equildaradee rapidly than

shape equilibration. SK equilibration may not be complete in quasi fission and
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therefore larger angular anisotropy is expected, whichoigfiomed by several
experimentsBac85 Bac83 Hin95. Similarly, in the case of fast-fission also,

large angular anisotropy has been reportead8].

e Mass distribution

The fundamental property of fission is binary splitting othaus. As the statisti-
cal fission of the compound nucleus proceeds through shawgek over a mass
symmetric unconditional fission barrier, the fission fragitmaass distribution is
symmetric around the average mass of the target and thecplejerhe fission
potential as a function of mass asymmetry can be approxaate parabolic

shape Bac94
1 2
U(A) = E sS(A-As) (1.46)

WhereA is the fragment masg\s is the mass of the symmetric fragmekyd,is
the stithness parameter for the mass asymmetry degrees of freedotatigtisal

model treatment leads to a variance of the fragment magsodisbn given by
=— (1.47)

HereT is the scission point temperature anid the nuclear level density param-
eter. From the above relation it is evident that the widthgtandard deviation
op) of the mass distribution is a smoothly varying function g€igation energy.
In the case of quasi fission, as it proceeds through a massnastyio fission
barrier, the fragment mass distribution is expected to besnagymmetric. For
a mixture of fusion-fission and quasi-fission, the massitigtion may still be
peaked around the average of the projectile and the targes,rhat the width of
the mass distribution may become larger. Therefore, if tiopgrtion of quasi-

fission reaction increases with the change in excitatiomggnéhere will be an
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increase in the width of the mass distribution. Such an esean the width of
fragment mass distribution has been observed at near banggies Gho04.
In the case of fast-fission also, there has been reports kdase in width of the

mass distribution with the increase in excitation enegrB2 Zhe84.

e Evaporation residue

The fused composite, which survives fission and releasesdiation energy
by evaporating light particles anglrays, ends up as evaporation residue. As
one moves towards the higher mass region, the competitiovelea fission and
neutron evaporation increases. The correct estimatiorm@fcompound nu-
cleus formation cross section in a reaction involving massiuclei is an im-
portant but dificult task. The mass distribution and angular distributiatad
used to estimate the fusion probability depend on the unguntlyiof identifica-
tion of the complete fusion reaction products among the equitibrium fission
products. The diiculties arise when the mass and angular distributions of the
non-equilibrium fission and equilibrium fission fragmentoagly overlap de-
pending on the reaction dynamics. On the other hand the wx$ewvaporation
residues in experiments are a result of the de-excitatianle#ated and rotating
compound nucleus. There are no evaporation residues if @@ona nucleus is
not formed. Therefore detection of evaporation residuega/sensitive measure
of the estimation of compound nucleus formation crossisectT he evaporation

residue cross-section can be estimated as follows,

U'ER(Ecm) = Ucapture(Ecm) ’ I:)CN(Ecm) ’ I:)survival(Ecm) (1-48)

where E., is the centre of mass energ¥sunival IS the survival probability of
the ER that is determined by the competition between fissiimgutron evap-

oration of the excited compound nucleuBey is the probability of complete

31



Chapter 1. Introduction

fusion after the capture stage in the di-nuclear systegre is the partial cap-
ture cross-section for the formation of the di-nucleuseysin competition with
other peripheral reactions like quasi-elastic proces$hs.partial capture cross
section for the formation of the di-nuclear system is givgn b
ler ler
eapurdEom) = Y | Tcapurd Eem €) = Y 72%(2L + 1)T, (1.49)
=0 =0
Here/,, is the critical angular momentum afid is the transmission céiécient.
The presence of any non-equilibrium fission process willpsegs the evapora-
tion residue formation. There have been several measutsnrethe actinide
region, which indicate strong inhibition of evaporatiosickie cross-section in

the presence of quasi-fissiadip02, Sag03.

e Neutron Multiplicity

Since the neutrons are emitted throughout the fission plady, are generally
categoried in two parts; pre-scission and post-scissiatroes. As the name
suggests, pre-scission neutrons are basically the neutrortted before the fis-
sion takes place, whereas the post scission neutrons attee@rafter fission,
from the excited fission fragments. The time duration betwthe formation of
compound nucleus to scission is generally attributed aBgbi®n time scalery,

which can be estimated from the measured pre scission memtudtiplicity, v e

as follows,

Vpre h
= _ 1.50
= T (1-50)

o0 Jen+Jdg j+s

1 E*-S,
F”(E*’JCN)ZanCN(E*,JCN)fo PINDINDI

Ju=0 J=[Jcn—-Jdd| ¢=lj-9

Pd(E* = Sp — €, Ju) Te(€n)den (1.51)
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wherel',, Sy, &, are the decay width, separtion energy and kinetic energlyeof t
neutron, respectivelyicn, pd, Jen, Jq are the nuclear level densities and angular
momentum of the compound nucleus and the daughter nuclspsatvely.E*

is the excitation energyT, is the transmission cdiécient, s, ¢ and | are the
spin, orbital and total angular momenta of the evaporatedroes. The fission
timescale has been measured in a large number of systema witte range of
excitation energies and it has been ovserved that faso#igdio?° — 3 x 1072
second) and quasi-fission{%0x 102! second) timescale are shorter than that of
fusion fission timescale(5 x 10-2° second) Hin89]. As evident from Eq1.50
that, prescission neutron multiplicity can be considerschauseful probe for
the study of fission dynamics. Since the time scales of nahlegum fission
process{saddle-to-scission time) and fusion-fissieqp(esaddle time- saddle-
to-scission time) are likely to be filerent, the appearance of nonequilibrium
fission at near-barrier energies should also be reflectedescission neutron
multiplicity data. Such change (decrease) in prescissigutron multiplicity

with the onset of quasifission has been obseniednpg.

In addition to the above mentioned probes, there are a fewbow@tional probes
which are also used to study fission dynamics, such as, mgksdistribution Tok85

She87Hin08] and mass energy distributio&he87 Chi03.

Although there are many available probes for the identificabf different non
equilibrium fission processes as discussed above, howtbeadentification of partic-
ular kind of reaction mechanism is not always quite unamdigu A very interesting
case in point ist?O + 23U system, which is a highly fissile, deformed system and
therefore is a probable candidate for quasi-fission at naereb energies. Anoma-
lous behavior of fission fragment angular anisotropy has loéserved for this system

at near barrier energies, which indicates significant doution from non-compound
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nuclear fission. By assuming that thfeet of quasi-fission will be predominant in
the sub-barrier region, where the orientation of the detmrtarget-projectile system
will be crucial to determine the fusion trajectory, Hinde at. [Hin95] explained the
anomalous energy dependence of the fragment anisotrog§dor 238U system and
concluded that there is quasi-fission transition at sulbidyagnergies. On the contrary,
the cross-sections of the evaporation residues (ER) meaddar the same system at
near and sub-barrier energies have been reported to bestamtswith the statisti-
cal theory Nis04], indicating that the contribution from non-compound fissi(say,
QF) is not significant. So, Nishio et. alNis04 have proposed that the observed
anomalous fission fragment angular distribution may be duéé contribution from
another competing mechanism, pre-equilibrium fissiRarp83. Two measurements
performed using dierent probes, conjectureftérent reaction mechanism. In this the-
sis work®0 + 228U system was reinvestigated using other available probelsitidate

reaction mechanism.

1.5 Motivation and structure of the thesis

The main motivation of the present thesis is to (i) study sahthe important
features of low energy nuclear reaction using neutron a®heprand, (ii) design and
development of related detectors and instruments. Moreifggaly, this plan of the

work can be categorised as follows,

¢ Design, development and characterisation of neutron ttetefor the measure-
ment of neutron energy and multiplicity. A major detectovelepment program
has been taken up within this thesis work. The main criteritais development
is to achieve highféiciency and good pulse shape discrimination ability of the

detector to discriminate rays. Liquid scintillators are found to be the suitable
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candidate. Liquid scintillator BC501A was used to fabrcdetectors for neu-
tron energy measurements. Neutron energy was measuregl tusia of flight
technique. For multiplicity measurement, a detector csiimgy of 500 litres of
liquid scintillator BC521 (0.5% Gd loaded) was built. In thaultiplicity de-
tector, neutron detection is based on thermalisation iahb by (ny) capture

reaction.

e Study of the dynamics of fission (fusion fission vs quasi fisin heavy tranu-
ranic systems using neutron and other available prot¥€s+ 28U system has
been chosen, based on the twiielient conjectures of earlier experiments. There
are two earlier measurements 8@ + 238U system at near barrier energies. An-
gular distribution measurement claimed the presence ofi¢ission Hin95|.
Whereas the evaporation residue measuremnt conjectureréisence of pre-
equilibrium fission Nis04. In this thesis work!®O + 23U system has been
reinvestigated using fragment mass distrubtion and neutsaunderstand the

reaction mechanism in near barrier energies.

e Study of neutron evaporation spectra to extract the nuda density pa-
rameter and explore its dependence on angular momentumexditation en-
ergy dependance of nuclear level density is well studiedtihetangular mo-
mentum dependance is not well known. There are few expetsriarrecent
years [Gup08 Gup09, however no systematic dependance of NLD has been ob-
served. In this thesis work®Sb was chosen which will decay predominantly
by neutron evaporationt'°Sbh was populated through light ion route to ensure
the formation of one major residue. Evaporated neutron®wetected in co-
incidance withy-ray multiplicity. The measured neutron spectra were as®&ly
using statistical model to extract nuclear level density study its dependance

on angular momentum.
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The thesis has been divided in five chapters. Chapter 1 cauaai detailed survey
and physics motivation of the thesis work. The details otreudetector development
and characterisation have been discussed in chapter 2. §enfidynamics study
in %0 + 238U reaction have been described in chapter 3. The neutronoeatign
study in*He + *°In reaction have been presented in Chapter 4. Finally, sugnarai

conclusion of the present thesis have been presented itectap
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Detector development

2.1 Introduction

The detection of neutron is morefficult (or rather indirect) than the detection
of charged particles since it is uncharged in nature. Nestere generally detected
through nuclear reactions that result in prompt energditarged particles such as pro-
ton, alpha particle and so on. Because the cross sectiomioram interaction in most
material is a strong function of neutron energy, rathdfedent techniques has been
used for neutron detection inftkrent energy region. The most important process for
the detection of fast neutrons (neutron Enexgd.1 MeV -100 MeV) is elastic scat-
tering of neutron with proton in a hydrogenous material. i&rty for slow neutrons
(neutron energy eV) different nuclear reaction, such #de(n, p), Li(n, @), 1°B(n,

@), neutron capture itP3%’Gd and neutron induced fission3#U are generally used.
The nuclear reactions used for the detection of slow neuwtammin principle be used
for fast neutron also, however the detectidficiency will be extemely poor. This
inherently low detection feiciency for fast neutrons can be somewhat improved by

surrounding the detector with hydrogen containing modeganaterial.
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Under this thesis work we have developed two types of newtaetectors for neu-
tron energy and multiplicity measurements. The detecteveldped for energy mea-
surement using time of flight technique are small volume [jiré&s) liquid scintillator
detectors, whereas the neutron multiplicity detector isl@atled large volume (500
litres) liquid scintillator detector, which used the neuticapturey/-rays to meausre the

multiplicity. This chapter describes the details of thesealopments.

2.2 Neutron time of flight detector

The Time-of-flight (TOF) technique is a general method fotedaining the
kinetic energy of a travelling neutron, by measuring theetiin takes to fly be-
tween two fixed points separated by a fixed distance. Liquiktifator based de-
tectors are widely used for neutron energy measuremeng usimme of flight tech-
nique due to their properties like relatively high light put, good detectionf&-
ciency, fast decay time and excellent neutron gamma ) discrimination. Among
the available scintillators, BC501A (or equivalently NB}has been demonstrated
to have very good pulse shape discrimination capability godd time resolution
[Kle06, Kle02, Hor00, Rob81, Ahm77, Win71]. The TOF technique can provide a

good neutron energy resolution compared to other spedpysechniques.

2.2.1 Scintillation mechanism

Liquid scintillators mainly consist of aromatic hydrocarts, with small admix-
tures of other molecules. In aromatic hydrocarbons two sygfechemical bonds are
important,o- bond andr bond. Thes bonds are the normal regular tetrahedron bonds
of carbon and they do not contribute to the luminesence ofitfued, whereas ther

bonds cause double and triple bonds and are responsibleddurninesence. In aro-
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matic hydrocarbons there are many ‘orbitals which make up a delocalisedsystem
that can be modeled as free electron orbiting the nucleus s€imtillation light comes
from transitions of molecular valence electrons betwedfedint energy levels. The
energy levels are separated into spin singlet leves$S S, ...) and spin triplet lev-
els (T, T, ...). Every molecular energy level has associated vibnalienergy levels,
(So00, So1 -+ S10y S11 -..) and (T, T11 ...) (see Fig.2.1). The energy dference be-
tween molecular energy levels is of the order~o8 eV, while the diference between
vibrational energy levels is 0.1 eV. When ionizing radiation passes through the scin-
tillator, the molecules may absorb a fraction of the energi tineir = orbital electrons
via transitions from the ground state to higher energy EVElectrons excited to higher

energy levels rapidly (few ps) fall back to the Slevel via radiationless de-excitation.

Singlet Triplet
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Figure 2.1: Typical energy levels diagram of an organic scintillator.
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Scintillation light is emitted due to the de-excitation ¢éetrons from $ level to
one of the vibrational states of the ground stajéffsiorescence). This type of transi-
tion occurs with decay times ns, corresponding to the fast component of the scintil-
lation light pulse. The other possibility is an inter-systerossing decay. In this case,
the electron in Slevel crosses to {Tlevel and from there this molecule interacts with
an other molecule with an electron in $tate. The result of such an interaction leaves
one molecule in the Sstate and the other in the State. The life time of T (~ ms)
is characteristically much longer than that @§.SSo the radiation emitted (phospho-
rescence) in the deexcitation does not contribute to theggaloduced by the prompt
fluorescence. However, instead of a transition §p s®me of the molecules can be
excited back to § and then decay tosSwhich is called delayed fluorescence. Decay
time in this case is- 100 - 500 ns. The scintillation light is the superpositiortvwed
or more exponential decay components witffetient decay time constants. Delayed
fluorescence constitutes the slow component of the seaititift light and is mainly

responsible for the neutron gamma discrimination propeftiquid scintillator.

