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SYNOPSIS

The light particle evaporation, and fission are known to leerttost dominant decay
modes of a composite produced at low enerGy,(< 10 MeV/A) nuclear reaction.
However, many other complex fragments with masses in betwght particle and
fission fragment are also found to be emitted with much loweldythan the above
two processes. These fragments are called as intermedeage fragments (IMF).
Nowadays, the presence of IMF emission has been well-eéstiallin all kind of re-
actions at all excitation energies. To search the originMf,lintense studies have
been done both theoretically and experimentally for thefeag decades in heavy-ion
as well as light-ion systems. But the origin is still not wefiderstood, particularly in
light-ion systems (typically, fvojectie + Atarger < 60) at moderate bombarding energy
(Eiap < 10 MeV/A). This might be due to the strong overlap between elemeidids

of different processes. Situation becomes more complicated iredfogions involv-
ing a-cluster systems, where nuclear structure is also knowtagogn important role
in the equilibrium emission of complex fragments. In theases, in addition to the
standard fusion-fission route of fragment emission, thgeptite and the target have a
finite probability to form a long-lived dinuclear compositehich directly undergoes
scission (without the formation of the fully equilibratedrapound nucleus) to emit
complex fragments. This process, termed as nuclear agbitias been shown to con-
tribute significantly to the fragment yield in many reacsanvolving lighte-cluster
nuclei (e.g.?°Ne + *2C, ?*Mg + 12C, ?8Si + 12C etc.). The orbiting is described in terms
of the formation of a long-lived, dinuclear molecular coeglwith a strong memory
of the entrance channel. This phenomenon in general siygesk absorption in the
angular momentum window between the critical angular maarerf fusion ., and
the grazing angular momentuiy,. In addition, substantial mass and charge transfer
would also occur during the evolution of the orbiting diresl complex. So, the study
of rearrangement channels will give opportunity to probleditnamics of the orbiting

process involving light nuclear systems.

Xi



The aim of the present thesis was to study the the reactiomaném of IMF
emission in lighte- and nona-cluster systemsA:y < 40) in general, and to investi-
gate into the role played by orbiting in lightcluster systems at moderate bombarding
energy Eiap < 10 MeV/A), in particular. Two experiments have been performed unde
the present Ph.D programme. In the first experiment, theiogamechanism of IMF
emission and its evolution with bombarding energy have Istadied in ther-cluster
system'®0 + 2C. Quadrupole deformation parameter of the composite syEfSi*)
has also been estimated from the comparison of slopes ofgiiecharged particle
spectra with the same obtained from statistical model ptexdis. In the second exper-
iment, the emission processes of IMF have been studieetinster systen?C + 28Si
and the neighbouring nancluster system&B + 22Si and'?C + ?’Al, all having same
excitation energy ok 67 MeV, in order to look into the roles played by various IMF
emission process in these reactions. In addition, a la@etiom chamber has been

developed for reaction mechanism studies, which is alsogb#his thesis.

Recently, a detailed study of the competition between tleiad dissipative pro-
cesses in binary channels in the systéf@+ 12C, 180 + 2C have been made by S.
Szilneret al. [ Nucl. Phys. A 779, 21 (2006)] in the energy range 5 - 7.7 Yla\-
cleon. For both the systems, resonant structure has beerveldsat lower energies and
refractive éfects at higher energies, which may be considered as thetsigrat the
orbiting process. In the present work, a study of fragmenssion has been done from
180 + 12C reaction in the bombarding energy rang@ - 10 MeV/ nucleon with the
aim to explore the role of dierent mechanisms (fusion-fission, deep inelastic orhiting
etc.) in the yields of various exit channels. Significant sn@sd charge transfer occur
during the course of evolution of the rotating dinuclear ptew, which leads to typical
deep-inelastic reaction yields. Therefore, the study efrdarrangement channels of-
fers a special interest in probing the dynamics of longdidenuclear complexes. For
a better understanding of the orbiting process, it is imgrarto study how the orbiting

process evolves with energy. With this motivation, a dethdtudy of fragment energy
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spectra have been made for the reactith + °C at diferent bombarding energies

viz. Ep = 117, 125, 145 and 160 MeV, respectively.

The inclusive energy spectra for fragments(3 < 5) emitted in the reaction
180 + 12C at the energies 117, 125, 145 and 160 MeV have been measulié@eent
angles. All the experimental signatures shows that therieags are emitted form a
long-lived equilibrated composite at all bombarding eresg Total elemental cross-
section for the fragments Li to B have been measured fromlandistributions. At
all bombarding energies, it has been observed that thenesislEancement in the angle
integrated yield of B in comparison with respective statetmodel calculation. The
origin of this enhancement is may be due to dinuclear orpifirhe above observation
is consistent with the fact that the NOC (Number of Open Ckejnalues for this sys-
tem are much smaller than those for other two near by sysfEnesenergy and angular
distributions ofa-particles have also been measured in the same experimexiraot
the deformation of the produced compogitsi* using charged particle spectroscopy.

Observed large deformation may be due to dinuclear orbiting

In recent years, a few studies have been made on-tlaster system’Ca’ and
the neighbouring non-cluster systems to look into the relationship betweenldgui
rium emission of fragment (ands-a-visorbiting) anda-clustering. From the study of
fragment emission (8 Z < 8) in the inverse kinematical reactiési +12C at energies
29.5 MeV < E;n, <50 MeV [D. Shapira et al., Phys. Rev. Lett. 53, 1634(1984)], i
has been conjectured that orbiting played a crucial rolellily £nergy-damped frag-
ment emission. Even for the nancluster system witicy =~ 42 8Si + *N), where
the NOC was large compared to that?®®i + 1°C, the yields of fully energy damped
fragments (65 Z < 8) were found to have contributions, though smaller in magni
tude, from the orbiting process. It will, therefore, be wwvhile to study the emission
of lighter fragments € < 6) in particular, for systems arourky =~ 40, to extract
the contributions of dferent emission mechanisms, which will be partly complemen-
tary to the earlier measurements. Here, we have studiedgthieflagment (3< Z <

5) emission froma-cluster system®Ca produced int?C (77 MeV) + 28Si reaction,
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as well as those from the neighbouring composite syst&m produced at the same
excitation energy of{67 MeV) via two diferent reaction channet$B (64 MeV)+

28Sj and*?C (73 MeV)+ ?’Al; the last two reactions have been chosen to crosscheck
the equilibrium decay nature (absence of entrance chamepetience) of the energy

damped binary fragment yield in the decay’#{*.

The inclusive energy distributions of the emitted fragmnsdBt< Z < 5) have been
measured in the angular range~df2° to 55°. The fusion-fission and deep inelastic
components of yield of the fragments have been extractedliftiiree reactions. The
c.m. angular distributions of the fusion-fission fragmemase been found to follow
1/sind., dependence, which signifies the emission of these fragnfemtsa long-
lived equilibrated composite. It has been found that thédgief the fully energy-
damped fragments for all the above three reactions are ifowuity with the respec-
tive statistical model predictions. The absence of anyagct channel dependence in
FF components of the yields of the fragments(Z < 5) emitted form the reactions
1B (64 MeV) + 28Si and*?C (73 MeV)+ ?’Al is consistent with the compound nu-
clear origin. It has been shown that the DI fragment angulstridution falls much
faster than &ing. , distribution. The time scale of the DI process has been astith
from the DI angular distribution. It has been observed tbatfl these reactions, the
time scale, which is related to net nucleon transfer, dese®as the fragment charge
increases (closer to the projectile charge). It has alsa bbeserved that the average
Q values for the DI fragments decrease with the increase adam angle and satu-
rate at higher angles, signifying a saturation in energygagiprocess beyond these
angles. Assuming a compact exit channel configurationnf@séid from the extracted
FF part of the spectra), the angular momentum dissipaticiorfaf , for the DI process
has been extracted. For all the three reactions, the expetaivalues off have been

found to be in fair agreement with the corresponding stigkimit predictions.

Several large experimental facilities are being built agd pf the K500 Super-
conducting Cyclotron (SCC) utilization program at VECC athiwill enable to con-

tinue IMF studies in the Fermi Energy domain. | have, as a glamy thesis work,
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contributed to the design, development, installatiortjrigsof the large multipurpose
reaction chamber. Itis a large (1m diameter, 2.2m long)n&eged, Horizontal Axis,
Reaction Chamber (SHARC) which can be pumped down to a ndmpreasure of
~5x107" mbar in~8 hours by means of two turbo-molecular (10@%) bnd two cryo
pumps (2500/6) backed by two mechanical pumps (37im). The dimensions of
SHARC have been optimized to have maximum flexibility forsagile experimental
setups; optimum shape has been decided to be cylindridaitwiaxis coinciding with
the beam axis to avail maximum possible flight path for tim#light measurements.
The vacuum system and movement of target ladder both canrideotted by PLC
(Programmable Logic Controller) in auto and manual modéls dynamic display of
complete status. There is a provision for remote monitoahgacuum status with
emergency shutdown option. Option has also been kept favteeoperation of target
ladder system. Special technique has been developed todebflange with multiple
flat ribbon connectors as a feedthrough for detectors pladddn SHARC. The in-
stallation of the chamber has been completed and preseittlgligned with the beam
line of SSC.
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Chapter 1

Introduction

The nuclear force, which holds neutrons and protons togéetkele an individual
nucleus, startstBecting other nuclei when a nucleus comeSisiently close to another
nucleus. As aresult, the initial system (of interactinglai)és modified and a dierent
final system is produced. These phenomena, in general, lbad naclear reactions. If
the interacting ions are heavier than helium, then the mneksaction is called ‘heavy
ion reaction’. In any nuclear reaction, the intermediateposite produced in course
of evolution of the system is usually having lot of excitatienergy which is dficient
to cause its decay through various modes. The light paificle 2) evaporation and
fission are known to be most dominant decay modes of a conegasitiuced in the
reactions at moderate bombarding energy,(< 10-15 MeVA). In addition, many
other complex fragments with masses in between light pastiend fission fragments
are also found to be emitted in this energy range with mucleiguweld than the above
two processes. These fragments (typicallyg, Z < 20) are called intermediate mass
fragments (IMF). According to the number of fragments esditin a single event, a
reaction can be classified in two broad categories, binamudtifragmentation reac-
tion. At lower energy E.» < 10-15 MeVA), the composite is generally divided into
two fragments and the process is called binary fragmemtatin the other hand, at

higher energy, in addition to the binary process, composég also be fragmented



into more than two pieces and this process is called muitifientation. The type of
reaction product depends on the masses of the projectiléaaget also. For exam-
ple, in heavy systemA( > 100), one of the possibilities of decay of the compound
nucleus is symmetric fission, where the fragment mass bligioin peaks around half
of the total mass of target and projectile. On the other hantight heavy-ion reac-
tion (A < 100), the decay of CN is replaced by asymmetric fission (eoniss IMF).

In this thesis, we have restricted ourselves to low-enegiyt heavy-ion collisions,
with energys 10MeV/A for the experimental work. Here, we shall discuss only IMF

emission process in the low energy ranggy < 10MeV/A).

The energies of the bombarding heavy ions under the preseit are such that
the de Broglie wave lengtht, is small relative to the characteristic length of the in-
teraction potential. Therefore, the collision can be tdawithin the classical limit.
The only force that opposes the colliding nuclei to come eltiseach other is the
Coulomb repulsion force. Let andr, be the radii of the projectile and target nuclei,

respectively. The coulomb barrier at interaction distasfdie colliding nuclei, is
Z,Z,€°
M{+1r>

V(R) ~ (1.1)

whereR =r{ +r, + A, A is a correction term due to surfacefdseness. So, at least
this much of energy in the centre of mass (c.m.) is require@fauclear reaction. At

this interaction barrier, the wave length of relative motis [1]

_ I ~(A1+A2 20MeV )1/2f
[2u{Ecm — V(R)}]Y2 AiA> Ecm - V(R

whereA;, Ay, Ecm (= ﬁELab) denote the mass numbers of the projectile, target,

A (1.2)

and the energy in the c.m. frame, respectively. As an exarmmptie collision of*¢O
atEp = 117 MeV on*?C, 1 ~ 0.3 fm which is small as compared to the characteristic
lengths (e.g., surface thickness2 fm) of the interaction potential of the colliding

nuclei. Hence the classical treatment is justified.

So, to a first approximation, low energy heavy ion (HI) reaasi can be described
in terms of classical trajectories. Each impact paramegtgrchines a unique trajec-

tory; therefore, each type of binary reaction processesbeaciassified by a typical
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zone of impact parametebs(see Fig.1.1), which are related to the relative angular
momentaf, of the entrance channel by the semi-classical relation,

€=bpe/h=b/A (1.3)

wherep., is the relative momentum of the colliding nuclei in entranbannel. Overall

Elastic scattering
Direct reactions 2

Grazing collision

S ~
b N\
ar 4 \  Compound nucleus

b
cr

3A

3B
T Deep inelastic

collision

Distant collision ) )
Elastic scattering

] ] Coulomb excitation
Deep inelastic

orbiting 1

Figure 1.1: Trajectories of heavy ion collision in classical picture.

features of most of the binary reactions can be fairly wetladided by the classical
collision trajectories shown in Fid..1 and by the fective interaction potential/es+,

of the colliding nuclei in the radial wave equation foffdrent angular momentum,
as shown in Figl.2 The radial part of this potential has three parts: \(g) the
strongly attractive nuclear potential which practicaltyssinside the volume occupied
by ions (interaction zone) and fallsf@xponentially outside the zone, (b) the repulsive
Coulomb potentialVc, which is~ Z;Z,€?/r andr > R, and~ (Z;Z,€?/2R;)(3-r?/R?)
forr < R, andR; is the charge radiu?], and (c) repulsive centrifugal potential,

£(€ + 1)r?/2ur?. Classically, &ective potential
Vert(r) = Vn + Ve + €(€ + 1)i?/2ur? (1.4)

should determine the trajectory of the interacting ions.t & soon as one nucleus

comes in touch with other, nucleon exchange may start wisiclepresented by an
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absorbing potential. Quantum mechanically, the absargirocess is represented by
an imaginary potential as done in optical model potentids@ption causes a loss of
the incident flux; however the classical trajectories armgdly decided by the real part,

V(r), of the potentiaVe¢¢, Shown schematically, in Fig..2 When the energy of the

oy -
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Figure 1.2: Typical nucleus-nucleus potential. r is the distance betwihe centers of the

nuclei.