2.2.2 Properties of liquid scintillator BC501A

BC-501A (manufactured by & Saint-Gobain) is one of the popular liquid scintil-
lators used world wide for neutron detection. This liquithsilator is based on xylene
or dimethylbenzene, §814(CHz),. Some of the important properties of BC501A are
described in the Tabl2.1 The neutron detection mechanism of BC501A scintillator
detector is based on elastic scattering of neutron withgorotvhich strongly dom-
inates over the other reaction channels in the energy rarfige80OMeV region. At
around 8 MeV, diterent inelastic channels gradually come up and they staying

significant roles in the detection mechanism ff@ient nuclear reactions of neutrons
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with proton and carbon are shown in F&j2for the neutron energy range 0.1 MeV to

30 MeV [Rei04.

Table 2.1: Properties of liquid scintillator BC501A.

Scintillator Properties BC501A

Light output, % Anthracene 78

Wavelength of maximum emission, nm 425

Decay time of short component, ns 3.2

Ratio H:C atoms 1.212

Number of electrons per cc 2.87

Density, gnjicc 0.874

Refractive Index at 425nm 1.530

Flash point, T.O0.C°C 24

Scintillator decay time 3.16 ns, 32.3ns & 270 ns

Light output response: Generally the light output of a scintillator depends on
the type and energy of the incident particle. Typical lightput responses of liquid
scintillator BC501A for diferent ionizing radiations are shown in Fi&3. Birks had
first expressed the fierential light output from scintillators in terms of the sife
energy lossgdE/dx of the charged patrticles, which was later improved by adéxtga
parameters. The light output as a function of incident pere&nergy may be expressed

as [Cra7q.
L(E) =7 f ) de[1 + KB(dE/dX) + C(dE/dx)?)] (2.1)
0

Wheren is scintillator éficiency,dE/dx specific energy los$s, B andC are constants.
In the case of electrons, the light output is almost lineaefectron energiek, > 40

KeV [Die82. However it shows non linear response to proton and higharged
particles. The other alternative approach to describetifiation light output is the

phenomenological type, proposed by Cecil et. @¢79. In this approach scintilla-
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Figure 2.2: Different nuclear reactions of neutrons with proton and carborthe neutron
energy range 0.1 MeV to 30 MeR¢i04

tion light is expressed as a function of energy dfelient ionizing radiation as follows,

L(E) = a4E — ap(1 — e ™) (2.2)

The parameters,, a,, as, anday, extracted by fitting the experimental data are shown

in Table.2.2
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Figure 2.3: Typical light output of dferent ionizing radiation for liquid scintillator BC501A.

Table 2.2: Description of the parameters for firent charged particles produced in liquid

scintillator BC501A.

Particle a; a az =
Proton 0.83 2.82 0.25 0.93
alpha 041 59 0.065 1.01
Carbon 0.071 O 0 0

2.2.3 Design consideration and simulation study

To perform the experiments as discussed in the Chapter hetteessary neutron

TOF detectors have been developed indegenously. Anottertion behind this de-

velopement was to make a case study to select suitable aieedement for building

a neutron time of flight spectrometer, to cater to the needsewf experimental pro-

gramme using the upcoming K500 superconducting Cyclott&fE&LC. The neutron

energy range considered for the present developmentis 8\6-\5 MeV. The main

design considerations for the detector development were,
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e High detection #iciency.
e Low sensitivity to gamma radiation and background events.

e Neutron-gamma discrimination capability, because of rguemission often

competes with gamma de-excitation.

e Modularity, in order to distinguish between single and nplétneutron emission

events.

e Resonable energy resolution.

The intrinsic éficiency is clearly proportional to the volume or thicknesghaf cell
while the energy resolution depends inversely on the thaskrior a given flight path.
Commercially available phototubes of Bliameter were considered as the largest ac-
ceptable ones. Simulation usi®@EANT4 has been performed to study tifé@ency

of detector having dierent length and 5diameter.

Simulation of neutron detector: We have used GEANT44go03 version 4.9.2
and neutron data library G4ANDL3.14 for the present simafati All possible pro-
cesses of light production inside the detector, includimg dtfects of metallic cas-
ing of the detector, detector resolution and non-lineahtligesponses of all sec-
ondary charged particles, have been taken into account. phbeéomultiplier tube
has, however, been ignored in the simulation. The simulatobased on a series
of GEANT4 classes, each responsible for a given step of the simn)dike the de-
tector geometry and material building, particle and phygicocesses definition, par-
ticle tracking, hit definition and handling. Individual rteans are randomly gener-
ated by a particle generator and tracked through the detgotames. ParticleGun
class was used to generate the primary eveBEEANT4 tracks the particle and pro-

vides necessary tools to extract the parameters of patt@t&ing. In this simula-

44



Chapter 2. Detector development

tion, the charged particles produced and the scatteredamsuare tracked until they
deposit all their energy in the defined detector volume or giood the “World" vol-
ume, which encompasses the entire detector geometry. IRHksicsList, the neu-
tron induced interactions have been simulated using thie pigcision neutron spe-
cific model (NeutronHP), where the major low energy intdmawt of neutrons have
been broadly treated in four categories, i.e., radiatiyetwe, elastic scattering, fis-
sion and inelastic scattering. Each category of reactianbe®n simulated with sep-
arate class (G4NeutronHPElastic, G4NeutronHPInelaGdid\eutronHPCapture and
G4NeutronHPFission, respectively), using the crossiaecata library G4ANDL3.14.
The scintillation light output from the energetic secondenarged particles produced
by the neutron interaction has been estimated using Cecd&cription Cec79. Sim-
ulation has been performed with pencil neutron beam. Estichdetection #iciency
as a function of neutron energy for neutron detectors fiegnt sizes are shown in

Fig. 2.4
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Figure 2.4: GEANT4 simulation of detectionffieiency as a function of neutron energy for
detector of dfferent sizes (diameter 5 inch, lengths of detectors are i in the graph).
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2.2.4 Detector Fabrication

Based on the above study fourfiérent sizes of neutron detectors (lengtldi-
ameter: 1.5x5,3 x5,5 x5 ,7 x 5") were designed and fabricated for the
study of diferent characteristics properties of neutron detector beid variation with
detector dimension. The detector cells, cylindrical inmhavere made up of 2 mm
thick stainless steel and filled with liquid scintillator BQG1A. Internal walls of the
cells were white painted forfiecient light collection. The scintillator liquid was thor-
oughly flushed with dry nitrogen gas of purity (99.999%) faffgient time to remove
any dissolved oxygen present in the liquiBelg0g. A small expansion chamber (10%
of the detector volume) was coupled to the detector to take althe thermal expan-
sion of the liquid. Scintillator cells, sealed with 6mm thigyrex glass, were viewed
by 5 inch photo multiplier tube (PMT) (model: 9823B; Electrtube Ltd). The photo
multiplier tubes were provided with 1 mm thigk metal shield to protect them from
magnetic field. The PMT and the voltage divider were cover#ld avcylindrical con-
tainer, which held the PMT rigidly in position and also prded light tightness. The

fabricated neutron detector cells are shown in the Eiga.

The design of the neutron detector was further improved. fidw cell is now
made up of 1.5 mm of aluminium and expansion chamber was n@adétaflon capi-
lary tube (inner diametet 1.5mm, outer diameter 2.5 mm), which was rolled around
the neutron cell. The cylindrical surface of the cell wasapsulated in an aluminium
cover. The new detector cell is shown in R2ggb. This new cell will be used in

proposed time of flight array.
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Figure 2.5: (a) Neutron detectors of fierent sizes used in present work., (b) detector with
compact design.

2.2.5 Calibration procedure

Since the mono energetic neutron sources are not readillablg the calibration
of the liquid scintillator detector is usually done by startdly-ray sources with known
energies®'Cs (E, = 662 keV),?’Na (E, = 511 keV, 1274.5 keV). As the pulse height
response does not contain pronounced full energy peakggekar energies< 100
keV) the calibration procedure relies on the analysis ofbmpton edge. This process
results in a recoil electron, which carries a large fractairthe incidenty energy
depending on the angle of scattering,

_ E2(1- co9)
myc® + E,(1 - co9)’

(2.3)

e

whereE, E,, 0 are the scattered electron energy, incidemiy energy and scattering
angle, respectivelyyy, is the rest mass of electron ands the velocity of light. The

recoil electron will have maximum energy at head-on cailsiwhich is known as

Compton edgekc, where

2
2E?

= 2.4
myC? + 2E, (24)

Ec
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Ec is usually expressed in MeV electron equivalent, i.e. Me\Because of the depen-
dence of the light yield of organic liquid scintillator onethype of particle, the term
MeV electron equivalent is introduced to place the lightdgien the absolute basis.
The determined Compton edge for the correspondiggrovides a calibration curve

presented in Fig2.6, which shows good linearity. But the determination of Coompt

1250 .
10004 .
S
()
< 750- .
5 O data
GCJ Linear Fit
w500+ (Y = 1.32X-142) T
250

250 500 750 1000 1250
Channel number

Figure 2.6: Pulse height calibration curve using standardources.

edge is not always unambiguous due to the finite pulse heggbtution of the detec-
tor, which is particularly more severe with the increase @tedtor dimension. This
problem was solved by Dietze and KleirDig82. They proposed a state-of-the art
method, which is based on fitting the theoretical respongetion to the measured
pulse height distribution. This is illustrated in Fig.7. The blue line is the ideal re-
sponse function fot*’Csy-ray source calculated by means of the Monte Carlo code
PHRESP Nov97 fora’5 x5 detector. This distribution is folded (red line) with a
Gaussian having FWHM corresponding to the pulse heightutiea of the detector

AL, which can be expressed as

— =4[+ =+ L (2.5)
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Figure 2.7: Pulse height response of liquid scintillator BC501A basetkdtor for'3'Csy
source.

The first term represents the locus dependent light trarssomdrom the scintillator

to the photo cathode, the second term is for statisticabtian of the conversion of
light to photo electrons, and the third one is due to noisérdmrtions from the dyn-
ode chain Die82 Dek87. The folded pulse height distribution is then expanded or
compressed in both x and y axes (red line) in order to fit theswmea pulse height
distribution (black line). The scaling factor in the x-aXia channelgVeVee) gives
the relation between the pulse height and the light outple gulse height resolution

obtationed in this case is 10%.
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2.2.6 Variation of neutron detector characteristics with detector
dimension

The most important characteristics of neutron detector efieiency, neutron
gamma discrimination and intrinsic time resolution. Alee properties are sensi-
tive to detector dimension. The neutron gamma discrimamagiroperty is degraded
with the increase in detector dimensidfal70, Mos94. The same is also true for
the intrinsic time resolution; on the contrary, the neutdetection éiciency improves
with the increase in detector dimension. Thus it is impdrtanmake a systematic
study of the variation of these properties as a function ¢écter volume to optimize
the detector design as per requirement. While modern cloukl tools are quite well
suited for the estimation offéciency for neutron detector, the neutron gamma discrim-
ination capability and intrinsic time resolution can onky §tudied experimentally. In
the following sections, we will discuss a comprehensivegtof all these important

properties measured with same set of detectors.

Efficiency: Efficiency measurement has been performed using associatediepar
technique Rid74. 6 uCi °°Cf was mounted on the back plane of a (20 cm x 6 cm) po-
sition sensitive multiwire proportional counters (MWP@Ho03, which detects the
fission fragments. Neutron energy was measured using tirfigbf method with the
start from MWPC and the stop from liquid scintillator dectMWPC is shown in
Fig. 2.8 There was five wire planes (electrodes), one anode (A), enseswire planes
(X, Y) and two cathode (C) wire planes. Schematic diagram ®¥RLC is shown in
Fig. 2.9. Separation between successive electrodes is 3.2 mm dtteceles are made
of 20 um thick gold plated tungsten wires. The X and Y sense wireggamere per-
pendicular to each other and were made off0diameter gold coated tungsten wire,
placed 2 mm apart. All the wire planes were made of G - 10 qudbuble sided glass

epoxy, copper plated printed circuit boards (PCB). Gasatets were isolated from
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the vacuum chamber usingdMylar foil. The foil is supported by a grid of aluminum
wire of 0.5 mm diameter at a separation of 15 mm. The MWPC wasatpd with
Isobutane gas maintained at a pressure of 2 torr with thedfedp electronically reg-
ulated gas flow system. Since the detector was operated\atoverpressure, it was
insensitive to alpha particles emitted frémCf source. For each fission event, one of
the resulting fission fragments was emitted within the actislume of the detector,
which enabled the MWPC to detect almost every fission everg. MWPC with?>°Cf
source was kept within a vacuum chamber having a 3 mm thiskitesge in front of
the neutron detector. The experimental arrangement hasdbe®vn schematically in

Fig.2.10

Figure 2.8: Photograph of MWPC used in thgieiency measurement.

The neutron detector was kept at a distance of 150 cm from WWéPKJ. Low en-
ergy neutrons can be discriminated from $heays by TOF. However, finite flight path
of the TOF spectrometer poses a constraint for compargthigher energy neutrons.
High energy neutrons can be readily distinguished fromytingys by neutrony pulse
shape discrimination technique, which also eliminated#tkground arising from the
v rays following inelastic neutron scattering and neutroptaee in the surrounding
medium. Hence a combination of these two techniques engoled discrimination
between neutron andray induced events for both high and low neutron energiég. T

other background (neutron scattering from air, wall etcswaeasured by inserting a
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Figure 2.9: Schematic design of MWPC.

shadow bar of concrete (20 cm in breadth and height and 60 ©g) lo between the
MWPC and neutron detector. The readout electronics andatafaisition setup has
been shown in FigR.11 The signal from the central anode wire plane of MWPC was
fed to a wide bandwidth voltage sensitive pre amplifier fokal by a constant fraction
discriminator (CFD) to generate the MWPC timing signal. Nen detector signal
was directly connected to another CFD, to generate correBpg timing signal. The

CFD timing output of MWPC was used as start input of the TimPitgital converter

52



Chapter 2. Detector development
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Figure 2.10: Experimental setup for detectiogfieiency measurement.

(TDC) and the delayed timing output of the neutron detects used as stop. Neutron
detector threshold was kept at 100 KeVee. Pulse shaperdisation was achieved
by zero cross over (ZCO) technigusde74. The diference between the CFD and the
ZCO timings was measured with a Time to Amplitude Converf&Q) which is fur-
ther connected to ADC. Energy signal of the MWPC was coneittgore amplifier
followed by an amplifier and finally connected to ADC. The mentdetector pulse
height, the neutron discrimination signal and the neutron time of flight, fissfcag-
ment energy loss in MWPC were stored on event by event baisig CAMAC based

online data acquisition systenB§n87.

A typical two-dimensional scatter plot of time of flight (TQ#s zero cross over
time (ZCO) for neutrons as well 3s rays emitted front>°Cf is shown in Fig2.12 It
is clear from Fig.2.12that neutron and gamma events are very well separated in this

plot.
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Figure 2.12: 2-D plot of TOF vs ZCO time (left), TOF spectrum (right).

Genuine neutron events were extracted by using a two dirmeakigate
(Fig. 2.12. The prompty-ray peak in the TOF spectra was used as time reference.
Neutron energy spectra were then obtained from the TOF igpasing proper Jaco-
bian transformation. Data have been corrected for backgtomeasured with shadow
bar technique. StandafefCf source spectrum taken from referen&mp0d, properly
normalised with neutron multiplicity = 3.77, the neutron detector solid angle and the
total number of fission detected, corrected for dead tims.|d$e reference neutron
energy spectrum thus obtained was then compared with theriexgntal spectrum to

obtain the absolute energy dependent neutron detefiicieacy. Measuredficien-
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cies as a function of energy for individual detectors arexshim Fig. 2.13 where the
errors represent sum of statistical and systematic errBgstematic errors are esti-

mated to be- 2 %.

1.00 — 77— 1.00 !
- Detector: 1.5in x 5 in+ L Detector : 3 in x 5in|
0.75 + - 0.75 + -
? 0.50 | § 0.50 7 |
o B 1o & B B
s | g | L ,
£ 5 ﬁﬁ%ﬂ-w .
0.25 fﬂﬂﬁﬁiﬁﬂé&j - ! % T Bk
0.00 L I I E— 0.00 .’. I U EN E—
0 2 4 6 8 10 0 2 4 6 8 10
Energy (MeV) Energy (MeV)
1.00 L 1.00 L
Detector : 5in x 5 in - L Detector : 7in X 5in |
0.75 + - 0.75 + -
Q * () * iy
$ 0.50 - #‘ﬁ’% ﬁ}»ﬂ‘{ + § 050 ﬁ r *%M
Q *raeny QO L J
0.25 - - 0.25 - -
0.00 P Y S B oooL A, 1+ . v o0
0 2 4 6 8 10 0 2 4 6 8 10
Energy (MeV) Energy (MeV)

Figure 2.13: Absolute @iciencies as a function of energy forfdrent sized detectors. Square
(black) symbol shows the experimental result and star sy () shows the GEANT4 simu-
lation.

Itis observed that thefleciency, as expected, increases with the increase in detecto
dimension. Bigger the detector size, (compared to theaotam mean free path of
neutron in the detection medium) higher is the probabilitynteraction of neutrons
with detector and so isficiency. The measuredfieiencies were compared with the
corresponding GEANT4 simulation. It is evident from FRj13that, the measured
efficiencies are in good agreement with the simulations in aksaver the whole

range of neutron energies.
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Neutron gamma discrimination : This is also known as pulse shape discrim-
ination. Organic scintillators, particularly BC501A aresllvknown for their good
Pulse Shape Discrimination (PSD) properties. PSD is plesslibe to the variation
of the long-lived decay component of scintillator light wihe specific energy losses
(dE/dX) of the different particles in the detector material. RRgl4illustrates the shape
of the emitted light pulse, which can be described by a sifagedecay component

and a substantial slow component. The quality ofrirey discrimination is assessed
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Figure 2.14: Typical pulse shape of liquid scintillator BC501A fpray and neutron interac-
tion [Sod0§.

guantitatively by the Figure of Merit (FOM), which is definad,

(2.6)

whereA is the separation between theeak and the neutron peak, J, are the
full width at half maximum ofy and neutron peaks, respectively. Pulse shape discrim-
ination (PSD) setup is already discussed in the earlieredPSD measurement was

repeated with 30 mCr*Am-°Be source. Among other§!Am-°Be source emits 4.44
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MeV gammas from the first excited state'd€. Pulse shape discrimination spectra for

different sizes of BC-501A detectors are shown in Bigdh
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Figure 2.15: Pulse shape discrimination spectra offdient sizes of liquid scintillator based
neutron detectors fot*1Am-Be source, threshold 350 keVee.

The figures of meritl1) for all detectors, obtained using E26, have been sum-
marized in Table2.3. It is seen that the figure of me decreases with the increase
in detector size. This can be intuitively understood afed; the larger detectors are
associated with larger loss of light and also larger timeagrof the arrival of photon
at the PMT; both of these cause broadening of neuyr&®D distribution. However
it is seen that even for the largest detector (@ng) used in this work, neutron and
gamma peaks are well separated. The figures of merit has B&anted for diferent
pulse height, which are shown in Fig.16 Figure of merit initially increases with
pulse height and then saturates. The decrease in the figunerd@fon neutrony dis-

crimination at lower pulse height is due to low photo eleatstatistics.
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Figure 2.16: Figure of merit vs pulse height foritrent sized detectors.

Intrinsic Time Resolution: Intrinsic time resolutions of the liquid scintillators for
v -ray detection have been measured with the help of,Bksffector (dimension 5 cm
x 3.5 cmx 3.5 cm; time resolution (FWHM: 400 psec) as start detector, using the
experimental setup shown in Fig.17. A %9Co source was kept in between the BaF
detector and the neutron detector. The separation betvineeBaF, detector and the
neutron detector was 20 cm. Thresholds of the two detecters w 30 KeV. PSD
and time resolution measurements were also carried outagttimmercially available
BC501A liquid scintillator detector ("2diameter, 2 length) for comparison purpose.
The timing spectra of the detectors measured Wi@o source have been shown in
Fig. 2.18 The intrinsic time resolutions for flerent size detectors are displayed in
Table.2.3. It is observed that the smaller the size of the detectoibétter is the time

resolution.

This may be chiefly due to the fact that both time jitter andetimalk increase
with the increase in detector volume and decrease in pulgditade. However in the
case of neutron measurement the time response is mainlyndetsl by the transit

time of neutron within the detectoK[e06]. Transit time of neutron in the detector
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Table 2.3: Measured values of glerent parameters in all detectors

Detector dimension Detector M-Value

Time resolutionffigéency in %

length x diameter ~ volume Threshold at (FWHM)
ininch in litre 350 keVee in psec Threshctd1l00keVee
2 MeV 5MeV 10 MeV
1.5%x5 0.50 1.26 1446 39 29+ 2.5 23+4 13+11
3x5 1.01 1.17 147% 56 47+ 2.8 35+5 30+16
5x5 1.66 1.08 1538 42 64+ 3 49+ 6 37+20
7x5 2.36 1.07 1569 46 72+ 3.8 54+7 49+ 20
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Figure 2.17: Experimental setup foy-y-coincidence measurements to determine the intrinsic
time resolution.
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Figure 2.18: Time resolution spectra of giéerent sizes of liquid scintillator based neutron
detectors using®Co source, detector threshold 30 keVee. Solid circle shows experimental
data, line shows Gaussian fit.
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is generally estimated using Monte Carlo simulation teghaiDie824. A simulated
time response matrix is used to unfold the measured TOF rgpectTransition time
is sensitive to flux attenuation and multiple neutron scautewithin the detector and
therefore strongly depends on the size of the detectorroe@nergy and detector
threshold. The neutron time response is asymmetric in shpeasing with length

and volume of the scintillator and with decreasing neutnoergy Kle06)].

2.3 47 Neutron Multiplicity Detector

Apart from the neutron energy distribution, the total numbkneutrons emitted
in an event (neutron multiplicity) also plays a crucial ratedetermining the reaction
mechanism, particularly in the Fermi energy domain. Howawveutron measurement
using time of flight technique is not generally quit@ent to estimate the neutron
multiplicity very accurately on event by event basis. Thiglue to the fact that, the
energy measurement using TOF technique is done by modulectdes, which are
kept at a certain distance from the source position to aehiezsonable energy resolu-
tion. Therefore it sffers due to lack offciency. The éiciency may be improved by
using large number of detectors; however, very close paokngéry is prohibited due
to cross talk &ect. So the other alternative and rather economical solusido use
a single, large volume detector which should be highficeent in neutron detection.
This may be achieved by a large volume liquid scintillataredéor, where the scintil-
lator is loaded with elements (Gd, Cd, B) having highyhcapture cross-section. To
ensure #icient neutron detection, the liquid scintillator is reeuarto be loaded with
typically 0.1 - 1.5% of Gd by weight Lig04]. These detectors are used to count, in
4r geometry, the total number of neutrons emitted from thesiieant reaction product.

Gd and B loaded scintillators based neutron multiplicityedéors are widely used in
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accelerator based experiments for the measurement ofomennultiplicity with high

efficiency Pah03Lie98, Sch95 Tak93 Cho93 Jah83.

2.3.1 Working principle

Neutron detection in a Gd loaded scintillator is based oridhewing steps; when
a fast neutron enters the detector, it slows down in a fewdaénanoseconds primarily
by multiple scattering with hydrogen nuclei in the scirtithr and produces a prompt
signal. After several collisions it is thermalized, proseit does not escape from the
detector volume. The thermalised neutron theffudes in the scintillator volume till it
encounters a Gd nucleus. Gd has a very high neutron capthss section{10° barn)
for thermal neutrons. When the neutron is captured in theitGgpically emits three
gamma rays of total energy8 MeV. So, by detecting these capture gamma rays one
can measure the total number of neutrons emitted. Thus tieetd®s of neutrons by
this method is a delayed process having two stages; thezatialn and then diusion
of the neutron in the liquid until it is captured in the Gd reiclAs the dffusion process
is stochastic in nature, the time elapsed between the fietaiction of a neutron with
the liquid and its subsequent capture will have a distrduin time. This distribu-
tion of time interval is called the capture time distributioCapture time distribution
may be fine tuned by changing the Gd concentration; so it isntisd to measure the
capture time distribution to check its suitability for angrpcular experimental pur-
pose. Usually, the capture time distribution is measur@ugus large volume of liquid
[Jah03 Lie98, Sch93. We have devised a new technique to measure capture time
distribution using a small volume detector in combinatiathvether ancillary (Bak)

detectors, which is described below.
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2.3.2 Measurement of Capture Time Distribution with small vol-
ume detector (proto-type): a new approach

The capture time distribution can be approximated with apa@ameter exponen-

tial formula [Jah83

P(t) = exp(—~A)[t(8 - ) — 1] + exg(—pL), (2.7)

where the parameter characterizes the moderation properties of the scingillanhd
is proportional to the proton density in the liquid; whergadescribes the capture
strength of the scintillator and is proportional to the dgnsf the Gd-nuclei. Accord-
ing to Eq.2.7, the capture time distribution first builds up to reach a maxn and

then falls df exponentially. The mean lifetime of neutron is given by

<t>=gt+227! (2.8)

Considering the capture part onlyds04, Eq. 2.7 can be further simplified as,

P(t) = exp(-pY) (2.9)

The parameteg can be estimated as follows;= [NgqoV], < t >= 81, WhereNggq

is equal to the number density of Gd nuclei ands thermal neutron capture cross
section in Gd, which follows a/iy dependence; being the neutron velocity. When a
neutron is captured in Gd nucleus, it emits thyeys of total energy-8 MeV on the
average. In a large volume detector (e.g. 500 litre or mohesey-rays are absorbed
in the detector by multiple Compton scattering and produseistillation signal cor-
responding to the capture. But in a small cell thesays are not fully absorbed. So
it is not possible to detect any clean signal correspondiribe neutron capture event.

However, the scatteredrays which come out of the detector cell may, if detected, be
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utilised to generate the capture signal. This is what has deae in the present stud-
ies. We have specifically developed two stainless steatd@gtal (60 cm long, 13 cm
diameter) cells for this measurements. The cells were fillgld xylene based BC521
and mineral oil based BC525 liquid scintillators respeslivand having dterent Gd
loading. The scintillator cells were coupled with ,al4 stage photomultiplier (PMT)
tubes (9823B of Electron Tubes Ltd.). Two walls of Bafetectors, one each on the
two sides of the cylindrical detector cell, have been usedktect the scatteredrays
from the cell. The highy efficiency and fast timing properties of BaBetector have
been utilised here. Each wall consisted of 5 BdEtectors. The BaFdetectors were
35 cm long, square faced (3.5 caB3.5cm), and were coupled with photonics XP2978
photo tubes. Four BaFRletectors (of the same dimension as above) were used for the
generation of a start signal and®aCf source was positioned above the start detectors.
Lead sheets of 3 mm thickness were put in between the soudcthameutron detec-
tor to stop they-rays directly coming from the source. The layout of the expental
setup is shown schematically in Fig.19 The start signal was generated from the
liquid scintillator (prompt flash) in coincidence with an QR the four Bak detec-
tors positioned on the top. This ensures a genuine neutaot Jthe stop signal was
generated from the liquid scintillator detector in coiremge with an OR output of the
10 BaF, detectors forming the two walls surrounding the liquid sitlistor detector.
The scheme (Fig2.20 has been veryfeective in removing the background originat-
ing from the cosmic response of the detector. The measupdrestime distributions
of neutrons in BC521 and BC525 are shown in A 1(left). The distributions show
well developed peak at about 46 followed by a tail stretching over a time interval up

to 40-70ps.