projectileE; (Fig. 1.2) is much higher than the Coulomb barrier, for distant calhs
(¢ > €y orb > by ), only elastic scattering will result and a possibility ab@omb
excitation is also there (trajectory 1, Figg.1). The same result will be seen for any

impact parameter when the enerdgif, Fig. 1.2) is less than the Coulomb barrier. At
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energies above the barriexd., E,, E,, Es, E4), the reaction process gradually evolves
with impact parameter from elasticelastic collision to fusion. For grazing collision
(¢ = Ly orb = by ), the incident ion may be elastically or inelastically sestd or
direct reaction occurs with the exchange of few nucleonsiwben interacting ions;
the scattered patrticle follow the path Il as in Fig2 and trajectory 2 in Figl.Ll If the
impact parameter is reduced further, below a certain vdigie(Fig. 1.1), interaction
between the nuclei increases sharply due to significantagyef nuclear densities of
the colliding nuclei. This results in the exchange of nunkebetween colliding parti-
cles leading to the dissipation of kinetic energy and ollaitgular momenta from the

entrance channel. Classically, this is described asdncind the process is called deep

2TIR?/

do/d/

EL+CE
|
\
[

O

|
|
|
|

R

{(;:r 6I {}r

Figure 1.3: The spin distribution of a heavy-ion reaction. The regiamsduasi-elastic colli-
sion (gE), deep-inelastic collisionop, ) and for fusion ¢r) are indicated. Fort > g, only

Coulomb excitation and elastic scattering are possible.

inelastic (DI) process (trajectory IlIA, Fid..2). During this process of dissipation, the
shape of the composite resembles close to a rotating duthlwbéch evolves diter-
ently depending on the impact parameter. If the rotationasenthan 360 (trajectory
l1IB, Fig. 1.2), then the dinuclear complex, which is fully energy equdited, may
either completely fuse to form a CN or breaks up into a binaiy éhannel having

partial memory of the entrance channel. The second way dtigon is called deep
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inelastic orbiting (DIO)B] (path 3B as in Figl.1l). For more central collision{ < ¢
orb g be), nuclei get trapped in the nucleus-nucleus potential pbakd remain to-
gether for a long time enough to desolve their individuahtitees and get fused into
a single compound nucleus which follow the path IV (FigR). Using sharp cutid

model, the total cross-section for all these processes magtimated as

o=nrb® = gA?f?

= do/d¢

2nA%C (1.5)

The cross-sections for quasi elastic (QE) process, dedgsiiecollision and fusion

may be written as,

ooe = n(lG —C5) (1.6)
oo = mA(lh - €3) (1.7)
o = nl: (1.8)

Decomposition of all these cross-sections is pictoriatigven in Fig.1.3[4]. All of
the above discussions are based on semiclassical phenlmgyeaad are highly qual-
itative (dashed lines). The sharp distinction betwedferint processes are removed

in full guantum mechanical explanation (solid lines, Ad) [5].

1.1 Fusion and decay of CN

The above discussion shows that for central collistog @), at energy above the
Coulomb batrrier, the projectile and the target completetalgamate to form a single,
fully equilibrated compound nucleus; this process is catemplete fusion. Apart
from a few quantities, which are subject to the conserval@ovs (energy, angular
momentum, parity), the compound nucleus completely lossaony on the way it was
formed and the decay of CN is independent of the entrancenethamhis hypothesis
of CN was originally given by N. Bohrg] to explain the resonance in the neutron

capture cross section at the thermal energy range. Howtdvaes been established that
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the CN hypothesis is valid for heavy ion reactions at higheitation energies also.
The formation cross section of CN is already given in E&, which is based on sharp
cutof model. Though the sharp cdfonodel is quite successful to estimate the cross
section, the quantum mechanical calculation shows that particular’ there is finite
probability of fusion as well as other reaction (e.g, DI, DEix.). So, the partial cross
section for formation of CN of spid from projectile and target nuclei of intrinsic spins
Ip andl+, respectively, at c.m. enerds,, is given by

J+S
Z Tt’(Ec.m) (1.9)

S=llp-It| £=|3-S|
(7]

2J+1 sy
(lp + 1)(IT + 1)

O'CN(J) = JT/TZ

whereT,(E.), the transmission cdigcient, represents the probability of a partial
wave (-wave) to be absorbed to form the compound nucleus&nd Ip + |1 is

the channel spin. The summation owvers restricted by the parity selection rule,
n = nprr (1)’ wherer, np, andnr are the parities of CN, projectile and target, re-

spectively [/]. The total fusion cross section can be written as

OCN = ZO'CN(J) (2.10)
J=0

The CN is usually produced at figiently high excitation energy. This excited CN
releases its energy by evaporation [the emissiop-@ys, nucleonsg, n), cluster of
nucleonsd,t, )], or by fission. Relative yields of @ferent ejectiles depend upon the
mass, charge, excitation energy, angular momentum of thel@dl coulomb barrier,
which inhibits the emission of light charged particles (DCB less in light system;
that made it possible to compete for the LCP emission withtroauemission. For
higher angular momentum, repulsive centrifugal force $® ddigh which favours the
emission ofx particles.y-ray emission dominates when the available excitationggner
is not suficient for particle emission. Fission is generally inhidite the light systems
because the surface energy is more than Coulomb energyybapwesystem of heavier
mass (A~200) with higher angular momentum, will have significantiGaswidth,

which may compete with, and even dominates over evaporptimeess.



1.1.1 Decay of CN by evaporation

Nucleus is a many body complex system. When the energy isfaaad from
the projectile to the CN, it is distributed over numerousrdeg of freedom of the CN
like thermal distribution of energy in a liquid drop. Evenraall increase in excitation
energy, causes a large increase of the number of availablgwm-mechanical states.
So, there are many states available in CN and there are marg/tovaecay. In such
a complex situation, statistical methods are essentiapfoper comprehension and
prediction of the subsequent decay of the CN. The evaporgields (particles and
residue) of CN is well predicted by the codes based on quastatistical methods,
such as CASCADET], LILITA [ 8], PACE[9], GEMINI [10]. These codes basically
use a method proposed by Hauser-Feshbach (HIf afound six decades ago. In HF
method, the partial cross section of emission of a partidieom a CN of spinJ is

given by
I'x(J)
2xI'x(J)

whereocn(J) is the cross section of the populated compound statesl(BgIx(J) is

ox(J) = x oen(d) (1.11)

the partial width of emission aft and )., I'y(J) is the sum of all the partial widths of
all particles. The partial width that the parent nucleusif@xion energyk,, spinl;,
parity 1) emits a particlex with an orbital angular momentufip kinetic energye, ( &

= E; - E; ) and spinsis given by

p(E | 7'() lI>+s 11+S
@) = 5 2 2= 2. Te)de (1.12)
2np1(E1, 11, 1) eyt

[n]
whereE,, |, andr, are the excitation energy, spin and parity of the daughteleis,
p1 andp, are the level-densities of the excited parent nucleus angtdar nucleus,
respectively, andS = |, +sis the channel spin. The transmission ffi@gentsT, (&)
for the scattering of particl& on daughter nucleus (inverse process) are obtained by
using standard Optical Model (OM). The level density fongegiangular momentuth

and excitation energhl, is given by well-known Fermi gas expression with equidista



single-particle levels and a constant level density patanae

= w 1/2 h_z 3/2_ 1/2
o(E,J) = 7 a 2 drs u2exp{2{au} ] (1.13)
u = E-A-E; (1.14)

whereA is the pairing correctiork; is the rotational energ$p).

All the above codes based on HF formalism well predict thegndistribution of
the particles emitted from fully equilibrated CN with thesdynamic temperatur€,
which can be expressed as,

d?o

dEdQ

= Cf(E) exf—E/T) (1.15)

which is similar to the energy distribution of the molecuéesporating from the sur-

face of a liquid. Hence CN decay is often refereed as paridgoration process.

1.1.2 Decay of CN by fission

Another decay mode of CN is fission. After the formation bylis@n of two ions,
shape of the excited CN is distorted like a liquid drop. If éxeited CN is considered
as charged liquid, liquid drop model in its simple form carapplied to describe the
changes in potential energy associated with the shape eHa8jg The surface and
Coulomb energies ardfacted by the distortion. The attractive surface energy term
tries to minimize the surface area of the CN, to keep it spgh&rwhereas the repulsive
Coulomb energy term tries to elongate the shape of CN. Surheskettwo energies
creates a pocket because of their functionfiedence as shown in Fif.4 (Figure has
been taken from12]). When the change in Coulomb energy due to distortion isemor
than the change in surface energy, CN decays through fisBimnshape for which the
potential energy is maximum along the fission path, is caladdle’ point (Fig.1.4).
This is the point of no return, i.e., if CN crosses this shapejust go to fission;
the corresponding shape is called ‘saddle’ shape. Actutitye draws the potential

energy in two dimensions with respect to elongation and raagsmetry of fission
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fragments, potential surface looks like the shape of a saditnce the corresponding
shape of CN is called saddle shape. The system, in course efaiution, gradu-
ally passes through the saddle point to reach scission,peirdre the fission (binary

splitting) actually takes place; the corresponding shamalled ‘scission’ shape.

First quantitative description of fission process was giggrN. Bohr and J. A.
Wheeler to explain neutron induced fission (transitiorestaddel) [L4]. In this model,
fission competes with-ray and LCP emission in the de-excitation of CN. The proba-
bility of fission depends on the number of available ‘transistates’, which is usually
taken as the total available phase space of the CN above didéegzoint (Fig.1.4).
However, the large anisotropy observed in the angularibligton of fission products
coming from heavier systems with vanishing fission barhas been explained by con-
sidering the more deformed scission point as the transgant [15, 16]. In lighter
systems, saddle-point and scission-pint configuratiomeagly same. So, the calcula-
tion based on saddle-poirit]] and scission-pointl[8] transition-state configurations
are found to be give equivalent results in lighter systemse @alculation of fission
cross section is based on Hauser-Feshbatch formalism aserot fusion-evaporation

(Eq.1.11), which can be written as
1—‘tot(‘])
wherelfis(J) is the fission decay width aridy(J) = X, I'x(J) + Tsis(J), is the total

otis(J) = x oen(d) (1.16)

decay width for CN with spird. ocn(J) is the partial cross section of fusion as given
in Eg.1.9. If we consider the saddle-point (SP) as transition statewill depend on
the level density above the SP. Before we go to the detailevad ldensity, let us see
the energy balance in fusion-fission (FF) process as a whbielvhas been shown
schematically in Figl.4[12]. The excitation energy,,, of CN is basically the sum
of the incident energyk., in c.m. and the entrance chanri@ivalue. The &ective
excitation energy of CN to be used to calculate its level dengill be less by an
amountAq¢s. TheAgss is calculated from the assumption that the virtual grouadiest
of the level density at high excitation energy should calecwith the ground-state

energy of a spherical liquid dro]. The kinetic energyg, associated with radial
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Figure 1.4: Energy balance is shown schematically for fusion-fissi@ttien.

motion at SP, further reduces level density at SP where thsityeof states is already
minimum. The SP shell correctiohVs,e IS also taken into account as it influences
the fission decay probability. The excitation energy awddaat the SPu;, which

determines the corresponding level dengity, is then given by
Uy = Ecn — Vsadaidd, 17) — AVsnen — Aetr — € (1.17)

The probability that a CN with spid will break up to a fission channel of mass asym-
metry,n [ = A1/(A1 + A))], is proportional to the level densify;is above the corre-
sponding spind saddle point12]. The expression of level density is same as given in
Eq.1.13with uas in EQ.1.17. So, itis clear that with increase WyaqqidJ, 17), fission
probability decreases for that particular mass asymmeattige exit channel. The de-
pendence o¥saqqidJ, 7) with mass asymmetry is shown in Fih.5, for a light system
(Acn = 56, [12]) and heavy system?cy = 230). For the lighter system, as the fission
barrier is maximum at = 0.5, it favours asymmetric fission over symmetric fission.
On the other hand, for heavier system, the fission barri@ui@/symmetric fission. It

is also seen that as the spin increases (for lighter systemtion ofVgagqid J, 7) with

n becomes more and more flat and the probability of symmetrieases. So, the total
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Figure 1.5: (A) Saddle point energies {qi9 for light system A= 56 as a function of spin

and mass asymmetry, (ByMgiefor heavy system A 230 as a function of mass asymmetry.

decay width of the fission is the sum of the decay widths ofralhiidual channels,
[fiss = Z Z [tiss(Z1, A1) (1.18)
AL 7

whereA; andZ; are the mass and charge of the lighter fragment.

1.2 Deep inelastic collision

Deep inelastic reactions is a class of reaction which isnmégliate between ‘com-
plete fusion’ and ‘quasi-elastic’ processes in terms ofagtgparameter and energy
loss as discussed earlier. In this type of reaction, a langeuat of kinetic energy of
relative motion is transformed into internal excitatioreegy. Here, after the reaction,
the two fragments are re-emitted without CN formation areld@mitted fragments re-
tain the memory of entrance channel. For DI collision, twareleteristic time scales
may be defined: a rotational period, which corresponds taitie required for a (hy-

pothetical) complete revolution of the two touching fragnse and ‘interaction time’
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or ‘contact’ time during which the the fragments interacbsgly by nuclear forces.
For a particular interacting system, both these times diparthe bombarding energy,
relative angular momentun@-value, and also on the final fragmentati@h [In case,
where interaction time is shorter than the rotational gkribhe angular distribution
of the emitted fragments is asymmetric and it peaks arouadigy angle for heavy
systems. In other case, where interaction time is more thamatational period, the
angular distribution becomes symmetric arounfl. 9bhis situation implies the exis-
tence of an orbiting of a quasimolecular system which isstidguishable from CN
decay. Intermediate cases, when the interaction time aatlonal period are compa-
rable, the reaction product deflected to negative angle@srsin Fig.1.1, trajectory
3A. Deep inelastic collisions are observed in both light bedvy systems, but accord-
ing to characteristic features, interacting systems cadistehnguished in two classes
[2] as described below.

% Class . Comparatively light systems and (or) the systems with banipg energies
well above the interaction barrier belongs to this classesehsystems are character-
ized by angular distribution which is forward peaked [in €€ of Ising.,,, falling
exponentially with the increase of anglg.,]. The decay products of this class are
generally spread over wide range of mass and charge. Bd3lgescess, a large por-
tion of total cross section is contributed by the product€Nfformation and decay.

% Class II: Heavier systems and (or) the systems with bombarding essengar the
interaction barrier belongs to Class Il. These systemsbéxiside-peaked’ angular
distributions (peaking around grazing angle) which steégdl off towards larger and
smaller angles. The masses and charges of the decay pradeictsncentrated near the
entrance channel. The major portion of the total reactiosisection is contributed
by the DI process only.

We also have mentioned that the above classification depandsasses of the col-
liding ions angor on the bombarding energy. So, a heavier system with bafmgar
energy well above the interaction barrier may show the aterstics of class I. There-

fore, the classification of scattering systems may also laerna the basis of the ratio
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of bombarding energi{ and interaction energBi;. If E/Bj; > 1.6, it is assigned to

class I, otherwise class IP].

1.2.1 Experimental results and its theoretical interpretaions

For quantitative discussion on DI process, we have to relgberimental results
to its theoretical interpretation. For example, angulamantum is not a direct exper-
imental observable, but plays an important role in the thiecal interpretation of the
experimental data. Angular momentum is related to the estag¢f angle which is an

experimental observable.

1.2.1.1 Deflection function

The relationship between angular momentum and scatterigtg as classically

expressed by ‘classical deflection functio®{¢), which is given by P]

() dr ()
@(f) = 7 L (Kf(r))L r2 Lg (K[(r))T r2 (119)
(0 = { %t -vor- Y (1.20)

where D is identical with classical turning point for angular morhen ¢, K,(r) and

{(r) are local, instantaneous wave number and angular momediatancer. The
subscript] and? denote the ingoing and outgoing part of the trajectory, eéetipely.
Typical deflection functions for éierent classes of systems are illustrated in Ei§.

For typical Class | systems, the deflection function looks Gurve (i) where it is seen
that below certain value dfthe system starts orbiting due to the influence of the strong
nuclear force. The curve (ii) represents the intermedidit@ton, where nuclear at-
traction is strong enough to cause deflection into negatigées, but it does not lead to
fusion because of the strong repulsion. Deflection funstmfrtypical Class Il systems

are represented by curve (iii). In this case, there is no cléfle to negative angles,
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and the balancing of attractive and repulsive forces casiseng focusing of trajec-
tories having a wide range d@fvalues into a very narrow angular range of deflection

angles. Finally, curve (iv) represents the pure Coulombegag. To correlate the ex-

200
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Figure 1.6: Different types of classical deflection functi@{f) as a function of ratio of

angular momentum and Sommerfeld parameter.

perimental result with the deflection function, one showdaiwvare that practically it is
not possible to describe a system in terms of a single, wéhelé deflection function
[2]. Actually, emergent fragments will be characterized bysardbution of deflection
angles which are correlated with the distributions in epeaggular momentum, and
mass partition in the exit channel. So, one should expecetfietion distribution’

rather than a deflection function.

1.2.1.2 Kinetic energy loss

A large amount of energy of radial and orbital motion can lssigiated in DI col-
lision. The energy loss is of the order of théfdrence between energy in the entrance
channel and the interaction barrier in the exit channel. theowords, c.m. kinetic

energy of the fragments is given by the mutual potential ggnat the contact which
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depends on the deformation in the exit channel. So, highefsrmation leads to a
maximum energy losses. This is illustrated in Figi(a) as an examplelp], where it

is seen that the Coulomb energy calculated assuming sphekit channel overpre-
dicts the experimental data, indicating that the exit clehmmay not be of spherical

shape. But there are many examples where the Coulomb enai@yated assum-
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Figure 1.7: (a) Average kinetic energies of various fragments emitbethé reaction*®Ar

+ 1%7Au. The solid lines represent the theoretical values exgeérom Coulomb repulsion
of two touching spheres and of two touching spheroids.(kyelaiion between total kinetic
energy loss (TKEL) and charge dispersion for the projediile fragments in various Kr- and

Xe-induced reactions.

ing spherical exit channel predicts the experimental datg.,(R0]). However, the
interpretation of kinetic energy of the fragments emittedi collision is not always
possible by only Coulomb potential. Examples are theredédsin fraction of angu-
lar momentum may also contribute in the final kinetic energhe emitted fragments.
The magnitude of this contribution depends on the couplieigvben relative and in-
trinsic angular momenta[l]. This coupling is explained macroscopically in terms
of tangential friction §] which will be discussed later. So, it may be said that well
matching of the experimental kinetic energy with the cated one for some simple
configuration of touching sphere does not always imply theeixit channel has really
spherical configuration. This is because of the fact thaefiieet of deformation in the
kinetic energy may be cancelled out by the angular momenttente The energy loss

in damped collisions has been found to be strongly cormlaé¢he charge dispersion
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of the projectile-like fragments as shown in Fig7(b) [22]. The charge dispersion
(variance o2) increases with increase in energy loss. From this coioglait may be
inferred that, nucleon exchange between the colliding istikely to be an important

basic mechanism in the energy loss process.

1.2.1.3 Time of interaction

The interaction between the colliding nuclei depends owlibiance and the defor-
mation of the composite. It varies with time along the tregeg Observable féects,
like energy loss, mass and angular momentum transfer, vadymably depend on
time integral over the féective interaction time, which is defined in relation to the
some observable like deflection angle. A simple definitiomtd#raction time has been

introduced by Norenberd@p]:

7(0) = (1.21)

Oy —© _ .7 (Oy - 0)
w Wt
where .7 is the moment of inertia of the two fragments systetdy, is the grazing
anglew is the average angular velocity of the touching fragmehtsaverage angular
momentum¢, is defined by the relatiof= 2(L5, — €3)/3(5 — %), and, £, is limiting

angular momentum for the fusion.

In another definition, interaction time is defined using dagdistribution. The
angular distribution of the fragments is explained claafidy rotating dinuclear sys-
tem [24, 25, 26]. Here, it is assumed that the dinuclear system rotatesdran axis
perpendicular to reaction plane with frequeney= 7¢/uR?, wherey is the reduced
mass of the systend,is the angular momentur®k represents the distance between the
two centres of the di-nucleus. The angular distribution®fdd). ,, can be expressed
as 26, 25

(do/dQ)em = (C/SiNfem )€ fem/eT (1.22)
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whereC is a constant and is the time of interaction during which the two nuclei
remain in solid contact in the form of the rotating di-nudehe term &7’ is called

‘life angle’.

1.2.1.4 Angular momentum dissipation: theoretical limit

Several models have been developed to explain the phenarhdamped nuclear
reactions. These may be classified as classical scattewdglrand difusion model.
Here we shall discuss classical scattering model to exgi@iangular momentum dis-
sipation. Classical trajectories have been widely use@poesent the heavy ion col-
lision dynamics. It has been already discussed that duddativedy short de Broglie

wave length, the use of classical dynamics in heavy ionstoliis justified. In clas-

Figure 1.8: Reaction variables for the collision of spherical projéet(P) and target (T)

nuclei.

sical scattering models, time evolution of the collectiegiables (a sefq} of n col-

lective variables) are computed by solving Lagrange-Rglglequations numerically.
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The equations are given below

or
d (8"%) 02 _ 97 i_123 ..n (1.23)

di\og ) oq ~ 9g°
where.Z(q;, g) = T(di, &) — V(q) is the Lagrangian, andr = (1/2) 3 Cjjqiq; is the
Rayleigh dissipation function. If it is assumed that thelauare rigid sphere<?[7] as
shown in Fig.1.8, the Lagrangian can be expressedzs, [

4l

2 9% - VCouI - Vn (1-24)

£ = %(fz +120%) + %éé +

whereVcoy, Vy are the Coulomb and nuclear interaction potentials, rés@ie Here,

four coordinates are used to describe the collisiomsthe distance between the mass

centers of the colliding nuclei, their relative orientatianglesgp anddr, andd is the
MpMT

orientation of the total system. The reduced mags3sy 23—, and,

%:éMiR-z,i:P,T (1.25)

denote the rigid body moment of inertia of projectile andyéwith masse$/p and
M+, respectively . The dissipation function may be approxedan terms of a friction
codficientC, (r) associated with radial motion, and the fla@entC(r) describing the
slowing-down of the relative sliding motion of the two numtsurfaces. Then Rayleigh

function becomes

1
F =Z4Ci2+C
7 2{r " t(RP+RT

2
) [Re(6p — 6) + Rr(6r — é’)]2} (1.26)

From EqQ. 1.23 one can obtain the equation of motions

- . 0
y'r'—yr92+crr+a(v00u|+vN) =0 (1.27)
ur?d+lp+ly = 0 (1.28)
d . 2 ,
d—t(fiei)+ct(RP+RT) R@-6) = 0,i=PT (1.29)

wherelp andl; are the intrinsic spins of projectile and target, respetfivand( =
ur?d is the orbital angular momentum. From E29 following limits of angular

momentum dissipation can be obtained. When two nuclei dliegmn each other,

19



without any rolling friction,Rs(6p — 6) = R (6 — 61). In such condition, final angular

momentum (rolling limit) becomes,
5
froll = ?f (130)

In addition, if rolling friction is also there, then angulamomentum dissipation con-
tinues till sticking condition occurs i.efp = 6r = 6, is reached, which is similar
to the rigid rotation of the dinuclear system. The final aaguhomentum under this

condition (sticking condition) becomes,

54

stick = mf (1.31)

where.# = ur? is the moment of inertia for the orbital motion of two nucleithv

reduced masg.

1.3 Dinuclear orbiting

Two colliding nuclei with suitable energy and angular moto@emmay be trapped
in the interaction potential that exhibits a pocket as a fionoof the distance between
their centers and a dinucleus is formed. This dinucleus nvajve with complete
amalgamation into a fully equilibrated CN which may decayfisgion as discussed
above. Another possible evolution of this dinucleus is thatay escape into a binary
exit channel by way of orbiting trajectory. Binary decay etend process is called
dinuclear orbiting or simply orbiting. The conceptuaffdrence between FF and or-
biting for the light systems is shown schematically in Fig [12]. The fragments
coming from fission decay of CN depends on the phase spadalaleaat the ‘tran-
sition’ configuration. For light systems, fission decay k&a significant population
of large number of energetically allowed mass channels.h@rother hand, in orbit-
ing, the system trapped in a more deformed configuration ther€N and inhibited
to spread into CN states. Before it is fully equilibratedhwieéspect to all degrees of

freedom, it decays back to the binary channels. Orbitingsis eonsidered as a kind
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of deep inelastic process, but in the light systems, duegiol raass exchange, the exit
channel has significantly fierent mass asymmetry than the entrance channel. Still, it
is expected that the orbiting mechanism will retain a greatemory of the entrance
channel than the FF. So, orbiting acts as a ‘door way’ stateg¢dusion with strong
memory of entrance channelg, 29]. In deep inelastic collisions between relatively
heavy ions, partial orbiting of interacting nuclei is weiaimented30]. D. Shapira

et al, first time observed a strong enhancement in the cross sdotidhe inelastic
scattering in lighta-cluster systent?C + 2°Ne [31, 32] and resonance-like structure
in the excitation function of the total yield of carbon. Theged the phenomenon
of orbiting to explain their experimental data for this ligdystem also. They further
claimed this mechanism as the origin of backward angle esdmant of elastic scat-
tering [33, 34, 35| in a-cluster nuclei, which was earlier explained by number ofsya
such as Regge poles, resonances, parity dependent pistetitteaction and particle
exchange31]. The peak of energy spectra of the inelastic channetd®f °Ne was
found to be the same &4C and?°Ne fragments are emitted from a equilibrated CN.
The averag&-value,(Q), have a constant value over the all measured angles for a
particular beam energy and it varies linearly with the beaergy; further, the angular
distribution is also proportional to/$ind. ., [31] which suggest that long-lived inter-
mediate complex is formed. As the enhanced yield in the baowngles cannot be
explained by statistical model, it was suggested that atilogldinuclear configuration

is formed which preferentially decays back to the entrar@nnoel [L2]. Similar en-
hancement in the binary yield was observed-oluster systeni®Si + 2C [36]. Here,

in addition to carbon yield, enhancement was also observadm«-conjugate chan-
nels B, N and O yields also. Enhancement in the yields wee @tserved at large
angle in heavier system&Si + 28Si [37, 38] and **Mg + ?*Mg [39]. In this two a-
cluster systems, strong resonance-like structures weseredd in the angle-integrated

excitation functions of elastic and inelastic channels.
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1.3.1 Equilibrium orbiting model

As we discussed above, binary reaction yields for a numbsysiems, liké?C +
20Ne [31, 37, 24Mg + 2*Mg [39], 8Si + 12C [36], 28Si + 28Sj [37, 3§], 28Si + 4N
[29, 40), Mg + *2C [41] have been explained in terms of the formation and de-
cay of long-lived orbiting dinuclear complex. B. Shivakuned al[29] proposed a
model to explain the experimental data coming from dinuctehiting and fusion in
terms of evolution of dinuclear molecular complex (DMC) it the framework of
extended dtusion model. Such a DMC often acts as a doorway state in timesfor
tion of completely equilibrated CN2P]. It is formed after damping of energy and
angular momentum and evolves rapidly through the exchahgeabeons to dierent
configuration and subsequently decays partially by fragatem (orbiting) and par-

tially by CN formation B]. The model is an approximation of full transport theoryttha

22



assume®,(N, Z2), the probability of fragmentation of DMC into a channBl Z) and
angular momenturf, can be expressed as product of transition probability dvade
space factorsZ9. The phase space factors are the level densities of DMCluilileq
rium and scission. The transition probability is taken asstant as it varies relatively
very slowly with energy with respect to the phase space fact®he probability of
fragmentation of DMC is given by,
pe(N,Z; Rg)
2wz PN Z5 Rv) + pe(N', 2 Re) | 7 710

wherep((N, Z; Rg) andp,(N’, Z’; Ry) are the level densities of DMC at excitation en-

P«(N,Z) = (1.32)

ergies evaluated at the top of the potential bafRier Rz and the minimum potential at
R = Rw, respectively. The potential energy surface of DMC whichged to calculate

the density of states using Fermi level density is given\w¢Rko)

2
thot(N, 21 R)

Here ¢ is the total moment of inertia of in the sticking limid, total angular mo-

Us(N,Z;R) = Va(N, Z; R) + Ve(N, Z; R) + JJI+1)+Q(N,2) (1.33)

mentum,Q(N, Z) is the ground stat&-value of the entrance channel with respect to
the fragmentationN, Z). Vn(N, Z; R) andV¢(N, Z; R) are the nuclear and Coulomb po-
tentials. The total fragmentation probability into a exiaanel {, Z) (orbiting cross
section) can be written as

[max
P(N,Z) = 722 Z(zf + 1)P,(N, 2) (1.34)
=0

wherelmaxis the maximum angular momentum for which system can be é@ppthe

pocket of interaction potential. The average kinetic ep@igthe fragmenti, Z) can

be given as
4
max hz f(f + 1) Pg(N Z)
. : A G N ’
KE(N,Z2) = nl ;(zml) Uo(N, Z; Re) + = TNz RB)f Q(N,2) P(N.2)
(1.35)

wheref = Zq(N,Z; Rg)/ %0t(N, Z; Rg) and .7 and . % are the relative and total
moment of inertia aR = Rg (saddle point)Uy(N, Z; Rg) is the nuclear and Coulomb

contribution to the potential energy fér= 0 [29]. The equilibrium orbiting model has
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been found to successfully reproduce the total averageikiaeeergy as well as cross
section of fully damped fragments for several light systéi#. The only adjustable
parameters in the calculations are those to determine ttieampotential and the level
density R9].