The shape of the experimental distribution with a pronodneaximum is in-

dicative of proper functioning of the detector. It is furtheeen that the higher the
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Figure 2.19: Experimental setup for capture time distribution meas@em

Gd concentration, the narrower the width of the distribatinearly all neutrons have
been captured in 3ps in BC521 (0.5% Gd) and in 70s in BC525 (0.2% Gd).
Experimental results have been compared with theoretigallations of the capture
time distribution using a Monte Carlo simulation code DENIP®i74. The details of
the simulation have been discussed in the following sectibime simulation results
have been shown in Fi@.21(right). It is seen that the experimental and the simu-
lation results are in good agreement with each other. Meptucatimes have been
extracted from experimental data (F@21-left side) as well as from the simulation
results (Fig2.21-right side) and compared with that obtained from E@ The com-

parision of mean capture times has been given in Ta&xe.

It is evident from the Table2.4 that both experimental and simulation results are
in fair agreement with those predicted by theory (seeE§). In order to have fur-
ther insight on the féect of neutron moderation on capture time distribution teep

time distribution has been further simulated with thermalitnons as source, so that
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Figure 2.20: Block Diagram of the Electronics for capture time distrilomt measurement.

Table 2.4: The calculated mean neutron capture time distribution.

Scintillator Gd(%) <t>(us) <t>(us) <t>(us)
Experiment Simulation  Theory

BC521 0.5% 12.55 8.81 8.82

BC525 0.2% 17.87.7 18.67 22.3

they are captured directly by Gd present in the liquid skiattr. The distributions are
shown in Fig.2.22 It is clearly seen that the distribution is in agreemenhwt.2.9.

Comparing the two capture time distributions (with and withthe inclusion of neu-
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Figure 2.21: Capture Time Distribution measured usiftfCf source. Left hand side shows
the Experimental result and right hand side shows the DE Mh8lation.
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Figure 2.22: DENIS simulation of Capture Time Distribution for thermalutrons.

tron moderation) in Fig2.21and Fig.2.22, it is obvious that the initial build up of the
capture time distribution is primarily due to the finite moakton time of the energetic

neutrons.
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2.3.3 Design and simulation of # Neutron Multiplicity Detector

The simulation of neutron multiplicity detector (NMD) hasdn performed using
the Monte Carlo code DENISPpi74. The simulation process can be categorised in
three stages. In the first stage, the energetic neutrons kbes kinetic energies by
successive elastic (and inelastic) collisions in the dtatdr. Once the neutrons are
thermalised, they are captured in Gd which is doped in thadigcintillator. In the
next stage, severatrays~ (8MeV total) are emitted from the n, capture reaction;
thesey-rays then interact via Compton scattering with the sdattk and produce scin-
tillation. Finally the scintillation light is collected bhe photomultiplier tubes, which

is however neglected in our simulation. The full collisibhéstory of each neutron

from its first interaction in the scintillator to its subsesgu slowing down and absorp
tion is recorded on event by event basis. The initial dimtof the neutrons (from
the centre of the detector) are chosen randomly. A singléroeus followed until it
is captured in the Gd nuclei or the time limit is exceeded (in case 10Q:s) or the
neutron escapes from the detector. The slowing down of thearewas followed till
its energy was reduced to 25 meV (below this energy, neusdharmalised). Six
types of interactions have been taken into account; elaséttering from?C, *H and
155157Gd nuclei, inelastic scattering froMC nucleus, and capture B and*®3%%’Gd
nuclei. Only spherical detector geometry has been coreidfer the simulation and
maximum neutron energy considered is 10 MeV. It was obseiivaida spherical de-
tector of 100 cm diameter and inner through hole for beam pipdiameter 6.5 cm
is optimum for neutron energy of 0.5 - 10 MeV. Capture site, capture time arfi-e
ciency of the detector has been studied in the simulatioptuCasite is the co-ordinate
of the detector where the neutron is captured in the Gd. Thauoasite distributions
are shown in Fig2.23 The inner circle in the XZ plot shows the space left for the

beam pipe (along Y axis), where as the outer circle shows ¢kectbr boundary. For
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1 MeV neutrons, the capture sites are in the vicinity of threeircircle, whereas for 10
MeV neutrons the captures sites are spread all over thetdetetume. This indicates
the high dficiency of the detector for 1 MeV neutrons which decreaseg)aviaV.
The simulated detectiorffeciency as function of neutron energy is shown in @4
Typically, the value of total neutron detectioffieiency is 90% for 1 MeV neutrons,

which decreases to 60% for 10 MeV neutrons.
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Figure 2.23: Capture site distributions for 1 MeV and 10 MeV neutrons jfedént two dimen-

sional planes.
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Figure 2.24: DENIS calculation for detectionféciency as a function of neutron energy.

2.3.4 Fabrication of 4r Neutron Multiplicity Detector

Based on the above simulation study, the NMD design has be&liséd and fab-
rication has been done. The NMD consists of two stainless B@mispheres of one
metre diameter, filled with 500 litres of 0.5% Gd loaded Iajgcintillator BC521. The
hemispheres have been fabricated from a 8 mm thick staistes$ sheet using hot
press method. Finally these were machined to get a unifoichriess of 5 mm. The
hemishpheres are mounted on a mild steel movable trolldy adjustable jack. For
scintillator light output readout, each hemisphere isdittgth five photo multiplier
tubes (PMT) (model: 9823B; Electron tube Ltd) each 5fc5ameter, and, 10 mm
thick pyrex glass windows are used at the interface of thetiletor and the PMT.
Fig. 2.25shows the PMT positions over the NMD. To take care of the tla¢erpan-
sion of the liquid scintillator, each hemisphere is conadatith an expansion chamber
of capacity 25 litres. Each expansion chamber is connecidaypressure gauge and

a pressure release valve. The completetNMD is shown in Fig.2.26
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FRONT VIEW OF 4TT NEUTRON MULTIPLICITY DETECTOR

BEAM IN BEAM OUT_

SIDE VIEW OF 3.0mm THICK CYLINDRICAL SCATTERING CHAMBER

Figure 2.25: Schematic diagram afr neutron multiplicity detector and inside vacuum cham-
ber.

Figure 2.26: Neutron Multiplicity Detector and inside vacuum chamber.

For emergency draining of liquid scintillator, each henhisge is connected

with stainless steel diapharm valve with a locking plug (elcg@L- LD8 -BBXX;
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Swagelok). This development involved many shopistocatemliary system devel-
opments like, pumping system for liquid scintillator trérs scintillator testing setup
and readout electronics etc. Liquid filling was done by aieraped double diapharm
pump (make SANDPIPER) with teflon diapharm. All piping andvea are made up
of teflon and stainless steel to avoid any possible contaramand subsequent degra-

dation of liquid scintillator during filling.

2.3.5 Testing of 4 Neutron Multiplicity Detector

The detector has been tested WitfCf source, which was housed within the small
scattering chamber kept in the centre of NMD (see Big5 2.26). A 40 um silicon
surface barrier detector was placed within the scattervagnber to detect the sponta-
neous fission fragments which are used to generate the ‘MARSGETE’ for neutron
counting. The threshold of the silicon detector were setichsa way, that it was sensi-
tive for fission fragments only (insensitive farparticles of?°Cf source). The silicon
detector signal was delayed by 700 nsec to avoid the ocarerehprompt pulse of
the NMD within the MASTER GATE. The circuit diagram for neoir multiplicity
counting is shown in FigR2.27. All photomultiplier tubes were connected to CAMAC
constant fraction discrimination (CFD, CAEN C808). Thereat sum of all CFDs of
each hemisphere were connected to a leading edge discton{b&D) with a preset
threshold, which decides the number of PMT’s fired simultarsty. For the present
measurement we allowed LED output, when at least three PNMA® $imultaneously
per hemisphere. Finally, the two logic pulses A, B were cediwithin a master gate
of 5Qu sec on event by event basis in a customized GATED CAMAC SCAdE®:I-
oped by Data Acquisition & Development Section at VECC. Tihizdule generates
Look-At-Me (LAM) at the trailing edge of each event. The LAMNitiates reading out

of the neutron multiplicity count as one of the parametets@list mode. The counter
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Figure 2.27: (a) Circuit diagram of neutron multiplicity counting, (b)ritling diagram.

is cleared after each readout. The random partfalctive GATE width resulted due to
the statistical occurrence of event asynchronous witheetsjo the module ‘CLEAR’

is eliminated with customized logic. The cross talk betwego hemispheres were
accounted by counting the coincidence GATEB\within the same MASTER GATE.

So the total neutron multiplicity ) may be defined as

Nt = N(A) + N(B) — N(A + B) (2.10)
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Figure 2.28: (a) Neutron multiplicity for?®2Cf, (b) background multiplicity of NMD.

HereN(A) is the number of neutron detected in hemispheré&f8) numbers of

neutron detected in hemisphere B aX(A + B) is the number of neutron which are

detected in both the segment. Measured neutron multiplfoit 2°°Cf is shown in

Fig. 2.28 (a). Average neutron multiplicity observed in the presaeasurement is 4,

which is consistent with the earlier reported val®eh93. Fig. 2.28 (b), shows the

background multiplicity of NMD.
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Chapter 3

Study of fission dynamics at
near-barrier energies

3.1 Introduction

The present chapter deals with the fission dynamics stud§Qn+ 238U system.
The motivation of the present study has already been disdusschapter 1, which
is based on the two earlier measurements. The angularbdisttn measurement by
Hinde et. al.[Hin95] confirm the presnsence of quasi-fission transition at saroidr
energies. On the contrary, the evaporation residues (ERpsutement indicates pre-
equilibrium fission processN\is04. The distinction between quasi-fission and pre-
equilibrium fission is, however, quite subtle. In pre-eduilm fission, fusion and
compound nucleus formation occur inside the true fissiodlegabint and thus fission
takes place after the equilibration of all degrees of freedexcept the K degree of
freedom. Pre-equilibrium fission process usually occutheéf fission barrier height
is comparable to the temperature and fission width becontésisuatly large so that
fission may take place before the system attains K-equiiidaraleading to larger frag-
ment angular anisotropy. However, as the mass equilibrasidaster than the shape

equilibration, mass equilibrated fragments may be resstpd as symmetric fission
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fragments in a pre-equilibrium fission reaction, before $lystem reaches spherical
compound nuclear shape due to thermd#iudion. The fect of K non-equilibration
diminishes with the decrease of temperature, so it is uregge following the pre-
equilibrium fission modelRam83j that angular anisotropy or fission mass width would
increase with decreasing energiesi@ + 23U system. On the contrary, in the case
of quasi-fission, as the fission saddle point is more compact the entrance channel
contact configuration, the dinucleus, initially trappedhe conditional saddle point,
evolves ultimately to re-separate before reaching massmstny. So, the study of
fragment mass asymmetry in conjunction with other avadgiybbes will be crucial
to decipher the dierence between the two processes. Here under this thests wor
we have measured fragment mass distribution and neutrotiptiaity for 160 + 238U
system at near barrier and sub-barrier energies. Heztereness of mass distribu-
tion studies in elucidating the intricacies of the fusiogsion reaction mechanism has
already been establishedGfio09. Furthermore, prescission neutron multiplicity is
also considered to be a useful probe for the study of fissiorahycs. As the time
scales of quasi-fission-6addle to scission time) and fusion-fissierp(esaddle time

+ saddle to scission time) arefifirent, the appearance of quasi-fission at near barrier
energies should be reflected in pre-scission neutron ntigltipdata also. Such change
(decrease) in pre-scission neutron multiplicity with thesset of quasi-fission has been
observed Don99. The present measurements are, thus, complimentary tméae
surements done earlier for this system usinfedent probes Hin95, Nis04 and it is

expected to throw a new light on a long standing controversy.

3.2 Experimental Details

The experiment was performed using pulsed beam (using R€hleumvith repeta-

tion rate 250 ns) of°0 obtained from 15UD Pelletron of the Inter University Aczel
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ator Centre (IUAC), New Delhi. The targets used w&f of thickness 15Q.g/cn?

on 70ug/cn? *2C backing and self-supporting 4Q@ycn? °’Au. The measurement
on %0 + 238y, which is a spherical projectile, deformed target € 0.215) Mol95]
system, have been carried outt, = 83, 85, 87, 89, 92, 96 and 100 MeV. Measure-
ments have also been carried out'®@ + °’Au system at 10 MeV above the Coulomb
barrier for testing and calibration of the experimentaupeand analysis procedures.
Since the ground state deformation'®fAu (8, = -0.131) Mol95] is much less than
that of?8U and the experiment has been performed well above the Cduibamier, so
only compound nuclear fission is expected in this systemift@detection of fission
fragments, two large area (20 cr6 cm) position sensitive multi wire proportional
counters (MWPC) Gho05l were placed at the folding angle for symmetric fission
[Vio85], at distances of 26 cm and 41 cm respectively, from the eesftthe target on
either sides of the beam axis. Angular coverage of two MWP@&=w?2 and 26 re-
spectively. The details of MWPC has already been discussgtbipter 2. The position
informations were derived from the X and Y sense wire planis eelay line read out.
The end to end delay in X and Y positions are 200 ns and 150 psctgely. The X
sense wire plane consisted of 100 wires at a pitch of 2 mm awdr@3d at 2 mm pitch
was used as Y sense wires. The position signals were reagpgdalelay lines. The
delay between successive X-sense wires was 2 ns, while ¢fhaebn Y-sense wires
was 5 ns. Beam flux monitoring as well as normalization wemedasing the elastic

events collected by two silicon surface barrier detectéasgrl at=10°.

Four liquid scintillator (BC501A) based neutron detectfBan09, each of di-
mension 5x 5 , were used for the detection of neutrons. The neutron deteetere
placed outside the scattering chamber at anglés&®, 90°, 120 with respect to the
beam direction at a distance of 100 cm from the target. 3 mmtiaiinless steel flanges

were used in the ports of the scattering chamber facing th&ore detectors to min-
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imise neutron scattering. The neutron detection threshelele kept at 100 keVee by
calibrating the detectors with standard gamma source. &p Kee background of the
neutron detectors at minimum level, the beam dump was ké&otregiter away from the
target and was well shielded with layers of lead and borasedins. Neutron ener-
gies were measured using Time of Flight (TOF) technique séethe neutron gamma
discrimination was achieved by pulse shape discrimingiRffD) and time of flight.

The details of the experimental setup are shown in Fds.3.2and3.3respectively.

Figure 3.1: Schematic of experimental setup
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Figure 3.3: Photograph of experimental setup, outside the vacuumigachamber.

3.2.1 Electronics setup

The block diagram of the electronics setup is shown in Bid. The anode sig-
nals from the two MWPCs were taken through fast timing preglrers (ORTEC VT
120A), and then fed to constant fraction discriminators@CORTEC 935). The data

taking was triggered when any one of the two MWP®4 (r A2) fired in coinci-
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dence with the RF. This logic output was used as the commarotlne CAMAC 16
channel time to digital converter (TDC, Phillips Scientifit86). Another channel of
coincidence unit was used as master strobe for CAMAC 16 aflgreak sensing ADC
(Phillipse Scientific 7164). The fission TOF was obtained byng the delayed CFD
outputs of the individual MWPC anode signals (A1 and A2), chihivere connected
to the stop of the TDC. The delays were adjusted suitablylfdogic signals so that
they were within the TDC range after the common start. Thatjpossignals from
the two detectorsx, Y1, X2, ¥2) were taken through Phillips Scientific 6955B pick o
amplifiers and then fed to the CFDs, the outputs of which wereected to the stop
channel of TDC after suitable delay adjustment. The eneygyg signalsAE;, AE))
from the MWPCs were taken through charge sensitive pre &iensl{(ORTEC 142IH).
The shaping and amplification of energy loss signals wereedming ORTEC 572
spectroscopic amplifiers and then they were connected W& The energy signals
from the silicon surface barrier detectors (SSBD) were gisicessed in the similar

way (not shown in figure).

The anode pulses of the neutron detectors were fed to duahehSD module,
developed by IUAC, New DelhiMen0d. This module provides simultaneously the
pulse height (PH), CFD and the zero cross over (ZCO) outpgDED outputs of the
neutron detectors were connected to the TDC to get neutnoa oif flight informa-
tion. The PH and ZCO were connected to the ADC to get the pudgghhand the
pulse shape informations. The discrimination between guwtron and the- rays was

achieved by using ZCO and TOF outputs.
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Figure 3.4: Block diagram of electronic circuit.

3.3 Data Analysis

The data were collected on event by event basis; each evesist®of information
on the time of flights ¢, t,), positions &, Y1, X2, Y») and energy losseaE;, AE,) of
the fission fragments in MWPCs, as well as time of flight} fpulse heights and zero

cross overs for neutrons. MWPC provide the position sighal fission fragment by
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measuring the delay of the sense wire pulse with respectet@tiode pulse. Since
the position resolutions obtainable in these detectorgxeellent in terms of angular
resolution, position calibrations are usually done usimg shadows of the window
support wiresGho0534. A typical x spectrum is shown in Fi@.5, where the dips ix
spectrum are the shadows of the MWPC window support wiresréltvere 14 wires
(4 wires) provided as the support to the window foil of the M@/Blongx- axis (-
axis). The correlation between the length of the MWPC alondirection¢ and the
offset angle\d of the wire position from the central position of the deteesdabulated
in Table.3.1 Fig. 3.6 shows the correlation plot between lengtand A6 of MWPC.

The correlation for polar angl&éd (azimuthal anglé\g) can be written as

AG = ag + all A¢ = bO + b]_h (31)

Herehis the length of the MWPC along y -direction aag a;, bg, b; are the calibration
codficients. The fission fragment position information was themverted to the angle

of the corresponding fragment as explained in Bg. The MWPC dimension is 20
cm x 6 cm, so the central position of the detector was assigned=aé cm in x -
direction while the right edge and the left edge of the detestere/ = - 10 cm and

¢ = + 10 cm, respectively. The position signal was taken from tgetredge of the
detector. 10 delay line chips, each with 20 ns delay were uséoe x -sense wire
plane. So the delalk; (i =1,2) at the right edge of the detector was 0 ns while at the

left edge was 200 ns.
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Figure 3.5: A typical 1-D spectrum showing the x position responseseoMWPC1.

Position Length (cm) A6

Wirel -9.75 -20.55
Wire2 -8.25 -17.6
200, _ 317 x 10" W?re 3 -6.75 -14.55
a =136 Wire4 -5.25 -11.41
100" Wire5 -3.75 -8.20
3 ol Wire6 -2.25 -4.94
g Wire7 -0.75 -1.65
< 10t Centre 0.0 0.0
0l Wire8 0.75 1.65
‘ ‘ ‘ Wire9 2.25 4.94
-20 -10 0 10 20 Wire 10 3.75 8.20
Lem) Wire 11 5.25 11.41
Figure 3.6: Correlation plot between the W!re 12 6.75 14.55
Wire 13 8.25 17.6

detector length and fBset angle of the :
window support wire from the central po- Wire 14 9.75 20.55
sition of the detector.

Table 3.1: The angular g-sets of the
window support wires and the length of
MWPCL1.
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Beam

Figure 3.7 Schematic diagram of angular calibration.

Similarly the delay iny- direction was 150 ns, so the corresponding déigyi
=1,2) at the top and bottom edge of the detector were 0 ns anchd 5€spectively.
Thus the relation between the lendtth) and delaytx; (ty;) for MWPC can be defined
as follows,

_txi—100 h ty; — 75

l 10 25

(3.2)

Therefore the polar angulaffsetAd (azimuthal angularfisetA¢) can be found from

the time delay by the relation

tx; — 100]

|75
10 Agi = by + bi[ ] (3.3)

Aei:ai+ai[ o5

The value otx; (ty;) from the channel numbeg (y;) of any x- spectrum (y- spectrum)

can be derived from the timef@ierence between initial channel ardy;) channel.

tx = tx —tx" ty; =ty — ty" (3.4)
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tx' (ty)) andtx" (ty") are calculated from channel numbes (yicn) Of the spectrum

using TDC calibration. The values bf (ty/) andtx" (ty"") are given by
tx = Ci + CXicn ty; = Di + DjYien (3.5)
tx" = C; + C/ X1, ty" = D; + Djy, (3.6)

HereC;, C/, D; andD; are the calibration cdicients. The actual angular position is

estimated by addingé (A¢) with 6 (¢) are shown below.
61 =0+ A0, ¢1 =90’ - A¢1 (37)

6> = 0, — AO, ¢2 =90 + A¢2 (38)
3.3.1 Fission Fragment Folding Angle Distribution

The angle between the two fission fragments in lab frame iea¢dhe folding
angle. The folding angle depends on the velocity of the fisfiagments\i andvz)

and the recoil velocity\{) of fissioning nucleus as shown in Fi§.8.
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Figure 3.8: Kinematics of fission following the fusion.
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In the case of symmetric fission of the compound nucleusvatig full momen-
tum transfer of the projectile to the fused fissioning systém= vcy, the compound
nucleus velocity, and the centre of mass velocity for bothftagments is samer)).

The folding angle can be written as

Otold = 01 + 02 (3.9)

To calculate the folding angle theoretically at an anglg,&gad, must be evaluated in

terms of known quantities. Considering the RBg8

—vlsinel V]_Siml
tang, = —tan(r — 6,) = = 3.10
2 (r = 02) V1CO9 — 2V, 2V, — V1CO09F; ( )

The folding angle for symmetric fission can be written as

~ V1Singdy
Otoig = b1 + tamt| ——— 3.11
A P 311)
The fission fragment centre of mass velocity can be written as
V2= V2 + V2 — 2v;V,CO%; (3.12)

Writing the above equation as a quadratic equation @nd solving it we get

1
Vi = S[2vicog) + \/4vr200§91 +4(v2 —v2)] (3.13)

Considering the positive root only, as for the negative mgdbecomes negative with

increasing;. Therefore

Vi = V,CO9) + \/v?co§91 + (V2 —V?) (3.14)

The recoil velocity and recoil energy of the compound nuslean be written as

2F, _p

v, = A and, E = oA (3.15)
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WhereA is the mass of the compound nuclepsjs the momentum of the incident
particle, which is equal to the momentum of the recoilinglausp; (full momentum
transfer). The fragment velocity in centre of mass frame larcalculated by using
Viola systematicsVio85], which is used for calculating the fragment total kinetic

energy for symmetric fission as

TKE Z?
Vo = 14144 —= TKE = [O.lngm +7.3] (3.16)

whereZ is the charge of the fissioning nucleus. The measured folaile distribu-

tion is shown in Fig3.9, which is found to be Gaussian in shape.
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Figure 3.9: Measured folding angle distribution of all fission fragmeint the reaction'%0 +
238 at E.;, = 81.5 MeV. The two arrows indicate the gate used to select Ehevients for
mass determination.

3.3.2 Velocity distribution of the Composite

The velocities of the fissioning system in the reaction plané in the plane per-
pendicular to it can be used to separate the fusion-fissidriransfer fission compo-

nents. The velocity component of the fissioning system atbegoeam direction
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was calculated from the polar folding angl® @nd the velocities of two fragments.
The velocity component of the fissioning system in the pedpritar directionv, is
in the plane perpendicular to the beam and also perpendituthe projection of the
scission axis onto this plane. It was determined from theathal folding angled)
and the projection of the measured fragment velocities dmtoplane. In Fig3.10
the velocities of the fragments are denoted/bgndv,, and the emission angles d@ge

andd,, measured with respect to the beam direction.

(a) (b)

v,sin6,

u1=

w,; = v,cos0, \02

u, =vysinb, [

Figure 3.10: Diagrams of the fission fragment velocity components. (ah@lncluding the
fission fragment velocity vectors and the beam axis (b) pteampendicular to the beam.

Initially it is considered that the two velocity vectors atige beam axis are co-
planar (which is equivalent to neglecting). In Fig. 3.10 the velocities of the frag-
ments in the centre of mass frame are denotedpgndV,. The measured velocity

vectors are decomposed into orthogonal components, patdinoted byw;, ws),
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and, perpendicular (denoted Iy, uy) to the beam axis. The velocity components
u; andw; define the reaction plane for compound nuclear reaction. cbarpound
nuclear reactiorx v, > is essentially zero, while a non-zero valuewfsignifies a
non-compound reaction. Thus a scatter plovjo¥ersusv, clearly diferentiates the
compound and non-compound fission events. It is evident thenfrig.3.10that,w; =
V1CO0F1, W, = V,CO0F,, Uy = ViSing; andu, = V,Sind,. Neglecting the smallféects of
prescission particle evaporation, the two fragments &enas co-linear and co planar

in the centre of mass frame and the ratio

U WY (3.17)
Uz W2 =V

can be defined. The minus sign is due to the fact thatlues (unlikew) can only be

positive. Thusy, is given in terms of the measured velocity components by

UiWo + UoWq
v = 2t 22l (3.18)
U, + Us

For fission following complete absorption of the projectigthe target, the full mo-
mentum of the projectile is transferred andshould be equal to the calculated centre
of mass velocity for the collision,,,. However deviations from binary kinematics
due to emission of light particle perturbs the fission fragieslocity, resulting in a
significant spread in;. The geometry in the plane perpendicular to the beam is shown
in Fig. 3.1Q(b). The measured componenisandu, are related to the actual velocities
of the fragments in the centre of mass frame of the fissionystesn by an in-plane

vector having two components. From the RBgLQ we can write

' (4]
- cos? 3.19
o - 0% (3.19)

1 2 2
5 \/ul + U5 — 2U;U,COSp

U

_ain?
= sm2 (3.20)

89



Chapter 3. Study of fission dynamics at near-barrier engrgie

The velocities of the fissioning system perpendicular tasthigsion axis can be written

as

v, = Uit I (3.21)

2 2
\/ul + U; — 2U;UCOSp

For full momentum transfer fission only the light particleiesion causes, to deviate
from zero which is very small. Fig8.11shows a typical fragment velocity distribution
for 160 + 238U system measured &;,, = 81.5 MeV. For fusion-fission process, the
events were centered around the velocity coordinates/€y), v, ) = (0, 0). The events

corresponding to transfer fission are scattered around ean(z-vcy), v, values.
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Figure 3.11: Measured distribution of velocity of the fissioning nucleEg,, = 81.5 MeV. The
(yellow) rectangle indicates the gate used to select the\ts for mass determination.

3.3.3 Separation of fusion-fission from transfer fission

Since at bombarding energy close to the coulomb barriensfea Fission (TF) is

a dominant reaction channel. So, in order to extract theritrtions of fusion-fission
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and quasi-fission (QF), both of which are full momentum tfanprocesses, TF con-
tribution needs to be separated from the experimental dd&g9p]. The polar folding
angle distribution of all fission events (fusion-fission darahsfer fission) is shown in
Fig. 3.9. Figure shows that the measured folding angle distributibfusion fission
events is peaked around X66onsistent with the theoretical value for full momentum
transfer events (FMT). The transfer fission events are meakesund a smaller folding
angle as the ejectile moves in the backward direction. TlefiSfragments from full
momentum transfer events (FF and QF) were exclusively s&ldmom the correlation
of the velocity of the fissioning system} in the beam direction relative to the recoil of
the fused system and the velocity perpendicular to theimaptane ¢,) (Fig. 3.11),
as well as the correlation of the polar and azimuthal andiéiseofragment ¢, ¢) with

respect to the beam axis (Fi§.9).