1.3.2 Number of open channel

The orbiting and resonance contributions of the reactiefdgi occur because of
the weak absorption of the partial waves near grazing angutenentum. This ‘sur-
face transparency’ may be related to the number of openioeactannels (NOC) in
lighter systems42]. In light heavy-ion systems a strong correlation has bdmeo/ed
between the existence of very low NOC and the occurrencesohant behavior and
back angle enhancement in the elastic, inelastic, or aftadsannels43]. For exam-
ple, significant evidence of orbiting process has been gbddn the system*Mg +
160 for which NOC is small. On the other hand, binary fragmeatds for the systems
35Cl + 12C [44] and?®Na + %*Mg [45] which, have large NOC, have been found to be

consistent with the predictions of fusion-fission like pres.

The NOC for a given system is obtained by the triple summatiaar all possible
two-body mass patrtition in the exit channels, over all gdssangular momentum cou-

plings and on all possible energy sharing between the tlgenfeats which is written

as |3
N'(Eecm)= >, D, >, TdE) (1.36)

A1+A2=AcnN J=l1+12+C Eex= E1+E2+Q12+Er
A1<Ay

whereE. , is the incident c.m. energy aiiitl, is the excitation energy of the compound
system.l,, I, and¢ are the intrinsic spins of the fragments and the angular nmiumne

of their relative motionE;, E, andE; are the intrinsic energies of the fragments and
the energy available for their relative motiaQ;. is the reaction ground sta@value

of the decay into two fragment3,(E,) is the transmission cdigcient of the outgoing

channel as a function dfandE,. The transmission cdigcients have been calculated
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using semiclassical model of the inverted parabolic patietr approximation,

1

Te(Er) = I+ oxpl EEE]) (1.37)
where "
1 (d?V,(R)
=h|- 1.
hoe=h [,U { dRe }RzRB] (1:39)

is related to the curvature of the potential barrier. In #ipression is the reduced
mass and/,(R) is the the total real potential including the Coulomb ptisgnnuclear
potential and centrifugal termRg is the distance between the centers of the dinu-
clear molecule at the top of the barrier whed®/[(R)/dRlr-r, = 0 [43]. The sum
over energy sharing between the fragments employs disenetgy levels at low en-
ergy and at higher energies, level density expression id [#8. The expression
NY(E. ) is similar to the expression of the HF formalism of CN, butehdirect re-
action channels are included along with fusion evaporati@annels and phase space
calculation is extended to the incident angular momentuyothe the critical angular

momentum of fusio,,. To compare the NOC for the ftierent systems, it is useful

to normalize NOC by the total incident flux. The normalized Gl@& expressed as
N/F = NY(Ecm)/F(Ecm), number of open channels per mb, wh&E. ,,) is the

incident flux for the total angular momentuhwhich given by the expression

FJ(E““):Mz(lpfi)&1 7, 2, TEen) (-39

J=C+lp+lT
wherelp andlt are the intrinsic spins of the incident particles. In thesoafsspin zero
particlesN/F is calculated fod = ¢4, grazing angular momentum, and parit ‘e,

whereas for the particles with non-zero splns taken as largest possihlezalues and

parity is given by the product of intrinsic parities andLj‘.

A few examples of NOC calculations as a function of grazingudar momentum
are given in Fig.1.10 (a)[46] and (b)§3]. In all systems,N/F initially decreases
with increase oty and then increases again. The initial drop is due to the asong

difficulty the compound system has in accommodating the largegtiar momenta
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Figure 1.10: Variation of NOC with(y, for different systems.

by the evaporation of the light particle alone. Subsequiset Is due to increase in
number of direct channel, such as single and mutual inelagtitation, nucleon and
a-transfer and, finally, deep-inelastic orbiting and fusfi@sion processes, becomes

effectively open 43].

A strong correlation is there between small valuéNgF and the quasimolecular
resonance in light and medium heavy-ion reactictg}.[For example, prominent res-
onance is observed irlike system'?C + *2C and at the same time it has a minimum
value of N/F which is~ 0.1 only as shown in Figl.1(@); for this system orbiting
yield is expected46]. On the other hand, for noa-like O + B systems, minimum
value of N/F more than 160 In this case, large value of NOC is associated with the
occurrence of fusion-fission processég|[ For more heaview-cluster system®Si +
28Si, prominent narrow structure was seen in the excitatimetfon [37, 38, 47] and
NOC has a minimum value of10 [43]. It may be noted here that, for heavier system

minima of NOC has shifted to the higher spin. Bé€ + °C system it happens at
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Ly ~ 197 whereas for®Si + 28Si system, the same is &}, ~ 47h. For more heavier
system,*?S + 32S, minima has a tendency to disappear where CN cannot sastain
gular momenta larger than #@ccording to the modified liquid drop modélg and
the system does not show any resonance like feati®le The nona-like systems are
known to be much less surface transparent. For an examplasy8iems8Si + Sj
and®’Si + 3°Si do not show structures in the excitation function and N®@@ind to
be significantly larger thaffSi + 28Si [43]. Although the resonance behavior appears
to be a common feature in light- and medium-light heavy-igstams, its observation
is restricted to the reactions involvingcluster nuclei and other closed shell nuclei
with a small NOC value. ThougHC is not ana-like nucleus, thé“C induced re-
actions with other-like nuclei, for example!*C + %0 have small NOC. The weak
absorption due to small NOC value permitted the quasimtdecesonance structures
to show up in the experimental inelastic and quasielasaaghls of thé?C + 12C, **C

+ 14C and'“C + %0 [42].

1.4 Motivation

Nowadays it is well known that the origin IMF is broadly fusifission and non-
fusion (deep inelastic, quasi elastic, breakup, etc.) ggees. To search the origin of
IMF, intense studies have been done both theoreticallyq0, 51, 52, 53, 54, 55, 56]
and experimentallyl2, 26, 29, 31, 32, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68,
69,70,71,72,73,74,75,76,77, 78,79, 80, 81, 82, 83, 84, 89| for the last few decades
in heavy-ion as well as light-ion systems. But the origintid sot well understood,
particularly in light-ion systems (typically, fvjeciie + Atarget < 60) at moderate bom-
barding energyH.,, < 10 MeV/A). This might be due to the strong overlap between
elemental yields of diierent processes. Situation becomes more complicated in the
reactions involvingy-cluster systems, where nuclear structure is also knowratp p
an important role in the equilibrium emission of complexgirgents. In these cases, in

addition to the standard fusion-fission route of fragmenissian, the projectile and
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the target have a finite probability to form a long-lived ditear composite, which
directly undergoes scission (without the formation of thiéyfequilibrated compound
nucleus) to emit complex fragments. This process, termadesgar orbiting 29, has
been shown to contribute significantly to the fragment yielthany reactions involv-
ing light a-cluster nuclei (e.g2°Ne + 12C [70, 73, 31, 37], Mg + 12C [85], ?8Si + 2C

[83, 84] etc.) as discussed above.

The aim of the present thesis was to study the reaction messhaf IMF emission
in light a- and nona-cluster systemsA:y < 40) in general, and to investigate into
the role played by orbiting in light-cluster systems at moderate bombarding energy
(Elap < 10 MeV/A), in particular. Two experiments have been performed utide
present Ph.D programme. In the first experiment, the reactiechanism of IMF
emission and its evolution with bombarding energy have kstadied ina-cluster
system!®0+1?C. Quadrupole deformation parameter of the composite SyEfSi)
has been estimated from the comparison of slopes of thedigrged particle spectra
with the same obtained from statistical model predictidnsthe second experiment,
the emission processes of IMF have been studieg-dtuster systent?C + 28Si and
the neighbouring nor-cluster system&'B + 22Si and*?C + 2’Al, all having same
excitation energy~ 67 MeV, in order to look into the roles played by various IMF
emission process in these reactions. In addition, a la@etiom chamber has been

developed for reaction mechanism studies, which is alsiogb#inis thesis.

Recently, a detailed study of the competition between tleiad dissipative pro-
cesses in binary channels in the systéf@+°C, *¥0+'2C have been made by S.
Szilneret al. [72] in the energy range 5 - 7.7 M¢gNucleon. For both the systems,
resonant structure has been observed at lower energiegfaactive €fects at higher
energies, which may be considered as the signature of theéngriprocess. In the
present work, we report a study of fragment emission fté@h+ 12C reaction in the
bombarding energy range 7 - 10 MeV/nucleon with the aim to explore the role of
different mechanisms (fusion-fission, deep inelastic orhigtg) in the yields of var-

ious exit channels. Significant mass and charge transfer ataing the course of
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evolution of the rotating dinuclear complex, which leadsfacal deep-inelastic reac-
tion yields. Therefore, the study of the rearrangementicblsrdters a special interest
in probing the dynamics of long-lived dinuclear complexXes: a better understanding
of the orbiting process, it is important to study how the tingi process evolves with
energy. With this motivation, a detailed study of fragmemergy spectra have been
made for the reactiotfO + °C at diferent bombarding energies VizgE= 117, 125,
145 and 160 MeV, respectively. As orbiting process alwag®eated with large de-
formation, detail study of the energy and angular distring of a-particles, emitted
in the reactions®0 (117, 125, 145 and 160 Me\) '°C, have also been studied to

measure the deformation.

In recent years, a few studies have been made on-tlaster system’Ca’ and
the neighboring nom-cluster systems to look into the relationship betweenldgui
rium emission of fragment (ands-a-visorbiting) anda-clustering. From the study of
fragment emission (8 Z < 8) in the inverse kinematical reactiéfsi +12C at energies
29.5 MeV< E., <50 MeV [84], it has been conjectured that orbiting played a crucial
role in fully energy-damped fragment emission. Even for rtba a-cluster system
with Acn = 42 (8Si + 1*N), where the NOC was large compared to that®&i + 1°C
[43], the yields of fully energy damped fragments£6Z < 8) were found to have
contributions, though smaller in magnitude, from the anlgitprocess§6, 40, 87]. It
will, therefore, be worthwhile to study the emission of lighfragments € < 6) in
particular, for systems arourfty =~ 40, to extract the contributions offtkrent emis-
sion mechanisms, which will be partly complementary to tadier measurements.
Here, we have studied the light fragment{Z < 5) emission fromz-cluster system
(*°Ca’) produced int?C (77 MeV) + 28Si reaction, as well as those from the neigh-
boring composite systediK* produced at the same excitation energ\6f MeV) via
two different reaction channef8B (64 MeV) + 28Si and*’C (73 MeV)+ ?’Al; the last
two reactions have been chosen to crosscheck the equitilit@cay nature (absence

of entrance channel dependence) of the energy damped bagment yield in the
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decay of*®K*. The time scales and the angular momentum dissipationréaftio DI

fragment emission in these reactions have also been studied

A K500 Superconducting Cyclotron (SCC) has been built at CZE@hich will
enable front line nuclear physics research in the Fermiggnéomain. Several large
experimental facilities are being built as a part of the S@ization program. These
facilities may also be used to continue IMF emission studii@Fermi energy domain.
One of the important part of the facility is to develop a laftyen diameter, 2.2m long)
scattering chamber. The design, development, instatlatesting of this the large
multipurpose high vacuum-(10-" mbar) reaction chamber is also part of the present

thesis.
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Chapter 2

Experimental setup and data analysis

technique

The main goal of the thesis is to study the emission mechaofsmermediate
mass fragments (IMFs) in low energy (LOMeV/A) heavy-ion reactions involving
light nuclei Aproj + Awarg < 50) in general and light-cluster nuclei in particular. Two
sets of experiments have been performed for this purpose.fiidt experiment has
been performed at Variable Energy Cyclotron Centre (VE@®@)kata, to study the
mechanism of IMF emission ia-cluster systent®O + '2C at diferent energies. As
this system known to show orbiting behaviour at low examasi, the experiment was
also aimed to look for the signature of survival of orbitirigleese energies. For that
purpose, in addition to IMF measurement, light chargedigar{LCP) emission has
also been studied to get information about the deformatidheoexcited composite.
The second experiment has been done using heavy ion beanBA&€-TIFR pel-
letron facility at Mumbai. In this experiment, the emissimechanism of IMF has
been studied for the-clustered systen?C + 28Si and compared the same with two
nearby system&C + 2’Al and 1'B + 28Sj all at same excitation energy, to look for any
indication of the existence of orbiting fiC + 22Si system. The discussion about the

experimental setups and data analysis method has giveimheegeneral way.
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2.1 Accelerators

2.1.1 Variable energy cyclotron

It is an azimuthally varying field (AVF) cyclotron with poleaimeter of 224 cm.
As per design specification, the accelerated beam ener@0i®3/A) MeV whereQ
andA are the charge state and the atomic mass of the accelerated tespectively.

Details of the machine have been given in Tablé Fig. 2.1 shows the view of

Figure 2.1: K130 variable energy cyclotron.

the cyclotron with the switching magnet and the beam linestalls of the beam line
layout have been shown in Fig.2 The @ beam line (Ch# 1) is used for high current
(irradiation) experiments. The general purpose scatieriramber, where the present
experiment has been performed, is placed in the second leai(Ch# 2) for charged
particle experiments. Experiments wifhdetectors are performed in the third beam
line (Ch# 3). The fourth beam line (Ch# 4) has been dedicaté¢de radioactive ion
beam (RIB) facility as shown in Fi@.2
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Table 2.1: Technical specifications of K130 cyclotron.