3.3.4 Fission Fragment Mass Distribution

The masses of the fission fragments were determined fromaiae angles), az-
imuthal anglep and TOF information obtained from the experiment. Typicalet
correlation 2-D spectrum between the two MWPCs is showngn3:1L2 It can be ob-
served that events from elastic and quasi-elastic reacti@re &ectively eliminated
and purely binary FFs were selected. Additional elimimatid elastic and inelastic
channels from fission fragments were obtained from the tairom of energy deposi-
tion signals AE,, AE,) from cathodes of two MWPCs. Since the detectors are thin and
operated at low pressure, the elastic and quasi-elastimet®have poor response and
almostall & 99 %) the events in the 2-D plot are from fission fragments. Kihematic
diagram given in Fig3.13elucidates the method of determination of masses of the fis-

sion fragments using TOF technique.fifandd, are the polar angles with respect to
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Figure 3.12: Typical spectrum of timing correlation between anode dgoatwo MWPCs.
the beam direction of the fragments of massesandm, respectively. Assuming full
momentum transfer,

p1C0§1 + p2C0592 = mMcnVen (322)
p1SiNd; = P,Singd, (3.23)

Heremcy is the mass of the compound nucleus moving with veloggy. As-

suming no particle emission before scission

Men = My + My (3.24)

The flight time of the two fragments andt, over the distancd; andd, can be written

as

:%; tz:% ztl—tzzﬁ—%:dlml—dzmz (3.25)
Vi Vo Vi V2 P1 P2

ty

dimy B do(men — My) _ ml(ﬁ + %) B domen

(3.26)
P1 P2 Ppr P2 p2
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p.Sinég,

Projectile Target

p.siné,

Figure 3.13: Kinematic diagram of the fusion-fission process.

d
(to—ty) + %N(é)
m = 3.27
L T (3.27)
JR— + JR—
pr P2

The experimentally measured fission time of flight of the twagfentd; andt, are
having additional delaysi(; andét,) due to electronics, cable and structure of pulsed
beam. Sd; andt, in the above equation should be replaced by §t; andt, + 6t,.

Therefore the above equation can be written as

d
(tl—t2)+5t+mCN(az)
2
my = 3.28
i o G (3.28)

+
pr P2

whereét = 6t; — 6t,. The measured mass distribution of fission fragments, nedr a

above the coulomb barrier energies, are shown in ity for 0 + 238U and*®O +
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197Au systems. It is observed that the measured mass distitsugire well fitted with

single Gaussian distribution at all energies.
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Figure 3.14: Measured mass distributions for the reactidf® + 238U, 10 +°7Au (bottom,
right) at energies near and above Coulomb barrier. The GiamsBts are shown by (red) solid
lines.

The variation of the standard deviatiom,() of the fitted Gaussian as a function
of Ecm/Vpb, WhereE., is the incident energy in centre of mass ands the coulomb
barrier, is shown in Fig3.15 At above barrier energy, is found to increase with
increase irE.m/Vp. However, it is seen that, there is a sudden increasg,ias the
energy decreases to below-barrier energy. Since the TFilbotibn has been removed
as explained earlier, the increase in width of the massilligton is a clear indication
of a sudden qualitative change in the degree of mass eatibiorin®0 + 28U system

at below barrier energies.
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Figure 3.15: Variation of theo, as a function of En/Vp, the dotted curve is for eye guide
only.

3.3.5 Neutron Multiplicity

A typical two dimensional spectrum of neutron time of fliglgrsus zero cross
over (ZCO) is shown in Fig3.16 The neutron TOF spectrum was extracted using a

two dimensional gate as shown in F&j16
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3500 [— 1,00
3000 —
= —1150
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2000 — —100
1500 |—
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1000 |—
E | , , , , | , , , , | 0
1000 2000 3000
TOF

Figure 3.16: TOF vs ZCO plot. The lower band is dueyterays and the upper band is due to
the neutrons.
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Neutron energy is related to TOF by the following relation

E, = %mn(é)2 (3.29)

Where,m, is the mass of the neutroi,is the flight patht, is the neutron time of
flight. Using prompt gamma peak as time reference, the medsLU®F spectra were
transformed into energy spectra using proper incorpanatibJacobian. During the
course of transformation from the time domain to the enei@yain, events (counts)
must be conserved, i.e. the number of eveNt$), in a time bint, for a time domain
spectrum must equal the number of eveMs$E), in the corresponding energy bin,

oE, for the energy domain spectrum. Therefore the transfaonatan be written as

follows,
N(E) - 6E = N(t) - 6t (3.30)
N(E) = N(t) - i;—; = N(t) - é (3.31)

ot
The term 5E is the Jacobian for time to energy transformation. The gnspgctrum
thus obtined was corrected foffieiency of the neutron detector, which was estimated

using Monte Carlo Computer code NEHPi§€82.

The neutrons emitted in the fission-like decay of the comgdowrcleus have mul-
tiple origin; they are emitted either from the compound eusl during its dynamical
evolution to the scission point (pre-scission neutronsl;an the excited fission frag-
ments (post-scission neutrons). In addition, neutrons afaybe emitted in the fission
process before full equilibration of all degrees of freedsrachieved (pre-compound
neutrons). At near barrier energies, pre-scission andgmss$ion emission processes
are the most dominant sources of the neutron spectrum. Tdisgssion and post-

scission components of the neutron spectrum have beercedrfiom the experimen-
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tal neutron energy distribution using phenomenologicavimg source model, where
it is assumed that the neutrons are emitted from thermallylibgqated sources hav-
ing different velocities and temperaturdsilf9]. Therefore in the rest frame of the

source, the emitted neutrons are assumed to follow MaxvwatzBrann kinetic energy

distribution,
dn 2 1 —Ent
T VRReTyE Vo EXF(K T)dEnf (3.32)

Where drin is the fraction of neutrons having kinetic energy betweghandE,; +
dE,¢, En¢ is the kinetic energy of neutrons in the source framas the temperature
of the emitter andKg is the Boltzmann constant. So the neutron multiplicitg,)

distribution may be written as

dM, 2M, [(

i€ = v (KBT)3/2 NEYE ) (3.33)

From the Fig.3.17 the velocity of the neutrons with respect to the neutron &mgjt

sourceV,s can be written as

V¢ SinG

‘9nf\‘

Vi Vit COS Qﬁ

!

Figure 3.17: Pictorial representation of neutron emission kinematics.

Vﬁf = V2n - V% — 2ViV1COF, 1 (334)
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Wheref,; is the neutron emission angle in the source frameource velocity and,

is the velocity of neutrons in the lab frame. From R3gl7we get

Vh1€COFht = VaCOS¥nf — Vs (3.35)

VZ = V2 = V2 — 2V (VoCOSnt — V) (3.36)

V2, = V2 + VF — 2V4V,COSYp (3.37)
nEf Ef

E.«=E,-2 COSvps + — (3.38)
f my

Whereap; is the neutron detection angle in the lab frarke,is the kinetic energy of
the neutron emitting source of masg. AssumingKg = 1 in Eq.3.33 /E.; ~ VE,
and combining Eg3.33with Eq.3.38

E.— —
dM, 2M,+VE, " my my
= ex (3.39)
dE,  aT32 T

Assuming that the neutrons are emitted from three movingcssu(the prescission
neutrons emitted from a compound nuclear source and thesp@stion neutrons emit-
ted from either of the two fully accelerated fission fragnsgnthe total neutron multi-

plicity, M®®', may be expressed as

Mt 3 M VE) (_ En — 2VEsEi/m cosa; + Ei/m (3.40)

dEdQ 2 22 T,

i=1

Here E;, T;, M!, m are the energy, temperature, multiplicity and mass'oheu-
tron emission source E 1, 2, 3 correspond to the pre-scission and two post-scission

sources), respectively; is the relative angle between the neutron direction andfthe
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source direction. The kinetic energies of the fission fragtseere calculated from Vi-
ola systematics for symmetric fission (see B4.6 [Vio85]. Optimum source param-
eters have been extracted by fitting the data with the8&) through Chi-square min-
imization techniqueRo0s89. In this analysis, TF events have been precisely removed
by considering suitable gates as mentioned earlier. Theguission multiplicity and

the temperatures were assumed to be the same for both thégiastfragments. The
total neutron multiplicityM!®', has been estimated B = M2 + 2MP°%!, Fig.3.18
shows the fits to the experimental doubl@edential neutron multiplicity spectra at

various angles fot®O + 238U reactions at &, = 100 MeV.

The Fig.3.18clearly shows that at angles around(6r 165), spectra are domi-
nated by the post-scission component whereas the comtmboft pre-scission compo-
nent gradually becomes significant at higher angigs € 60°). Fig. 3.19shows the
experimental doublefterential neutron multiplicity spectra along with the resipes
fits for pre- scission and post-scission neutron contrimgiat difernet beam energies
for 160 + 238U and'®0 + 1%’Au systems. The pre-scission, post-scission and total neu-
tron multiplicities per fission as function &.,,/Vy,, whereV, is the barrier energy,
are shown in Fig3.20alongwith the respective statistical moda&il(8] predictions.
The experimental fusion cross sections were taken fidisJ4]. The value of friction
codficientg, for the present calculation was taken to bex100?'sec? for all ex-
citation energies. The measured fission fragment masshdisoms were used in the
calculation to estimate the post-scission neutron emissithe calculated?'® val-
ues are found to be in good agreement with the experimergatiynated values; the
calculatedM?°* values are also found to be in fair agreement with the coaresing

experimental estimates except at below-barrier endegy € 85 MeV).

This discrepancy at below-barrier energy, in particulagynbe due to non in-

clusion of the shell correction in the fission barrier usedha present calculation;
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Figure 3.19: Measured neutron multiplicity spectra (hollow circlespag) with the fits for
the pre-scission (brown dot dash curve) and post-scissammponents from the two fission
fragments (magenta dotted and blue dash curves). The amtiek ¢red) represents total con-
tribution.

guasi-fission in the total fission process in the followingywat above barrier energies,
the variances of mass distribution are only due to fusiaosidis and they follow the
relationo?, = (02)F « T, whereT = +/E*/ais the nuclear temperaturg® is the
excitation energy at scission point=aAcn/10 is the level density parametdygy is
the compound nucleus mass number. The valuergj€ at below barrier energies
are then extracted by extrapolating thé values at above barrier energies to lower

energies using linear curve fitting (see R 1). The percentage of QF was estimated
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Figure 3.20: Comparison of experimental ¥ (square, black), Mj°*'(circle, red) and NPt
(triangle, pink) with respective theoretical estimatesa¢k dotted, red dashed, solid pink
curves) at dfferent energies.

by comparing the areas under the Gaussians having variafdcé8™ and ¢m)FF.
Gaussian fit consider total contribution FFQF (blue dash line) and considering only
FF (red line) contribution of measured mass distributiotadia'®0 + 238U system are
shown in Fig.3.22 It is found that QF contribution at two below barrier enegyare

~ 6 % (at 85 MeV) and- 5 % (at 83 MeV).

It is interesting to note that the present mass distributesult clearly shows a
sharp change in the mass distribution width, which is a gigeeof sudden qualita-
tive change in the degree of mass equilibration; this maydmsidered to be a strong
evidence for the onset of quasi-fission't® + 238U system at below-barrier energies.
This is thus reflirming the observation made earlier on the onset of quascefiss
below-barrier energies for the same system from the studissibn fragment angu-
lar anisotropy measuremertin95. On the contrary, present measurement of pre-

scission neutron multiplicity for the same system at abaowk@elow barrier energies
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Figure 3.22: Measured mass distribution &fO + 238U (black hollow circles) along with the
Gaussian fit consider total contribution F+ QF (blue dash line) and considering only FF

contribution (red

solid line).

is clearly consistent with the standard statistical mode#0§| prediction; this appar-

ently indicates

that quasi-fission does not significantlydifyothe complete fusion

yield (and vis-a-visM'®) for this system even at below barrier energies. Similar in-

ference was drawn from the study of ER measurements for tne sgstemflis04],
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where, too, no departure from the statistical model prémhctvas seen, and it was
concluded that the anomalous fragment anisotropy mighinted to preequilibrium

fission, not quasi-fission.

The apparent inconsistency in the inferences being drawntahe onset of QF
from four different probes (fragment angular anisotropy and fragmens migsribu-
tion width on one hand, and, evaporation residue crossoseatid pre-scission neutron
multiplicity on the other hand) warrants some discussiothtpoint. As two difer-
ent probes (the fragment angular anisotropy and the fragmaas distribution width)
have shown clear signatures of a transition to QF for thisesysat below barrier ener-
gies, we can conclude that quasi-fission transition is "cail" for®0 + 238U system
at below barrier energies. Though the fragment angulao#oigy may be common to
both pre-equilibrium fission and quasi-fission, the preséservation of the change in
fragment mass width, which is linked with the non-equilima of mass asymmetry
degree of freedom, is confirming the onset of quasi-fissiooredver, as the tempera-
ture of the system, as extracted from the present neutrenidat 1 MeV and the shell
corrected barrier is 6.24 MeWolQ9], pre-equilibrium fission may be less dominant
than expected at these energiBaun83. In addition, as the value 0%Z{;,j-Ziarger) iS
very low (736) for this system, fusion hindrance due to Caubdfactor (extra push)
may not be significant; so it may be inferred that the origirjoési-fission int%0 +
238 system at below barrier energies is primarily due to oaéonh of the deformed

target projectile system.