Cyclotron
Cyclotron type

T AVF

Magnet

Shape : H-shaped electromagnet
Pole diameter 1224 cm

Average pole gap :24.5cm

Average magnetic field 1 17.1 kG

Main coil power 1 490 kW

Trim coil power : 433 kW

Valley coil power 1 27 kW

R. F. System

Frequency range :5.5-16.5 MHz
Dee \Voltage : 70 kV (max)
Energy gain : 140 keWturn (max)

Oscillator power output

: 300 kW (max)

lon Source

Type : Hot cathode PIG, ECR
Filament current : 500 A (max)

Arc current :0-2A

Arc voltage :10-600V

Deflector

Type . Electrostatic 120 kV (max)
Vacuum

Operating pressure

- 19 Torr

Beam
Energy

Internal beam current
External beam current
Extraction radius

Resolution

Beam pulse width for particles

: Proton 6 - 30 MeV

: Deuteron 12 - 65 MeV
: Alpha 25 - 130 MeV

: Heavy ion 7-11 MeYA

s 100A

D 20A

99 cm
: 0.5% (FWHM)
4 ns
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VARIABLE ENERGY CYCLOTRON- KOLKATA

[ [
T T T T T B R B
CH#a ANALYZING MAGNET e
: M
S | CAVE-1
P T T T T T T T
- T T T T 1
\ o ...H.@.O CH#2
RADIOACTIVE v SCATTERING
ION BEAM FACILITY o CHAMBER
(™o cres
1 e — H —

CAVE-2
T T

Figure 2.2: Beam line layout of K30 variable energy cyclotron.
2.1.2 BARC-TIFR Pelletron

It is a 14 Million Volt (MV) tandem electrostatic acceleratwhich can accelerate
p, @ and various heavy ion8§]. A schematic diagram of the accelerator with beam
line layout is shown in Fig2.3. At the top, there is an ion source (Source of Negative
lons by Cesium Sputtering - SNICS) which produces negatve(L"). This low
energy ion is bent vertically downwards by a’96jector magnet. At the same time,
by choosing proper magnetic field, a particular isotope tsmlze selected. Due to the
high voltage terminal at the middle, the negative ion is Ere¢ed and it gains energy
of amountVy, whereVr is the terminal voltage (in Million Volts). At this terminal
negative ion is stripped by a carbon stripper foil and be@ayositive ion with charge
g, which is then repelled by the high voltage terminal towdh#sground voltage. This
results in the energy of ioE = (q + 1)y MeV. Then, an analyzing magnet Q0
bends the beam horizontally and at the same time it selecgiayar charge state of
accelerated ion with energy

B= 72076—‘qAE (2.1)

where the magnetic field, B, is in Gauss & MeV. This beam (energy resolution
A ~ 2KeV) is then switched between one of the five experimentahbénes using

a switching magnet. The general purpose scattering chaf8kgr where the second
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experiment has been done, is placed in tAdb®am line as shown in Fi.3. A
separate beam line is there for super conducting LINAC lewafttails of which are

not discussed here.

2.2 Experimental setups

As mentioned earlier, two experiments have been performée two accelera-
tors; the IMF and LCP emission from the reactidf® (~7-10 MeVJA) + 12C have
been studied using the cylcotron at VECC, and the IMF enmsBimm the reactions
12C (77 MeV) + 28Si, 12C (73 MeV) + ?’Al, 11B(64 MeV) + 28Si have been stud-
ied using Pelletron accelerator at Mumbai. Similar typesexgferimental setups have
been used in both the experiments; the experiments inveWthdhe measurement of
charged particles. The schematic diagram of the setup wrshoFig. 2.4(a). The
charged particle detectors have been housed in a suitaditerscg chamber. All the
experimental signals have been collected and processesity standard electronics

and CAMAC based data acquisition system.

2.2.1 Scattering chambers

Both the scattering chambers (at VECC and BARC-TIFR peligtused in the
present experiments are similar. The scattering chamBEEGC as well as Pelletron
lab are cylindrical in shape with diametetm. Both of them have two rotating arms on
each side of the beam direction which can be rotated fromd®is® that the detectors
can be placed at any angle in betwee8?-17(¢°. Each arm, which is in the form of
a plate, is provided with many fixed holes affdrent angular and radial positions to
keep the detector at a particular position. In both the ¢abedarget ladder is at the
centre of the chamber, which can hold several targets, anahaving the ladder from
outside, any of the targets may be brought to the beam piosifive operative vacuum

in the cyclotron chamber is 1-2x10° mbar and the same for pelletron chamber,
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is ~ 4-5x10°° mbar. In both cases, the vacuum is achieved with the helprgé la
diffusion pump and rotary pump combination. The detector ssgaral taken out using
BNC vacuum feed-throughs provided at the wall of the chamBehematic view of

experimental setup along with scattering chambers arersiho®ig. 2.4.

2.2.2 Charged particle telescopes: particle identificatio

Different combinations of silicon detectors (surface barmndéittmum drifted), ion-
ization chamber and the CsI(Tl) detector have been useciprésent experiment in
AE-E telescopic mode to detect and identify the emitted fraggiantd measure their
energy distributions. The working principle of this typetefescope is based on Bethe
formula [89] which describes the specific energy loss of an incidentgdthparticle

on a particular material and is written as

dE 4ne*Z
v Tov2 NB (2.2)
where
2myV RV
B=2Z|In W - |n(1 - ? - ? (23)

E( = %Mvz), v, ze, Mare the energy, velocity, charge and mass of the incident par
ticle andN, Z are the number density and atomic number of the absorbes (letec-

tor material) andn, e are the mass, charge of electron, respectively. The pagamet
W represents the average excitation and ionization potesftthe absorber and nor-
mally treated as an experimentally determined parametezdoh element. For non-
relativistic particle ¢ << c), the second and third terms Bfare negligibly small and
whole B varies very slowly with the energy of the incident particio, the Eq2.2

reduces to
dE N MZ

T dx  E

where Kz constant. In the case of a two detector telescope which stsnsi one thin

(2.4)

detector followed by a thick detector such that the energg laf the particle in this

thin detector AE) is small compared to the total enerdy)( Under such condition,
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Figure 2.4: (a) Schematic diagram of experimental setup used in botarerpnts done at

VECC and pelletron.(b) General purpose scattering chambir# 2, VECC. (c) Partial view

of experimental setup at scattering chamber, Pelletron.
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500

Figure 2.5: AE-E heavy ion spectrum obtained in 117 M&® + 12C reaction atfjy, = 12°.

Eg.2.4becomes
AE.E = f(A 2 (2.5)

which is the equation of a rectangular hyperbola. So, eagnient will give a sepa-
rate hyperbola in the samieE-E plot. A typical AE-E 2D spectrum of the fragments
emitted in the reactiot’O + 12C obtained by a\E-E telescope is shown in Fi@.5.
The technical specifications of the detectors have beerearexscording to the exper-
imental plan. For example, for the detection of heavy iohgkness ofAE detector
will be thin enough, so that, ions should not be fully stoppe¢dE. On the other
hand, for the detection of light charged particle, thicleekstheAE detector should be
thick enough to generate appreciable signal and at the sama¢hteE detector should
be suficiently thick to fully stop them. Details of the telescope®d in the present

experiments are given in Tab2.2
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Table 2.2: Technical details of the telescopes.

Properties of the Experimentat VECC

Experiment at Pelletron

telescopes

Number of telescope :Four

used

Thickness :Telescope |uén [Si(SB)]-4cm [CsI(TI)]
:Telescope II: gm [Si(SB)]-50Qum [Si(Li)]
:Telescope 1lI: 14m [Si(SB)]- 35Qm
[Si(SB)]
:Telescope IV: 1Am (Si)-50Q:m [Si(Li)]

Energy resolution ~ 1% for 5.5 MeVa- particle[Si-detector].

Solid angle coverage ~ 0.3msr
Approximate energy : 2.8, 4.5, 6.5, 9.0 MeV fon-particle, "Li,
threshold (for difer- °Be, and''B, respectively.

ent fragments.)

‘Three

:Telescope | : 1 [Si(SB)]-50Qum [Si(SB)]

:Telescope II: 1@m [Si(SB)]-50Q:m [Si(SB)]

:Telescope Ill: 4 cm [lonization Chamber, 80
Torr]- 35Qum [Si(SB)]

* % %

~ 1% for 5.5 MeVa- particle [Si-detector].
:~ 0.23msr
: 2.8,4.5, 6.5, 9.0 MeV fow-particle,’Li, °Be,

and!'B, respectively.




2.2.3 Electronics and data collection

Standard readout electronics have been used in both themeps for processing
and acquisition of the detector signals. Schematic diagvhthe electronic circuit
used in the experiment performed at VECC is shown in Ei§. In this experiment,
four telescopes have been used. The detector signals fiaelescopes have been
fed to ORTEC preamplifiers (Model 142IH). The energy outmftall preamplifiers
have been fed to the input of ORTEC 572A spectroscopic amapliBBy inspecting
the measured 2D energy spectra of the fragments during fherienent, the gains of
the amplifiers have been adjusted in such a way that all baaath (hyperbola) of the
detected fragments are clearly separated. Outputs of tpéfers have been directly
fed to the energy inputs of the analog to digital converteD(A ORTEC AD811.
The time outputs of the preamplifiers (letectors only) have been fed to timing filter
amplifier (ORTEC Quad TFA 863) and its output has been fed tstamt fraction
discriminator (ORTEC Octal CFD CF8000). The logic output<C&Ds have been
fed to gate and delay generator (ORTEC Octal GG8020) andtliee®R (PHILIPS
SCIENTIFIC Quad four fold logic unit PS 756) of all timing quuits (GG output) have
been used as the STROBE of ADC. Lastly, the digitized datan fADC have been
collected by PC based CAMAC data acquisition system as showig. 2.6. For the
experiment done at pelletron, similar electronics and dedaisition system have been

used.

2.2.4 Measurements

As mentioned earlier, two experiments have been perforraed;using the cy-
clotron accelerator at Kolkata and other using the Peltetrocelerator at Mumbai.
The details of the beams, targets and measurements aramiVaiple 2.3for both the

experiments.
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AE1 > PA > AMP >
| AMP >
El > PA
LI TFA — CFD |—| GG
AE2 5 PA |—> AMP >
| AMP >
E2 > PA
b TFA — CFD }— GG
AE3 | PA || AMP > A
D
| AMP > €
E3 > PA
"I TFA — CFD |—| GG
AE4 5 PA |—> AMP >
| AMP >
E4 > PA
b TFA — CFD }— GG
1/\ \ 4
OR
L
DATA ACQUISITION SYSTEM f¢

Figure 2.6: Schematic diagram of electronics circuit used in the experit at VECC. PA:
Preamplifier, AMP: Amplifier, TFA: Timing filter amplifier, @¢ Constant fraction discrimi-

nator, GG: Gate and delay generator, OR: Fan-in-Fan-out.
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Table 2.3: Experimental details.

ev

Details Experiment at VECC Experiment at Pelletron
Beam :Oxygen :Carbon and boron
Beam energy 117,125, 145 and 160 MeV .73, 77 MeV carbon aMde84boron
Typical beam current ~10-20nA ~10-35nA
Typical beam energy resolution ~0.5 % ~2keV
Target :Self-supporting carbon of thicknessSelf-supporting aluminum of thickness
~514ug/cn? ~50Qug/cn?
:Silicon of thickness-100Qug/cny
Measurements :Energy and angular distributions, &fi, :Energy and angular distributions of Li,
Be, B Be, B
Angular coverage (lab) with respect~ 9°-29 i~ 120-55°

to beam direction

Energy calibration of the telescopes :Peaks of elasticaligttered oxygen:Peaks of all the elastically scattered
from Au target at all beam energies anbbeams of dierent energies from Al and
a from 22°Th Au targets.

Gain matching oAE and E detec- :Using pulsar :Using pulsar

tors.

Target thickness measurement  22°Th a-source :Using**Pu?*'Am a-source




2.3 Data analysis technique

Several steps are involved to convert the raw data obtaminiexperiment to the
final form, which may be utilized to extract physics resularious steps of the data

analysis procedure have been elaborated below.

2.3.1 Target thickness measurement

To measure the target thickness, @source having more than one known well
separated energy peaks has been used in a separate exparigeemup with only
one detector with similar electronics circuit and DAQ ascdusethe main experiment.
First, the energy spectrum efsource has been measured after placing the target foil in
between the detector and the source; in the next step, the s@asurement has been
repeated without the target. Due to the loss of energy irdttget, when the target is in,
whole energy spectrum will be shifted towards lower chamushber (lower energy)
of ADC with respect to the spectrum without the target. Nowndrthe known energy
peaks of ther-particles, channel number can be calibrated and energyridke target
can be calculated. The stopping poweE(dx) of a-particle in the target material at
the respective peak energies can be obtained from SBOMchlculation. By dividing
the total energy loss in the target by stopping power, theahdarget thickness can
be obtained. In the present experimeitTh a-source with peak energies at 5.423,
5.680, 6.290, 6.780, 8.78 MeV have been used to measure itkme¢ls of targets
used in the experiment done at VECC. For the experiment &tRed, 24'Am->*Pu
source peaks at 5.485 MeV and 5.152 MeV, has been used fordhgumrement of the

target thickness. Measured thickness of the targets aea givTable?.3.
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2.3.2 Gain matching factor

Total energy of any fragment is obtained by adding the emerdeposited in the
AE andE detectors, provided the overall gains of both the detee@®rought in the
same scale. For this purpose, the ratio of the gaifsaridAE detectors is multiplied

to the channel number &E. This ratio is called the gain matching factgngf). To
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=
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= /E = 6.518E - 4.606
3 E = 0.1534E + 0.7066
© 200 - gmf= 0.1534
L
<
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E (Channel Number)

Figure 2.7: Typical gain matching spectra of telescope IV, used in tipement performed

at VECC.

find out the factor, the same signal from a pulsar has beemfethoth the test inputs of
the preamplifiers oAE andE detectors (of a particular telescope) and the pulse height
has been increased gradually; the corresponding 2D spedsrshown in Fig.2.7,
which may be fitted with the a straight linkE = myE + ¢4, wheremy, is the slope and

Cq is constant. Then, according to the definition ab@me,f ~ 1/my, whency/my is
small. In the typical case of telescope 1V, used in the expent done at VECC (Fig.
2.7, E = 0.1534AE + 0.7066. Using these values, energy depositel. (No) in

AE detector is converted into equivalent ener@y( No) of E detector, and the total
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energy Ch. No) may be calculated &5 = E + gmfAE, which is finally converted

into actual energy by using calibration equation for theegponding telescope.