That the other two probes (ER and pre-scission neutron phigity) did not show
unambiguous signatures of quasi-fission transition fa $lgstem in particular may be
intuitively understood in the following way. The ER measusnt is more sensitive for
more symmetric system&o;-Ziarget = 1500— 1600), for which quasi-fission fraction

is comparable or even larger than fusion-fission. This has lestablished in a re-
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cent study of ER measurement fd8 + 238U system at near barrier energid¢i§10,
where significant reduction in ER formation was observed. tncontrary, in the
case of highly asymmetri®O + 238U (Zproj-Ziarget = 736) System, the present exper-
imental estimate of quasi-fissior 6 — 6%) is much smaller than the fusion-fission
cross section. The present experimental estimates areclalse to the geometrical
estimate ¢ 13%) of the orientation dependent quasi-fission (tip colti} [Nis04]
for the same system. Hence the change in ER cross-sectiomotde appreciable
to be detected unambiguously. Same argument holds forgmssisn neutron multi-
plicity as well. For the present system, which is highly asyetric, no departure of
M}'® from statistical model prediction was observed, which @iz absence of quasi-
fission. However for more symmetric systemt%¢Ni + 2°%Pb) such change imM}"®

indicating quasi-fission has already been reported in thealiure Pon99.
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Chapter 4

Neutron Evaporation study in 119Sp

4.1 Introduction

The motivation of the present experiment is to extract rardievel density param-
eter and study its dependence on angular momentum usimgnfesaporation reac-
tion. 11°Sh was chosen for the present study, which is near the shelie and having
ground state deformatigdy = -0.122 Mol95]. The neighboring nuclei which may pro-
duce after neutron evaporation atésSb,*1’Sh,11€Sbh and their correspondirgy values
are -0.138, -0.122, -0.122 respectively. The collectiveagrrement of NLD due to this
deformation, if any, is expected to be damped with the irsgea excitation energy at
T. ~ 1 MeV (see Eql.2]). In the present work, we measured treay multiplicity
gated neutron energy spectra in the decay'¥b* in the excitation energy range of
~ 31-43 MeV, which corresponds to the average temperatutesinenge o~1.0-1.4
MeV. Light ion induced reaction*He + *°In) has been chosen in the present study
to populate the compound nucleti8Sb*, as it has some specific advantages over the

heavy ion fusion route of production which is evident frong.F.1

It is seen from the figure that, in the case of light ion induoealtion, there is

only one major residué®Sb (yield > 77%) produced via 13 channel atE* = 42.9
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MeV; on the other hand, a similar compound nucleti8Sp*) at similar excitation
energy produced through heavy ion fusion route, will leatitto prominent residues
1125n (yield~ 48.1%) and'?Sb (yield~ 28.9%), produced vi@2n and 3 channels,
respectively (lower part). So, the level density extradte@dugh neutron spectra in
the later case is not that of a particular nucleus; rathes, atveraged over more than
one nuclei (residues). At lower excitaion enerdy (= 31.3 MeV) light ion induced
reaction is even more favourable as a single restd{®&b populated with yield- 90%

via 2n channe
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Figure 4.1: Statistical model calculation of the relative yields of iears evaporation residues
produced in two dferent entrance channels at E442.9 MeV.
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4.2 Experimental Details

The experiment was carried out usifige ion beam at bombarding energies of
30 and 42 MeV from K130 cyclotron at VECC. Self supportitgn (99%) target
of thickness 1 mgn? was used. Four liquid Scintillator (BC501A) detectors {tgb
dimensions-5 x5 and7 x 5") [Ban0g were used to detect the neutrons produced
in this reaction in coincidence with a 50 element Baksed low energy multiplicity
filter array [Deel(Q to estimate the populated angular momentum on event-byptev
basis. The filter array was split into two blocks of 25 detestwach and were placed
on the top and the bottom of a thin wall reaction chamber (tatkness~ 3 mm)
in a staggered castle type geometry. The multiplicity filkexs kept at a distance of
5 cm from the target position and the solid angle coverage~v&#86. Schematic of
experimental setup is shown in Fi4.2 Fig. 4.3 shows the actual photograph of the

setup.

Figure 4.2: Schematic ofHe + 1In experiment setup, arrow shows the beam direction.
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Figure 4.3: Picture showing the setup #He + %In experiment.

The neutron detectors were placed outside the scatteriagplobr at angles 75
9(r, 105 and 150 with respect to the beam direction at a distance of 150 cm fram
target. Neutron energies were measured using time of flif@F) technique whereas
then — vy discrimination was achieved by pulse shape discrimingiR®D) and time
of flight (details given in Chapter 3). To keep the backgroohthe neutron detector
at minimum level, the beam dump was kept at 3 m away from tlgeetaand was well
shielded with layers of lead, concrete and boratedffiaralocks. Empty frame run
was taken to estimate the neutron background, which waggubkstly used to correct

the respective spectrum.

4.2.1 Electronic setup

The block diagram of the electronic setup is shown in Big. Each neutron de-
tector signal was first connected to a splitter to divide thede pulse into two equal

parts without any cable reflection. The splitter circuith®®n in Fig.4.5. This circuit
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serves to distribute a pulse applied to one terminal intodther terminals while main-
taining a constant impedance level @R One of the splitter outputs was connected to
the leading edge discriminator (LED, Phillips Scientifi®y and the other output was
connected to the neutron gamma discriminator module (MesytPD4). The LED
output of the four neutron detectors were connected to ancadence unit to extract
logic OR output. Detectors of the top and bottom parts of iplidity filter (25 BaF,)
were connected to 16 channel CAMAC constant fraction chsicrators (CFD, CAEN
C808). The output currents (1 mA per hit) of the CFDs were saahim a Linear-Fan-
in module (CAEN N401). The summed output was fed to a VME QDEEN V792)
and integrated for a gate duration of 30 ns to generate, ont-dyeevent basis, the
experimental foldF distribution with conditionF > 2. Here, fold F has been defined

as the number of BaFdetectors fired simultaneously in an event.

A trigger output was generated from the multiplicity filteray when any detector
of the top block and any detector from the bottom block fire¢@mncidence above
a threshold of 200 keV. The final master trigger was generateeh, at least two of
the multiplicity detectors fired (one from top and one fronttbm) in coincidence
with any one of the four neutron detectors. This master &iggas connected to the
STROBE inputs of the ADC, QDC and common start trigger of TDRe pulse height
(PH) and zero cross over (ZCO) outputs of the MPD4 were dyecinnected to VME
ADC (CAEN V785). Each TDC was stopped by the individual delhyutputs of
the MPD4 CFDs for the generation of the individual time ofiigTOF) spectrum for
each neutron detector. A dedicated VME based data acgum¢DAQ) system running
under LINUX environment, developed at VECC, was used to smedbe data, which

were analysedft-line as detailed below.
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Figure 4.4: Block diagram of electronic circuit used in thele + 1*%In experiment.
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Figure 4.5: Splitter circuit.

4.3 Data Analysis

The data were collected on event-by-event basis, each ewveststing of infor-
mation on neutron time of flight{), pulse height (PH), zero cross over of neutrons

(ZCO) andy -ray fold F.

4.3.1 Angular Momentum Distribution

The measureg-ray fold distribution has been converted, first to multgly dis-
tribution and then to angular momentum distribution usingnté Carlo simulation
technique Peel( based on GEANT3 toolkitBru86. Here, fold is the number of
BaF, detectors fired simultaneously in an event and multipligtshe actual number
of v rays emitted from the compound nucleus in an event. Thesteaéxperimental
conditions (including the detector threshold and the giggondition) have been taken
into account in the simulation. To carry out the simulatid multiplicity distribution

P(M,) of y-rays is required, which is linked to the angular momentustriiution of
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the compound nucleus. The angular momentum distributiorthi® simulation cal-
culated using the statistical model code CASCAD&IH7§. The calculated angular
momentum distribution was converted to the multiplicitgtdbutionP(M,) using the

relation
J=2M,+C (4.2)

where the multiplicative factor 2 iN, takes into account that eaghrays are predom-
inantly coming from Yrast decay, which are E2 in nature. Thargity C is a correction
factor which takes into account the angular momentum ahoig by statisticaj rays
and particle decays. In the simulation, the valueCdhas been varied until the best
fit to the experimental fold distribution is achieved. Theragted value o€ was 0.5.
The multiplicity distribution obtained from the above reéten was triangular in shape,

which can be expressed as
2M, +1
P(M,) = (4.2)

M, — Mma
1+ex;{#y]
om

WhereM#is the maximum of this distribution aniin is the difuseness parameter.
Different input multiplicities ofy-rays were thus generated using a random number
generator according to the multiplicity distributi®{M,). In the simulation low en-
ergyy -rays of each randomly generated multiplicitiels were thrown isotropically
from the target centre and the corresponding fold F was dsxbfor that event. The
energy distribution of the triggereg-rays was obtained from the respective experi-
mental run, exploiting the Gamma Multiplicity filter arratself as a low energy sum
spectrometer. The simulated fold spectra were finally cosgpwith the measured one

to obtain the best fit (Fig}.6a).

Finally, the constraint multiplicity distributions weregerated, which contributed

to a particular fold window in the total fold distribution egtra. Here the fold win-

113



Chapter 4. Neutron Evaporation study*#iSb

108 ¢
 (a) O Expt. fold distribution
107 L —— GEANTS3 fit
= 109 |
= [
o
O 105 L
104 +
103'1111‘1111‘1111‘1111‘1111‘1111
0 2 4 6 8 10 12
Fold
8
(b) (All Fold)x1.0
——— (Fold 2)x3.0
6 r ———— (Fold 3)x3.0
& //\\ —————— (Fold 4 & more)x3.0
2 / /N
"g’ 4r / // A\
8 I \
/ / /"\~
2 r / / // ANN
/ N\
/ /) N
/ /S A\ X ~=o
0 44-/—’/1 1 = —~= S
0 10 20 30 40

Angular momentum (A)

Figure 4.6: (a) Measuredy-ray fold spectrum for beam energy of 30 MeV fitted with GEANT3
simulation and (b) angular momentum distributions fofatient folds.

dows were selected &= 2, 3 and> 4. The constraint multiplicity distributions for

the above fold windows were converted to the angular monmemtistributions. The

extracted angular momentum distributions correspondrdifferent folds of the mul-

tiplicity filter have been plotted in the Fig..6b. The extracted values of the average

angular momenta J > corresponding to dierenty-ray folds of the multiplicity filter

have been given in the Tabk.1
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4.3.2 Neutron Energy Spectra

A typical two dimensional spectrum of neutron time of fliglgrsus zero cross
over has been shown in Fig.7. The neutron TOF were extracted using two dimen-
sional gate as shown in Fig.7. Using the prompt gamma peaks in TOF spectra as
time reference, the observed TOF spectra were transformtedenergy spectra us-
ing proper incorporation of Jacobian. The details of thamsformation has already
been discussed in chapter 3. Th#&aency correction for the neutron detector was
done using Monte Carlo Computer code NEERE8Z. The contributions from target
framegholder due to the presence of halo beams, if any, have bemmatied using
the blank frame run. The laboratory neutron energy spectreeworrected for the

background before further analysis as shown in Eig.

g

: g
‘\\H‘HH‘HH‘\H\‘HH‘\H\‘H\\'

g

:

g

Zero Cross Over (channel no.)
=

8

500 1000 1500 2000 2500 3000 3500 4000
Time of Flight (channel no.)
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Figure 4.7: Time of flight vs zero cross over plot. The lower band is dug 4@ys and the
upper band is due to the neutrons.

We have also estimated the scattered neutron contributierta scattering from

the multiplicity filter by comparing the data from two rungjewith full multiplicity
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Figure 4.8: Measured neutron energy spectrum féte + 11°In at Epeam= 42 MeV shown by
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neutron energy spectra thus obtained &edéent laboratory angles have been shown in

Fig. 4.10for Ej5p at 30 MeV and 42 MeV respectively.
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Figure 4.10: The experimental neutron energy spectra (symbol) f&reint angles displayed
along with the respective statistical model calculatiosalifl lines) for beam energy of 30 MeV
(left side) and 42 MeV (right side).

4.3.3 Statistical Model Analysis

The theoretical neutron energy spectrum was calculatedyulse statistical model
code CASCADE, using the extracted angular momentum didtabs for diferent
folds as input (see Figd.&b). The phenomenological nuclear level density for-
mula (Eqg.1.11) was used in the calculation. The NLD paramei@ris related to
the density of the single particle levels near the Fermiasigfand is influenced by
the shell structure and the shape of the nucleus, which m depend on excita-
tion energy. Ignatyuk prescriptiongn75 of shell efect in nuclear level density
(@a=3a1- AU—S{l—eXp(—’yU)}], U = E* - Eot— Ap) Was used, wherais the asymptotic
Fermi gas value of the liquid drop NLD parameter at the exicteenergy where shell
effects are depleted leaving a smooth dependence 84,4, andAp (= 12/ VA) are
excitation energy, rotational energy and pairing energynefdecaying nucleus respec-

tively. HereAS is the shell correction obtained from thdférence of the experimental
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and the liquid drop model masses and(y! = 0.4A%3/3) is the rate at which the
shell gtect is depleted with the increase in excitation energy. Tlierse level density
parametek (k = A/a) has been tuned in the calculation to reproduce the exparime
tal data. The transmission déieients were calculated using the optical model, where
the optical model parameters for neutron, proton and afjréieles were taken from
refs. [Wil67], [Per63 and [Hui61], respectively. The calculated neutron energy spec-
trum in the centre-of-mass (c.m.) frame thus obtained wasexed to the laboratory
(lab) frame using Jacobian transformation as describemhbdlhe Kinematic diagram

of neutron emission in lab and c.m. frame are shown in &igjL

VCm Sin HCI?I

a

|
Ty

V. V., cos@,

!

Figure 4.11: Kinematic of neutron emission in laboratory and centrevass frame.
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cm = \/V 2VLabV nCOS9|_ab (4-7)

d?0 \Lab , 20 \cm
JE dQ) ( JE dQ) , OLan, Ocm are the double dierential cross-section

and angle of evaporated neutron in lab and centre of mas®fraspectivelyV,, V.

Where(

andV_, are the velocities of compound nucleus, velocities of revuitn centre of mass
frame and in lab frame respectivety, m, are the mass of the target nucleus, projectile
nucleus and/,, is the velocity of the projectile nucleus. The theoretigadctra in the
laboratory frame were then folded with time-of-flight engrgsolution. This is done

using a two dimensional response matrjx.