2.3.3 Energy loss correction of the projectile and fragmers

Due to finite thickness, the target haffeient layers of atoms along the path of the
projectile and the ejectiles. So, nuclear reaction may loatany layer of the target

as shown the Fig2.8. Depending upon the position of the interaction point @hse

Figure 2.8: Energy loss of projectile and ejectile in the target.

x from the entry point), projectile loses a part of its enenmgyhie target and the actual
beam energy at the point of interaction becoagsm— (‘é—E)Ebeamx X. The same is true
for the ejectiles also. Before detection, the ejectile bdsavel a distance of £ x)se®
whereg is the detection angle and t is target thickness. So, if theahejectile energy,

is Ecorr, the energy measured by the detectoEs, — (((jj_li)Ecorr X (t — X)se®. Now it
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is not possible to measure the actual position of interagimnt for each event. So, it
is generally assumed that the interaction occur uniforimtgughout the target layers
and the averagefect of the finite thickness may be taken care of by considehag

the interaction occurs at the middle of the targgs,~ t/2. Then, the detected energy

1.4 C —
- 117 MeV*'®0 +*C
L, [ Boronat15

=
o
e

o
©
e

d*aldEAQ (mb/MeV sr)

o
D
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02
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20 40 60 80

E (MeV)

Figure 2.9: The ¢gfect of energy loss correction on fragments in the target.cBlme is the

detected spectrum and pink line is the corresponding specafter energy loss correction.

of the fragment i€, is related tdEq,, by,

dE
X ECOFI’
Similarly, the actual projectile energy before reactiotl e
dE
Ereaction = Ebeam_ (d_) X t1/2 (2-7)
X Ebeam

In the case of projectile energy correction, beam energyasty known. So, we can
easily calculateE,qaciion by taking the value of stopping pow(a%lf()E at beam en-
beam

ergy, Epeam from SRIM [90]. However, in the case of fragment energy spectrum, for
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each value of energy, stopping power iffelient B9]. Moreover the stopping power
has to be known at the actual energy of the fragnigpt and not at the correspond-
ing detected energiqe. Therefore, the fragment energies were corrected using the
following procedure. Firstly, the stopping power has beeltdated at all possible
fragment energies using SRIM(] and E4e; has been calculated for each values of
Ecorr Using EQ.2.6. Then the values oE.,; and the correspondinBqe; have been

fitted with a generalized function as given below,
Ecorr = Cl + CZ Edet + C3/Edet + C4/ Eczjet (2-8)

where G, C,, C; and G are the constant parameters. The typical values of these
parameters for boron fragment (in experiment at VECC) &i2®16, 0.9986, 14.3628,
-58.1835, respectively. Thefect of the energy loss correction in a typical boron

spectrum is shown in Fi@.9.

2.3.4 Energy calibration of the telescopes

Generally, the energy calibration is done for the telesampa whole, in the fol-
lowing manner. The elastic peak for a particular reactiarbigined experimentally in
terms ADC channel number atffrent laboratory angles. Total energgh( No) of
the elastic peak is calculated using the relatlg, = gmfx AE + E. The correspond-
ing elastic peak energy in MeV is calculated from kinematitth energy corrected
for loss (using Eg2.7) in the target. With this, the energy of scattered partiole f
a particular angl® is calculated and is modified by using Efj6. This energy cor-
responds to the detected elastic peak energy in terms ohehanmber. A known
energya-source (e.9.28Th) is used for calibration points at lower energy. All these
channel numbers and corresponding energies are fitted métledlibration equation
given by

E=Chxm+c (2.9)
whereE is the energy in MeMnis the energy per channel (M@®h) andcis a constant

(MeV). Typical energy calibration has been shown in Rid.0for telescope IV. Blue
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Figure 2.10: Calibration of telescope IV used in the experiment at VECC.

triangles represent the experimental points with knownehergies obtained from
elastic pecks in 125 MeYPO on gold reaction and-particles peaks frorf®Th source.

For this telescopen = 0.31 MeV/Ch andc = 0.03MeV.

2.3.5 Calculation of cross section

The fragments are identified from the well separated bantteinE-E 2D spec-
trum as shown in Fig2.5. To extract the energy spectrum from the 2D plot, a two
dimensional gate is drawn around the band of the desiredhigagy The yield inside
this gate is projected alorig},; (= gmfxAE + E, Ch. No) and energy is then converted
to MeV using the calibration equation. To convert the yieldarms of standard unit of
cross section, it is normalized by number of incident plasid) on target, the number
density of target atom per unit areld)( the solid angle covered by the telescof®? (
and, the energy per channeh)(using the following expression of fiierential cross

section,
d’o _ C
dEdQ ~ NIQm
C — Experimental yield of the fragment in each channel of prgdspectrum.

x 107’'mb/MeV sr (2.10)
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N — Number of target atoms per émvhich is calculated using formulb = %t
whereN, is Avogadro number.623x 10?2 atomgmol, A is atomic mass numbetrjs

the thickness of the target in gam?.

| — Number of incident particles is measured from the total gh&ollected in Fara-

day cup in beam dump using a current integrator.

Q — Solid angle coverage of the telescopes are measured gématigiand checked
. . . do. . .
by comparing experimental yleléd—g)expﬂab, of elastic scattering spectra and Ruther-

ford scattering cross sectio(r%)Ruthlab.

To interpret the experimental data theoretically, it isuieed to transform the mea-
sured cross section from laboratory frame to c.m. frame sidone by the following

equation

(d_“) _ (d_“) 1 +yC0Fm| (2.11)
dQ c.m. dQ lab (1 + '}’2 + 'yCOS9C.m.) /

2 .
wherey = (%%) , Q is the Q-value of the reaction,;AA,, A; and A, are

projectile, target, detected fragment and recoil fragnmeass number, respectively.

Ec.m is the beam energy available for reaction in c.m. which isioletd by

Elab (2.12)
andd., scattering angle in c.m., is obtained by

Ocm = Oap + I (ySiMfiap) (2.13)
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Chapter 3

Result: Fragment and light particle

emission in10O + 12C reactions

In this chapter, the results of the fragment and light chdugarticle emission
measurement for the reactiotf© (117, 125, 145 and 160 Me\) *2C will be pre-
sented. The main aim of these measurement were to look faighaturgindications
of orbiting at higher excitation in the-cluster system®O + *2C, which is known to
be orbiting at low excitationq2]. Both fragment emission and light charged particle
(a-particle) emission have been used as probes to study thareanechanism. As
orbiting dinucleus is likely to be highly deformed (as shagaxation has not occur),
the estimation of deformation is crucial to decipher thesglayed by orbiting in this
system and the shape of energy spectra of LCP (particudadsgrticle) being quite
sensitive to the deformation, becomes an important toois Glapter will be divided
into two broad section, first the result of the fragment erarsstudy will be presented

in Sec.3.1and result of LCP study will be discussed in Sé2.
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3.1 Fragment emission study

3.1.1 Energy spectra

Typical energy spectra of the fragments Li, Be, B measureagied,,, = 15° for
Eap=117, 125, 145 and 160 MeV are shown in F3gl. The shapes of the spectra are
nearly Gaussian almost in all cases. The Gaussian-likeesbiagiine fragment energy
spectra may be understood as follows; the equilibrated ocomg nucleus undergoes
deformation leading to fission-like decay into two fragnsenthen, the fragment ki-
netic energy distribution is likely to be Gaussian-likewihe average energy corre-
sponding to the kinetic energy at the scission point and tldéweriginating from the
fluctuation of the scission point. It has been observed thaase of boron, the lower
energy part of the spectrum is found to deviate from the Gansehavior and the de-
viation increases with increasing bombarding energy. l@mabservation, to a lesser
extent, can also be made regarding beryllium spectrum. FEnenstudy of the energy
spectrum, it has also been found that the peak position &f g@ectrum is nearly same
as that obtained from Viola systemat@d] corrected by an asymmetry factor given by

% (3.1)
[44] whereZ; andZ; are the atomic number of the two emitted fragments. Viola sys
tematic, which basically gives the dependence of most thiegirie total kinetic energy
of symmetric fission fragments on the Coulomb paramgtgAl’3 of the fissioning nu-
cleus, is given by

(Exg) = 0.118%2/A® + 7.3 MeV (3.2)

Each of the energy spectrum has been fitted with a Gaussidmas sn Fig.3.1 by
solid line with the corresponding centroid shown by arrolusase of boron fragment,
though the spectra are deviated from the Gaussian shap#isulaaly at the lower
energy region, still they can be fitted with a Gaussian bynigikine centroids obtained
from \oila systematic and the widths obtained from the higiergy tail of of the

spectra (higher energy side of the centroid).
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Figure 3.1: Typical energy spectra of emitted fragments (B, Be and lt§aded at an angle

6iab = 15° at respective Bp. Arrows indicate the centroid of the Gaussian distribusion
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3.1.2 Angular distribution

The angular distributions of the fragments emitted from@unléorated composite
follow 1/sing., dependence in c.m. frame. Thigslng., dependence can be intu-

itively explained P2, 93] as follows: to conserve the orbital angular momentum of the

Boron Beryllium Lithium
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Figure 3.2: The c.m. angular distributions of the B, Be and Li fragmeriitaimed at
=117, 125, 145, and 160 MeV [from (a) to (d), respectively].lidoircles correspond to

experimental data and solid lines show fit to the data obthinsing the functiorf(6cm) o

1/5iM9: m.

incident particles, the composite system will rotate alauéxis perpendicular to the
beam direction. If the composite is considered as rotaiopgd drop, the particles
evaporated from the composite will get an additional vejoifithey are emitted at
the equator, and the angular distribution has therefore xarmamn in the equatorial
plane. In a situation, if all the composites have angular exaom perpendicular to
both reaction plane and beam direction, all the equatol@gs should coincide with

the reaction plane and angular distribution would be inddpat ofo.,. However, in
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the case of energetic nuclear collision, the direction @fudar momentum is random
and it always lies in the plane perpendicular to the beam #xise averages over the
different possible directions of the rotational axis, theréla@lmaxima in the forward
and backward directions of the beam, as these directioratained in all equatorial
plans. The distribution will furthermore be symmetricabab9(®. Angular distribu-
tions (in c.m. frame) for Li, Be, B are shown in Fig.2 for all beam energies. The
differential cross sectio@g—g)lab, has been obtained by integrating the energy spectra
under the fitted Gaussian only. The obtair@g)Iab has then been transformed into
c.m. frame(g—g)cm by using Eqg.2.11, assuming two-body kinematics averaged over
total kinetic energy distribution and the correspondiny dagled,,, has been trans-
formed by using Eq2.13 In both cases, the Q-value has been calculated using the
following formula,

Q=Tu(1+ )7, (1 ) oMM o, (ag)

My My M2

whereTy, T, T3, T4 (@andM;, M,, M3, My) are the kinetic energies (and mass num-
bers) of the projectile, target, detected fragment, andird@agment, respectively.
The angular distribution of the fragments B, Be, and Li afdi at all bombarding en-
ergies are found to follow/kind. ,, dependence in c.m. frame (shown by solid lines in
Fig. 3.2), which is characteristic of the fission like decay of an &hrated composite

system.

3.1.3 Angular distribution of average Q-value

The angular distribution of the avera@evalue,(Q), provides information about
the degree of equilibration of the composite. For exampighée reaction$®0(116
MeV) + 27Al, 28Sj [94, 21] and ©°Ne (145, 158, 200, 218 Me\4 28A1 [95], (Q) has
been shown to fall very sharply with., at forward angles, which indicated about
non-equilibrated nature of the decay of the produced coitgsoat all these energies.

However, in the present study of fragment emission, it hasnbebserved that the
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values of(Q) for all the fragments obtained atftirent bombarding energies, are in-
dependent of center of mass emission angles as shown i8.Bigrhe independence
of (Q) with respect to emission angle suggests that, the fragnaeatsmitted from a
completely energy equilibrated system at all beam ener@asilar results have also

been observed in the case of fragments emittetNie + 12C system 96].
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Figure 3.3: Average Q-values,Q), of the fragments B, Be and Li obtained aif= 117,
125, 145 and 160 MeV (denoted by triangle up, triangle dognage and circle, respectively)

plotted as a function of c.m. emission anglg, .

3.1.4 Excitation energy dependence gfQ) averaged over angle

The averagé)-values,(Q), have been averaged over the angle [denotedft)}/
again and plotted in Fig.4 for all the beam energies. It has been found that(@e
values varies linearly witk. ., (E.m IS the beam energy in c.m. available for reaction).
This linear dependence is indicative of full energy equdtion of the composites.
The linear relationships extracted from the data (Bid) are(Q) = (1391 + 0.91)—
(1.004 = 0.016)E.n, for the fragment B((S) = (1258 = 0.32)—(1.005 + 0.005kE.m
for Be and(é) = (1103 + 1.18)-(1.021 + 0.020kE.n, for Li. Moreover, the

above linear dependencies also mean that the final kinetigies €. = (Q) +
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E.m) of the fragments are nearly independent of the incidentggneSimilar linear
dependence &R) has been observed in the fragment emission fithe + 12C system
in the bombarding energy range 50 - 200 M&6,[95, 97]. This may be due to the
limitation on the maximum value of angular momentum beyoimictv the formation

of a dinucleus is not allowed because of centrifugal repul§4].
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Figure 3.4: Variation of(@) with Ecm. The solid lines show the linear dependencé@)‘
with bombarding energy for the fragments B, Be and, Li respely.

3.1.5 Total cross section of the fragment

All these observations show that the fragments have beetiegh@ither from a
fully equilibrated CN, or, from a long-lived orbiting dinlear system, or, from both.
It may be noted here that, in case of dinuclear orbiting, ttmagosite system is fully
energy equilibrated but shape is not equilibrated. To g#hén information about the

emission process, the angle integrated fragment yieldsraat from the fitted Gaus-
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sians, have been compared with the theoretical predicbbtize standard statistical
model codes, i.e., CASCADE] and extended Hauser-Feshbach model (EHFI). [
The extracted angle integrated yields ofelient fragments obtained affféirent inci-
dent energies have been shown in Bigby solid circles. The solid lines are the same
obtained from CASCADE with angular momentum upftg the critical angular mo-
mentum of fusion. The values 6§, = 20, 21, 22 and 23 for beam energy 117, 125,
145 and 160 MeV, respectively. The&g values have been obtained from dynamical
trajectory model calculations with realistic nucleus-eus interaction and dissipative

forces generated self-consistently through stochastitenn exchange moded§]. It
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Figure 3.5: Excitation functions for the angle-integrated (over thage @ < 6. < 180°)
cross section of the B, Be and Li fragments. Solid lines ageptiedictions of the statistical
model CASCADE with angular momentérs: ¢;,. Short dashed lines are the prediction of

EHFM.

has been observed that the CASCADE prediction matches vitélithe experimental
yields of the fragments Li, Be. But it underpredicts the Bgiat all beam energies. In

the case of EHFM, the predicted yields are less than the meghgields all fragments
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under study, as shown by dashed line in Bgp. So, it is evident from the above that
there is a significant enhancement in the boron yield witpeesto the prediction of
both the CASCADE and EHFM. Though the CASCADE explains thpeexnental
yield of Li and Be, they are also underpredicted by EHFM. Hasveit may be noted
here that the discrepancy between EHFM prediction and erpatal yield, increases
progressively from Li to B, which clearly indicates, incs@zy additional contributions
from other reaction mechanism as one moves from Li to B. Stwititstanding the
limitations of the statistical model calculations extethde light nuclear system, it is
evident that there is clear signature of an enhancemenetigidid of B as compared
to its predicted yield. Such enhancement in the experinhbirtary yield with respect
to respective theoretical predictions near entrance aamamfiguration is indicative
of the formation of an orbiting dinuclear complex. As omgiis usually described in
terms of the formation of a long-lived dinuclear moleculamplex that acts as a “door-
way” state to fusion with a strong memory of the entrance oként is expected that
the orbiting mechanism will retain a greater memory of thegace channel than the
FF process. Orbiting has first been established in the sy8t&im 2C [36] by observ-
ing enhancements of large-angle, binary-reaction yiets to the entrance channel
(see Chaptet for details); similar enhancements of large-angle, binraaction yields

have also been observed in the present data.

3.2 Study of light charged particle emission

3.2.1 Energy spectra

The fusion-evaporation is the most dominated reactionge®dn light systems,
in which the equilibrated composite decays by statisticaission of light charged
particles (n, p, d, t2He, @). It is well established that the-evaporation spectra, in
particular, carries the signature of the angular momentapeddent deformation of

the excited rotating compound nucle@9,[100, 101]. The energy distribution of the
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Figure 3.6: Energy spectra (c.m.) af-particles obtained at gierent angles for gferent
beam energies. The symbols represent experimental datdnarsslid lines represent the fitted
Maxwellian function. All the experimental and calculatgmbstra for lower to higher angles

have been multiplied by 18, 1071, 1P, 10%, 10?, 1C°, respectively.

particles evaporated from a hot system, is known to be Mdiamgh shape10Z. The
centre of mass energy spectra of evaporatgdrticles obtained from the reactio®®
+ 12C at different bombarding energies have been shown (symbols) ir8Figln the

same figure the solid lines represent the fitted Maxwelligtrithution,
f(Ecm) = AES2 g Fem/T (3.4)

whereA is the normalization constant afdis the temperature of the hot composite.
Since the spectra have been obtained in inclusive mode, thay be some admixture
of contributions from other direct reaction mechanismse(pre-equilibrium emission,
etc.) to the equilibrium emission spectra at forward-maogi@s, in particular. The ob-
served agreement of the experimental energy spectra vatigxwelian distribution,
indicates thatr-particles are emitted mostly from the fusion-evaporapicocess. For
further confirmation, the shape of two spectra, one obtam@abost forward angle and
the other at backward angle, have been compared and showgn B\F For all beam
energies 117, 125, 145 and 160 MeV, the forward most anglehiah energy spectra

have been measured aré’ Hhd corresponding backward angles arg 21°, 29 and
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Figure 3.7: Comparisons of the energy spectra (c.m.ygfarticles obtained at most forward
(red triangles) and backward angles (blue open inverteaingies) at dfferent beam energies.

Beam energies and c.m angles are written on the figure.

24°, respectively. It is found that the slopes of both spectriaiobd at forward and
backward angles are completely matching with each othelt e¢spective beam en-
ergies, which clearly indicates that thffeets of other direct reaction mechanisms, if

any, are not significant even at the forward most measurelésng

3.2.2 Angular distribution

The diferential cross section, ¢ddQ)., has been obtained by integrating area
under the c.m. energy distributions of theparticle at each measured angle where
conversion of energy distribution in laboratory franﬁ%) to c.m. frame %)cm
was done by multiplying the laboratory spectrum by the rafigelocity of a-particle
in c.m. with its velocity in laboratory. Finally, (¢dQ)., have been obtained by mul-
tiplying with 2zsind.,. The angular distributions thus obtained have been shown in
Fig. 3.8as a function of).,, for the beam energies of 117, 125, 145 and 160 MeV, re-

spectively. In all cases, the values o#{d6). ., are found to be constant over the whole
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range of observed c.m. angles. Sar/fd)., is « 1/sind.n, which is characteristic

of the emission from an equilibrated composite nucleus.
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Figure 3.8: Angular distribution ofa-particles as a function of c.m. angleék,,n. Symbols
represents the experimental data and solid lines show fitdalata obtained using id6)c m

= constant.

3.2.3 Average velocity

The average velocities in laboratony,, of the o particles emitted at dierent
angles at dferent beam energies have been extracted from average gBgrgyhe
E.v is obtained by expressions given below

E Y Ei(d%/dEdQ),
¥ Yi(dZo/dEA);

wherei covers the whole energy spectrum obtained at a particutde @md the corre-

(3.5)

sponding expression of average velocity is given by

Vav = (3 . 6)



wherem, is the mass of the particle,v; = v,,C09)4p IS the parallel and, = v, Sifiap
perpendicular components of the particle’s velocity, detected at anglé,, with

respect to the beam direction, as explained in §ig. These parallel and perpendicular

—~ i 125 MeV
©
D 0.06F )
‘0 L lap = 21
>
>(5 r 1 glab = 17)
I
— 0.03 Gop = 15
8_| o 6. =17
[ lab —
>
0.00 =—— — T
0.00 0.03 0.06 0.09 0.12 0.15

Ve (= v,,0088,)

Figure 3.9: Average velocity curve of the-particle in laboratory frame. Solid pink circles
corresponds to experimental data measured giedint angle mentioned in the figure and solid
lines show fit to the data obtained using BqZ. The blue, green, and pink arrows indicate the
velocity of the composite nucleus in lal(), average velocity of-particle in c.m. ¢5"),

and average velocity af-particle in lab frame ¢ay), respectively .

components of the average velocity at each angle have betadin Fig.3.10Q If the
particles are emitted from an energy equilibrated comppsit c.m. frame average
velocity of the particles emitted at all angles will be thenga In that case, average

velocity of the particle in c.m. frame4<™, can be written as,

av !

(Vg.\r;x)z = ng + V%N — 2VaCOFjapVen

Vi+vﬁ+‘%N_2vJ_VCN

Vi + (v — ven)? (3.7)

which is a equation of a circle im vsy; plot with centre aty, the velocity of the
composite in laboratory frame, and radg$*. All the experimental data in Fi.10
have been fitted with E@.7 and shown by solid lines. Well fitting of the experimental

data with Eq.3.7 implies that the average velocities or the energies ohtiparticles
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are independent of the centre of mass emission angles.dtdis@ been found that the
value ofvcy obtained from the fitting is well matched with the velocityafmposite

extracted from the beam energy, using expression givembelo

Ven = Aproj 2Eap (3.8)
N — .
Aproj + Atar Aproj

where Ayoj, and A, the atomic mass number of the projectile and target, respec-

tively. It again indicates that the-particles are emitted from a fully energy equilibrated

source moving with the velocitycy.
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Figure 3.10: Average velocity curve. Symbols corresponds to experahdata and solid
lines show fit to the data obtained using equatiorf = vem? - (v - von)?. The arrows

indicate the position ofc .

3.2.4 Statistical model calculations

All the experimental signatures e.g., energy and angu$riutions, average ve-
locity etc. show that the-particles are emitted from a composite which is fully eyerg

equilibrated. It is known in the earlier work8€] that the experimental signatures of
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FF and DIO are nearly the same; in both cases, the composiutkyigquilibrated in

energy. However, in DIO, the composite remains in the forra lwig-live dinucleus,

which decays before attaining the fully equilibrated sptershape (fusion). There-
fore, the composite formed in DIO has larger deformatiort, Bie evaporative decay
of the excited composite should be of statical in nature dube attainment of ‘ther-
mal’ equilibrium in both cases. So, the present experimeiatiaa may be explained in
the framework of statistical model.The theoretical fraragwof statistical model has
already been discussed in Ch.1. Details of the presentsinalging statistical model

code CASCADETT] are given below.

3.2.4.1 Input parameters

The standard form of CASCADE is quite successful in expfagrihe LCP evapo-
ration in light ion induced reaction in general, where theapound nucleus is assumed
to be nearly spherical. On the other hand, in case of heavinduced reaction, there
is appreciable deviation between the experimental andrédigied LCP evaporation
spectra. This deviation is attributed to the deformatiothefexcited compound sys-
tem, which is angular momentum dependent. Therefore, iardodexplain the energy
spectra of LCP, theffects of the deformation of the CN should be included in the sta
tistical model calculations. The deformatiofiexts the particle spectra in two ways.
First, it lowers the #ective emission barrier, and second, it increases the mioohen
ertia. The first @ect modifies the transmission dbeients for the evaporated particles
which may be taken care of by increasing the radius pararoéigptical model po-
tential. On the other hand, the change in momentum of ineffiets the level density
and the slope of the high energy part of the particle spectitis can be taken care of
by incorporating the spin dependent ‘deformability’ paedens [L03 100, 104. For
level density calculations, the excited energy has beadetiMnto three regions:
Region | (low excitation energyE < 3 to 4 MeV): Here, the experimentally known

discrete levels are used for all nuclei produced in the deeagade. In some cases,
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known high-spin states at higher excitation energy, arided as Yrast levels in re-
gion Il.

Region Il (medium excitation energy, 4 Me¥ E < 7.5 MeV) : Analytical level den-
sity formula is used in this region. The parameteandA are deduced empirically for
each nucleus from the work of Vonaehal. [105 and Dilget al. [106]. The excitation
energy is corrected for the parityfects.

Region 11l (high excitation energ\g > E, py): Shell éfects and parity corrections are
neglected in this region. The same formula is then used kbtMdM parameters are
taken from Ref. 107).

Between the regions Il and 1ll, the level density paramegeesinterpolated linearly.
The parameters are given in Taldd. The level densities used in the regions Il and
[l for a given angular momenturfi (All the systems studied under the present have
zero intrinsic spin. So, here after we shall write total dagmomentum] as¢.) and
excitation energye, are given by well known Fermi gas expression with equidista

single-particle levels and a constant level density patanae

20+ 1
( )a1/2

hz 3/2
PED="13 (Zfeff) ErToa_EporPl2aE-2-E)?| 39)

whereT is the thermodynamic temperatureis the pairing correction. The rotational

energy,E,, is expressed as,

hZ
E = (Me”)f(f +1). (3.10)

The dfective moment of inertiaZ:s+, IS written as,
ot = Fo(1 + 616% + 6,0%), (3.11)

where.%, (= 2A%3r2) is the rigid body moment of inerti@; ands, are the ‘deforma-
bility’ parameters,ry is the radius parametes, is the level density parameter. So,
from all the above equations, it is clear that by changig@, 61, andé,, it may be
possible to reproduce the experimental spectra. By ingrgalg, both transmission
codfticient and level density will beféected. It reduces the potential barrier, leading

to the increase of transmission ¢gb@ent. Simultaneously, the increasergleads to
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increase of theZ ¢ andvis-a-visthe available phase space. We have chogenl.29
fm which reproduced the lower energy part of the spectra.il&imalue was used in
Ref. [10§. To reproduce the present experimental spectra, we hdyebanged the

‘deformability’ parameters; andoé,, like the previous works100, 109, 103.

3.2.4.2 Experimental spectra and CASCADE predictions

The measured energy spectra have been compared with tieetiesfCASCADE
[7] calculations which are shown in Fi§.11 The critical angular momenté,,, used
in the calculation, were 20, 21, 22, and 2B3for the bombarding energies of 117, 125,
145, and 160 MeV, respectively [Sex1.9. The other input parameters are given in
Table3.1 The dash-dot-dash lines represent the results of the CAE #alculation
with the radius parametep = 1.29 fm and the default values of the deformability
parametersg; = 3.7x 10 and 5, = 1.1x 10°°, at all beam energies which have
been predicted by rotating liquid drop model (RLDM)1fJ. The low-energy part
of the experimentak-particle spectra is found to match with the theoreticakte
but higher energy part does not. To reproduce the whole ispege have followed
the procedure proposed by Huizengfaal[103. The ‘deformability’ parameters;
andés, have been suitably optimized to reproduce the experimspgdtra, which in
effect modified the phase space for statistical decay by retocat the Yrast line. The
optimized values of ‘deformability’ parameter® ands> are given in Table3.2and

the calculated energy distribution using these paramatershown in Fig.3.11

3.2.5 Quadrupole deformation calculation

The deformation of the excited composite may be expresstainms of the stan-
dard quadrupole deformation paramegersing the procedure given in Ref9, 114].
It is assumed that the shapes of the non-deformed and thentsdauclei are spheri-

cal and symmetric ellipsoid in shape with volué’)é% and%‘nabq respectively, where
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Table 3.1: Input parameters used for CASCADE calculations for the tieas 10 + 1°C at

beam energies 117, 125, 145 and 160 MeV.

Angular momentum distribution:

Critical angular momenturfy, as in Table3.2
Diffuseness paramet&f=1%

OM potentials of the emitted LCP and neutrons:
(1) Neutrons: Wilmore and Hodgsohl(.

(2) Protons: Perey and Pereyifl].

(3) a-particles: Huizenga and lgda17.
(4) Multiplication factor of the OM radius: RFACF 1

Level-density parameters at low excitatidh< 7.5 MeV

(1) Fermi-gas level-density formula with empirical paraens from Dilg
etal.[106.
Level-density parameters at high excitati@é> 15MeV

(1) Fermi-gas level-density formula with parameters frobM (Myers
and Swiatecki107])

(2) Level-density parameter= A/8 MeV1

Yrast line

Fott = Jo(1+61 % + 6, £%), 61, 5, are given in Tabld.2

v-ray width (Weisskopf units)

(1) E1=0.001

(2)M1=0.01

(3)E2=5.0
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Figure 3.11: Energy spectra (c.m.) af particles obtained at gierent angles for dierent

beam energies. The symbols represent experimental dataddsh-dot-dash and solid lines
represent CASCADE calculations with default and optimizalies of spin dependent ‘de-
formability’ parameters, respectively (see TaBlg). All experimental and calculated spectra,

starting from the lowest angle, were multiplied by 401071, 1P, 10%, 10?, 10°, respectively.
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Table 3.2: The values the of ‘deformability’ parameters: A - obtainezhf RLDM, and, B
- obtained by fitting the experimental data (see text) hawanlggven below. By, E, £ and
{4y are the beam energy, excitation energy, critical angulammatum and average angular

momentum, respectively.