(dzo-,: )F ( d2o )Lab
ded)y| VB IR Ry Ry R
(dECKZ)Z = (dECKZ)Z szj R2,j o RZ,j RZ,j

d’c \F
( JE dQ) are the resultant doubleftirential neutron cross-section after folding with
response matrixR j is a Gaussian function whose width is obtained from the tifne o

flight enegy resolution of the corresponding neutron detect

=AY
(E; E)) (4.8)

R.i(E) = \/t F(
The time of flight energy resolution of the neutron detector be described as

N R

where, AL is the uncertainty in flight path (detector lengtE; is the energy

resolution At; is the time resolution antlis the flight time. Here, we have takam as

the transit time of neutron within the detector at neutroarggE;. Organic scintillator
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detectors are generally having time resolutions of the oofid ns, when measured
using gamma source. However, in the case of neutron measuatgethe time response
is mainly determined by the transit time of the neutron witthe detectorKle06).
Transition time is sensitive to flux attenuation and muétipkeutron scattering within
the detector and therefore strongly depends on the sizeeafdtector, neutron energy
and detector threshold. The neutron transit time increag@dength or volume of the
scintillator and decreases with neutron eneigleP6]. Transit time of neutron in the
detector has been calculated using NRESP7 cbie8Rd. Transit time distribution
of 5 MeV neutron and avearge transit time affelient neutron energy for 5x 5

detector are shown in Fig.12
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Figure 4.12: (a) Transit time distribution of 5 MeV neutron in 5 inch5 inch detector, (b)
Avearge transit time at gferent neutron energy for 5 inck 5 inch detector.

The folded spectra thus obtained were compared with theumadgaeutron energy
spectra for diferenty -ray fold F usingy? minimisation technique to obtain the best
fit. For the extraction of inverse NLD parameté&),(we have used the neutron data at
most backward angle (150 where the contamination of the neutron spectrum by pre-
equilibrium and other direct reaction processes are niagjigmall. In the CASCADE

calculation it has been observed that the most sensitiameter influencing the shape
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of the neutron spectra is the NLD parameter and the sengiis/more for the higher
energy part of the spectra. The role of the deformabilityapseters {; and 6, of
Eq.1.12) was found to be insignificant. The Fig.13shows the ffect of5; andé, on
the neutron spectra for “all fold” case. The shape of the spegemains same as we
change’;, = 2x 10°° ands, = 7.9 x 10°° (values calculated using rotating liquid drop
model (RLDM) [Coh74) to 6, = 2.2 x 10* andd, = 7.9x 1077,
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Figure 4.13: Effect of deformability parametersi(, d> ) in determining the shape of the
neutron spectra.

The experimental neutron energy spectréat= 150 for different gamma-ray
folds (all, 2, 3 and 4 & more) foE;,, = 30 and 42 MeV, together with the respective
CASCADE predictions using the best fit valueskphave been presented in Figsl4
and4.15 respectively. The extracted values of the inverse levesity parameters for
different multiplicities are given in Tabld.1 Thek value thus obtained was used to
calculate the neutron spectra at other angles, which hasdfemvn in Fig4.10along
with the experimental spectra for comparison. khalue extracted from the neutron

data at 150angle is found to reproduce the data at 13> reasonably well. How-
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ever some deviation from the CASCADE calculation has beaseied for the higher
energy tail part of the neutron spectrum at,Abhich may be due to the contributions

from other non-equilibrium processes.
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Yield

10% Fold 3 10°f Fold 4 & more
a=A/(8.7 £0.5) a=A/(8.0+0.3)
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10°} 10%;
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2 4 6 8 10°2 4 6 8 10
Neutron Energy (MeV)
Figure 4.14: The experimental (& = 30 MeV) neutron energy spectra @i, = 150 for

differenty-ray folds (circles) displayed along with the respectiveSTRADE predictions (red
solid lines), errors are within the symbol.

Table 4.1: Measured values of fold, avgerage angular momentum, inverse level density pa-
rameter and temperatures.

Beam energy Fold <J> k T1 T2 T3
(MeV) ) (MeV) (MeV) (MeV) (MeV)

30 All 15.065.9 8.6:0.5 0.980.03 0.530.02
30 2 12.649 9.4:0.2 1.050.01 0.61%0.01 -
30 3 15552 8.#0.5 0.940.03 0.520.02
30 4&more 19.46.2 8.2:0.3 0.840.02 0.380.01
42 All 16.9+6.4 9.80.2 1.320.01 1.050.01 0.32-0.01
42 2 14152 11.10.3 15%0.02 1.160.02 0.5%0.01
42 3 16.854 9505 1.360.03 1.040.03 0.32:0.01
42 4&more 21.%6.8 8.9:0.3 1.26:0.02 0.930.02 0.120.01
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Figure 4.15: The experimental (& = 42 MeV) neutron energy spectra @i, = 150 for
differenty-ray folds (circles) displayed along with the respectiveSTARDE predictions (red
solid lines).

4.4 Results and Discussions

The theoretical fits to the neutron energy spectra f@ied@nt folds as shown in
fig. 4.14and4.15indicate that the best-fit values of the level density patantend to
increase at highed values. For example, the value @thanges from £9.4 (fold 2)
to A/8 (fold 4 & more) forE,,, = 30 MeV and from AL11.1 (fold 2) to A8.9 (fold 4
& more) for Ejpp = 42 MeV. This indicates that there is enhancement of levesiten
with the increase in angular momentum. The angular momedependence in NLD
is generally taken care through the rotational endtgy where the &ect of angular
momentum dependent deformation on the decay is introdugdteldtective moment
of inertia ( Jef). The deformability parameters;(andd, ), which are generally
adjusted to take care of the angular momentum dependentnution is insensitive

in the present case and therefore failed to reproduce tdegktted particle spectra.
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The average temperatures corresponding to the measurémespectra were
found to be~ 1 MeV and 1.4 MeV for incident energies of 30 MeV and 42 MeV,
respectively. In both cases, the average temperaturesbare &, (see Eq.1.21);
therefore, the collective enhancement due to ground stftardation is expected to
be less significant. In order to look into the above more de@@ have investigated the
characteristics of the neutrons emitted at intermediaigest. For this study, the present
system seems to be advantageous as there is predominagtiynenresidue and that
too is populated through a single patm@nd 3 channels aE;;, = 30 and 42 MeV,
respectively). Fig4.16 shows a typical statistical model calculation of the neutro
energy spectra from the nuclei produced at various interatedtages of the decay
cascade. Itis seen that the slopes (and temperatures) nétitlen energy spectra are
different at diferent stages. The nuclear temperatures f¢m@int stagesTj, T, and

T3) have been extracted and tabulated in Tablgusing the relatiold = aT?, where,

U = E* — Erot — Sn— < Ep >, (4.10)

The neutron separation energigs for 11°Sb, 118Sp, 11'Sp are 9.5, 7.4, 9.8 MeV,
respectively NND12]. The average kinetic energiesk,, > have been estimated from
the respective energy spectra. For the present system ritlealctemperature cal-
culated using Eql.21is 0.99 MeV. It is clear from Tablet.1 that for each fold, the
temperature is above the critical temperature in the irdégay stage; however, during
the final decay stage, it is well below the critical tempematd herefore the collective
enhancement in NLD may not be ignored completely. So thererg@ment in level
density visible in the present case may be, at least pgrtéale to the ground state de-
formation. Further systematic study in this direction isviewer needed to understand
the variation of nuclear level density with angular momemtand also to elucidate the

mechanism of enhancement of NLD observed in the presenturezasnt.
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Figure 4.16: CASCADE calculated neutron energy spectra froifiedint stages of decay
chain. Figure in the top for B, = 30 MeV, in bottom for By = 42 MeV.
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Chapter 5

Summary and Conclusion

The aim of the present research was to study the properteg®ofic nuclei using neu-
tron as a probe. Under the present thesis work we have deto types of neutron
detectors for neutron energy and multiplicity measuremeihergy measurement was
done by time of flight (TOF) technique using small volume (lit'&s) liquid scintil-
lator detector, whereas Gd loaded large volume (500 litrgs)d scintillator detector
was fabricated for multiplicity measurement. TOF neutretedtors of various dimen-
sions have been designed and fabricated to study the vari@uacteristics (absolute
neutron detectionf&ciency, pulse shape discrimination and intrinsic time hetsan)

of the neutron detector and their dependence on the detdict@nsion. Hiciency
measurements have been done with associated chargegegiictidence method us-
ing a?52Cf fission neutron source placed inside a multi wire propori counter. The
measured and simulatettieiencies seem to be consistent within experimental error.
The detectionficiency was found to increase with the increase in detectoedsion.
The quality of ny discrimination was found to deteriorate and the time resmuvere
broader with the increase in size of the detector. It was @ltserved that the figure of
merit (M) of n -y discrimination initially increased with the increase imashold and
then got saturated. From the above study it was evident5ﬁa1< 5 and7 x5

detectors will be the optimum for higher energy neutron meaments, considering
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their higher diciencies, reasonably good figure of merit and intrinsic themolution.
On the basis of above the study, a time of flight array comgjstif 50 detectors hav-
ing dimensions 5x5 and7 x5 is being developed for experiments using K 500

super-conducting cyclotron at VECC, presently undergamgmissioning trials.

Apart from the neutron energy distribution, the total numbkneutrons emitted
in an event (neutron multiplicity) also plays a crucial ratedetermining the reaction
mechanism, particularly in the Fermi energy domain. Howawveutron measurement
using time of flight technique is not generally quité@ent to estimate the neutron
multiplicity very accurately on event by event basis. Sodtier alternative and rather
economical solution is to use a single, large volume deteghich should be highly
efficient in neutron detection. This idea prompted us to builirdiquid scintillator
detector for multiplicity measurement. This detector gstesl of two stainless steel
hemispheres of one metre diameter and filled with 500 litfés%$6 Gd loaded liquid
scintillator BC521.

The neutron capture time distribution has been experiniignteasured using a
novel technique with a small volume detecter & litre) in conjunction with Bak
detectors. Capture time distributions were also estimastdg Monte Carlo simu-
lation, the simulated results were found to be in good agesgrwith the measured
data. 4 neutron multiplicity detector has been tested WitfCf spontaneous fission
source. The measured neutron multiplicity was 4, which issesient with literature

value [Sch9j.

Under this thesis work two physics experiments have beeompeed with the in-
digenously developed neutron detectors. The first experinvas performed to study
the fission dynamics i?O + 238U reaction at near barrier energies( = 83, 85, 87,
89, 92, 96 and 100 MeV). Two MWPCs were used to detect fissagnients and four

liquid scintillator based detectors were used to detectroas produced in the reac-
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tion. The measured mass distribution result clearly shaaveldarp change in the mass
distribution width ¢-,,) as energy decreased to below barrier energies. The irecheas
width of the mass distribution is a clear indication of a sellqualitative change in the
degree of mass equilibration PO + 238U system at below barrier energies, which may
be considered to be a strong evidence for onset of quasiis§his is thus reirming
the observation made earlier on the onset of quasi-fissibelatv barrier energies for
the same system from the study of fission fragment angulao&mpy measurement
[HIN95]. On the contrary, present measurement of pre-scissiomaremultiplicity for
the same system at above and below barrier energies wagyateasistent with the
standard statistical model prediction; this apparenttidgates that quasi-fission does
not significantly modify the complete fusion yield (and wissis M}'°) for this system
even at below barrier energies. Similar inference was dritam the study of evap-
oration residue measurements for the same syskis®f], where, too, no departure

from statistical model prediction was seen.

In the present case, which is highly asymmet#g ;- Ziarget = 736) the contribu-
tion of quasi-fission from the present data was found te-lie— 6%, which is much
smaller than the fusion-fission cross section. Hence thagt@én ER cross-section
may not be appreciable to be detected unambiguously. Hayenerious ER mea-
surement for more symmetric systenZs, - Ziarget = 1500— 1600), where the quasi-
fission fraction is comparable or even larger than the fusigsion, showed consider-
able reduction in ER formatiorNis1(. Same argument holds for pre-scission neutron
multiplicity also. Therefore, although the present obaé@on of the sudden change
in fragment mass distribution width along with the earliservation of anomalous
fragment angular anisotropy confirm the onset of quasidissif °0 + 23U system
at below barrier energies, the present measurement ofigsést neutron multiplicity

as well as the earlier measurement of evaporation resickld gio not show any de-
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parture from standard statistical model predictions,dating the insensitivity of these
two probes for highly asymmetric system with 1&o-Ziarget (<< 1500-1600) value.
For more symmetric system with high&g,.j-Ziarge: Value, where the QF and FF frac-
tions are comparable, bot)"® and ER yields may also be equally sensitive for such

studies.

The second experiment carried out under the present thesiswas to study nu-
clear level density and its dependence on angular momentt#®b* was populated
using lightion route{He + 1°In), which resulted in a single resid&€Sb (90%) }1°Sh
(77%) by 2 and 31 evaporation channel at E2 31.3 MeV, 42.9 MeV respectively.
Four liquid scintillator based detectors and an array of &6,Rletectors were used to
measure the energy spectra of evaporated neutrons in demz® with they-ray fold.
Measuredy-ray fold distribution was converted to angular momentustribuiton us-
ing Monte Carlo simulation techniqu®gelQ based on GEANT3 toolkitBru8q.

The neutron energy distributions were then calculatedgugia statistical model code
CASCADE [Puh76 in different angular momentum regions as estimated from the
measured -rays fold distributions. The nuclear shape changes atenighgular mo-
mentum Coh74 and shell &ect in nuclear level densitydn75 were incorporated

in the statistical model calculations. In the analysis iswhserved that, the inverse
level density parametek) is the only sensitive parameter as far the slope of the neu-
tron energy spectrum is concerned. The estimated neutrerggspectra were then
compared with the measured neutron energy spectra-fay fold F = 2, 3 and 4 &
more, usingy?> minimisation technique. The analysis of theay fold gated neutron
energy spectrum reveals that the inverse level densityypetexr k) decreases with the
increase in J. This is indicative of the fact tlpahcreases with J. This increase may be
due to either the change in nuclear shapes with angular mmmesr due to collective

enhancement of level density due to ground state deformatio
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The dfect of nuclear shape changes at higher angular momentumeleasrbled
out as in the present case there has been almost no changmientaf inertia over the
whole range of angular momentum studied here. On detailatysis of the neutron
spectra from the intermediate stages of decay, it was obeddhat, the temperature
during the final stage of decay chain is always much less thawritical temperature
(T) for collective enhancement. So, there is a finite possyhitiat the enhancement
of NLD, or at least a part of it, is due to the presence of grostade deformation in
the present case. Further systematic study in this direetibowever needed to under-
stand the variation nuclear level density with angular mom and also to elucidate

the mechanism of enhancement of NLD observed in the preseasunement.
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