Ewo E lo la & 5t 5 58

117 67 20 13 3.%10* 1.1x10°° 1.9%x10°3 2.0x10°8
125 70 21 14 3.%10* 1.1x10°° 2.1x10°3 2.0x10°8
145 79 22 15 3.%10* 1.1x10°° 2.3x10°° 2.0x10°®
160 85 23 15 3.%10* 1.1x10°° 2.5x10°3 2.0x10°8

R is the radius for non-deformed nucleus and, ¢ are the three semi-axis of the el-
lipsoid with sharp surfaced (3. The dfective moment of inertia can be expressed
as,

feff:EMRgff:EM(a + b?), (3.12)
wherec is the axis of rotation. In case of prolate shapes c andb (> a,c) is the

symmetry axis. So, from Eg8.11and3.12 one obtains,
RZ = R3(1+ 6162 + 620" = (1/2)(a% + b?). (3.13)

Using Egs.3.12and3.13along with the criterion of volume conserving deformation

(R3 = a?b), one obtains the following equation for the axis ratige,
X +3 +Ax+1=0, (3.14)

whered = 3 - 8(1+ 6162 + 6,¢%)% andx = (b/a)?. Using Hill-Wheeler parametrization
[115, the ellipsoidal deformation can be expressedaas Ryex[ v5/4n8 cosfy —
2r/3)], b = Ryexd V5/4nB costy + 2r/3)], ¢ = Ryexd V5/4nB cosy] wheres, and
v are the quadrupole deformation, and shape parametercteghe So,8 can be

expressed as,
2 (4r

1/2 b b
B=3 (E) In(2) = 1.057n(). (3.15)
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Table 3.3: The values the of quadrupole parameters: A - obtained fragfoitability’ using
RLDM, and, B - extracted using ‘deformability’ parametetgained by fitting the experimental

data. The ‘deformability’ parameters are given in TaBle.

Elab (b/ a)?;v ﬁ?av (b/ a)t?av ﬁt?av

117 1.23 0.22 1.63 0.52
125 1.27 0.25 1.77 0.60
145 1.32 0.29 1.92 0.69
160 1.32 0.29 1.98 0.72

The values otya andp extracted for two dterent sets of ‘deformability’ parameters
(those obtained from RLDM1[13 and from fitting CASCADE calculations with the
present data) have been given in TaBl8. Typical uncertainty in the estimation of
B was~ 15%. The above results are clearly indicative of the presefcubstantial
quadrupole deformation if#Si* produced through the reactiéfO + 1°C at all ener-
gies, and the deformation is found to increase with increpthe spin of the excited

composite.
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Chapter 4

Result: Fragment emission int2C +

28gj 12¢ 4 27| 11B 4 285 reactions

The complex fragment emission from the reactions 77 M&Y/+ 28Si, 73 MeV
12C + 27Al, 64 MeV B + 28Sj have been studied at the excitation energy- &7
MeV. The main aim of this study is to compare the emission raeim of the frag-
ments forma-cluster systenti°Car, produced int?C + ?8Si and nearby non-cluster
system®°K* produced via two dferent reactions!?C+2?’Al and 1'B+28Si. The last
two reactions have been chosen to cross check the equililitecay nature (absence
of entrance channel dependence) of the energy damped Wmagment yield in the

decay off°K*.

The typical energy spectra of the fragments Li, Be and B eahiih these reac-
tions have been shown in Fig.L Itis evident from the figure that there are significant
differences in the shapes of the spectra obtained in the threteoresa This is mainly
due to the variation of the relative contributions offérent reaction processes to the
fragment yield. It is known from theoretical{, 50, 51, 52, 53, 54, 55, 56] and ex-
perimental 12, 26, 29, 31, 32, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71,72, 73,74,75, 76, 77,78, 79, 80, 81, 82, 83, 84, 85| studies of complex fragment

emission in low and intermediate energy nucleus-nuclelsiom that, the origin of
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complex fragments is broadly due to fusion-fission (FF) ama-fusion (deep inelastic
collision, deep inelastic orbiting, quasi elastic, brgaketc.) processes. The quasi-
elastic process contributes to the yields of fragmentsratdlie entrance channel only
and has a strongly forward peaked (around grazing anglejlandistribution. On the
other hand, in deep inelastic (DI) collision, mass and amgdistributions are much
broader, particularly for the lighter systems considem@hSo, there is strong overlap

in the elemental distributions of the fragments origingfiom FF and DI processes in

Lithium Beryllium Boron

d?0/d QdE (mb/sr-MeV)

Energy (MeV)

Figure 4.1: Typical energy spectra of the fragments measured for thetigres 1°C + 28Si
(a-c),?C + 27Al (d - f) and™B + 22 Si (g - i) atlap = 17.5 (a - h) and 30 (i). The blue
dash-dotted, the black dotted, and the red solid curvesesspnt the contributions of the FF,
the DI, and the sum (FR DI), respectively. The left and the right arrows correspdadhe

centroids of FF and DI components of energy distributioespectively.

the light systems, which make it veryfiicult to separate the contributions of DI and
FF processes from the total spectrum. In addition, sinceenpresent study, one of

the systems'tC + 28Si) under study is an-cluster system, there is a possibility of the
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contribution of deep inelastic orbiting (DIO) in the totehiment yield. As the experi-
ential signatures of both FF and DIO are same, DIO contoutiill be automatically
mixed up (if any) with FF yield. To separate out the contribng of FF and DI from
the total yield, the procedure given in the R&f1[94] has been followed and the same
has been explained in Fig.2 The contributions of FF and DI processes have been
represented by two separate Gaussian functions. The mkofrthe Gaussian repre-

senting the FF yield has been obtained from Viola systemétitd, duly corrected

% B i
= B 1% Step
= 02—
B —
3 B
%.I 0.1 L m
L ~ : “ |
T il
o2 B M‘"ﬂ .
© 00% Y Ll N L Mn
0 30 60 0

Energy (MeV)

Figure 4.2: The typical extraction procedure of FF and DI componentsftbe total energy
spectrum of Be fragment measured in the react®® + 27Al at 6j.p = 17.5. Detail of the
extraction procedure is given in the text. The arrow at lowd &igher energy indicates the FF

and DI peaks, respectively.

for the asymmetric factordd], and the width of the Gaussian (blue dash-dot curve)
has been obtained by fitting the lower energy tail of the spatt The area under this
Gaussian gives the yield from FF. In the next step, this Gandsas been subtracted
from the total energy spectra, as shown by pink color curves Subtracted spectrum
has then been fitted with another Gaussian (black dottecefwhiich represents DI
contribution. The contributions of FF and DI componentsstbbtained for each frag-
ment from each reaction have been displayed in the#Iig.Besides the FF and DI
components, there are some other contribution in the yieftagments B antr Be

in all systems which are seen as sharps peaks indElg.These peaks are due to one

nucleon transfer for B (G Si, C+ Al) and Be (B+ Si). In case of B fragment emitted
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in the reaction B+ Si, sharp peaks are due to elastic and inelastic scatteBagall
these peaks are excluded in extraction of FF and DI compdygoroper fitting of the

corresponding Gaussians.

4.1 Study of fusion-fission fragments

4.1.1 Angular distribution

The angular distribution of ¢lierential cross sectio(ng—g)lab (in laboratory frame),
of the fragments of FF origin has been obtained by integyahe area under the cor-

responding Gaussian)Lextracted from energy spectrum at each angle. The obtained

2 .

do/dQc (mb/sr)
o
a1

0.0 |
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20 40 60 80 100
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Figure 4.3: The c.m. angular distributions of the fragments Li (a), Bedgbd B (c). Solid
circles (red), triangles (blue) and inverted triangles dbk) correspond to the experimental
data for the reactions!B + 28Si, 12C + 27Al and 2C + 28Si, respectively. Solid curves are fit

to the data with the functiof(6cm) o« 1/5id. m.
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value of( ) has been converted to c.m. frame by using E41 assuming two-

body klnemellttljcs averaged over total kinetic energy distrdm and the corresponding
angle,f,5 in laboratory frame, has been transformed by usingZEtR The c.m. an-
gular distributions (d-/dQe¢) so obtained for the fragments (Li, Be and B) have been
shown in Fig.4.3for all three reactions. Each experimental angular digtidn data
has been fitted with a functiof(6.,,) = C/sind. ., whereC is constant parameter and
the fitted curve is shown by solid lines. It is evident from flgare that the angular

distributions of all FF fragments follow 1/sing. ,, dependence which is characteristic
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Figure 4.4: Average Q-values of the FF fragments Li, Be and B represdntéaverted green
triangle, pink triangle and blue circle, respectively faactions (a) B+ Si, (b) C+ Al and (c)

C+Si.

of the fission-like decay of an equilibrated composite systk is also observed from
the figure that the yields of Li and Be are almost same at allearfor !B + 28Si and
12C + 2’Al reactions. It has further been found that the yield of ttagment Boron in
118 + 285 reaction is more than the same'f€ + 2’Al reaction. It has also been ob-
served that the fragment angular yields for the reactit®s- 28Si and*?C + ?’Al are a
little higher (though nearly comparable in magnitude) ttrase obtained iC + 28Si

reaction at the same excitation energy.
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4.1.2 Angular distribution of Q-value

In the present study of fragment emission, it has been obd¢hat Q) are nearly
constant for all the FF fragments emitted frétB + 28Si, 1°C + ?’Al and 2C + ?8Sj as
shown in Fig.4.4. The independence @f)) with respect of emission angles suggest
that, the fragments are emitted from a completely energylibrated system at all

beam energies.

4.1.3 Total fragment yield

The total yields of the FF fragments have been shown in4&ky. These total FF
fragment yield has been obtained by integrating the angliswibution, d&r/dQrr =
C/simd.m, over the whole angular range. The yields of the fragmentanid Be in
1B + 28Sj and!?C + 2’Al reactions are found to be nearly the same which confirms

their compound nuclear origin. It has also been observedthigayields of these
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Figure 4.5: The total FF fragment cross sections (c.m.) for the threetieas. The solid
circles (red), triangles (blue), and inverted triangledatk) correspond to the experimental
data for!B + 28Sj, 12C + 27Al, and*?C + 28Si reactions, respectively. The solid (red), dashed

(blue) and dotted (black) lines are the corresponding teé&oal predictions.
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fragments are comparable to those obtainetf@ + 28Si reaction. The yield of B
in the reaction''B + 28Si has been found to be slightly more than that obtained in
the other two reactions, which might be due to the contanundtom the beam-like
channels in the former case, where B was the projectile. Xperanental FF fragment
yields have been compared with the theoretical estimatéiseoame obtained from
the extended Hauser-Feshbach model (EHFM).[The values of the critical angular
momenta have been obtained from the experimental fusi@s section data, wherever
available [L17, 118]; otherwise, they have been obtained from the dynamicigdtary
model calculations with realistic nucleus-nucleus intéoa and the dissipative forces
generated self-consistently through stochastic nucleohanges$8]. The values of
the critical angular momenturf,, for all the three systems, have been the samg)(27
The calculated fragment emission cross sections have beamsn Fig.4.5. Itis seen
from the figure that in all three cases, the theoretical ptagis are nearly the same

and are in fair agreement with the experimental results.

4.2 Study of DI fragments

4.2.1 Angular distribution

The angular distribution of DI component of the fragmerglgihas been obtained
by integrating the respective Gaussiafi¥}Zxtracted from the energy distribution.
The obtained angular distributionsciQ?),., have been converted to c.m. frame,
do/dQp,, using the same procedure discussed in 8elcland have been displayed
in Fig. 4.6. It is observed that@/dQp, forward peaked and fallsfiowith 6., much
faster than-1/sind., distribution. This is an indication of the non-equilibriumature
of the emission. To reproduce the angular distribution ef fitagments originating
from DI, several models are available in the literature. &xample, it can be ex-
plained, classically, in terms of the evolution of a viscousigidly rotating dinuclear

system 19 24, 25, 26] as discussed in Sei&.2.1.3and the angular distribution can
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Figure 4.6: The c.m. angular distributions of the DI fragments [Li (a)g &), and, B (c)].
The solid circles (red), triangles (blue), and inverteditrgles (black) correspond to the exper-
imental data for'1B + 28Sj , 12C + 27Al, and'C + 28Sij reactions, respectively; the solid lines

are the fits to the data (see text).

be expressed by EG.22 Whent > 2r/w (dinucleus rotation period), the angular

distribution takes the form
(do/dQ)em = C/SiNdem (4.2)

which is expected in case of fusion as seen in et.l So, angular distribution
of DI fragments falls (Eql1.22) faster than the same of FF fragments. This faster
fall indicates shorter lifetime of the composite systemctsa shorter lifetime (less
than the time period of dinuclear rotation) is noffauent for the formation of an

equilibrated compound nucleus, but may still cause sigmfienergy damping within
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Table 4.1: Emission time scale of fierent DI fragments for all three reactions.

System Frag. C Wt 73, (x107%%s) Err.
C+Si Li 0.49 1.05 22.69 + 3.64
Be 0.76 0.41 8.94 +0.70
B 5.17 0.25 5.34 +2.25
C+Al Li 1.22 0.92 20.14 +2.94
Be 1.30 0.51 11.28 +1.35
B 5.52 0.45 9.89 +1.34
B+ Si Li 5.23 0.43 9.77 + 0.96
Be 2.07 0.36 8.17 +1.15
B 16.32 0.27 6.14 +0.39

the deep-inelastic collision mechanism. In Mg, the solid lines represent the fit to
the experimental data using Ef22[(do/dQ)cm = (C/Sifem )e%m/“7]. From this
fitting, the lifetime of the intermediate dinuclear compleas been estimated. The time
scales for dierent DI fragments (Li, Be and B) thus obtained (for angulanmentum

{ = () have been compared in Fig.7 and also in Tablel.1 It is seen that, in all
reactions, the time scale decreases as the fragment chargases, which agrees with
a previous study by Mikumet al. [25]. This is expected because the heavier fragments
(nearer to the projectile) require less nucleon exchanddlaarefore less time; on the
other hand, the emission of lighter fragments requires nmoideon exchange and
therefore longer times. The emission time scales of tharieags are related to the
number of nucleons exchanged on the average. This expldinghe emission time
scales of?C + ?’Al and *2C + 28Si reactions are nearly the same for all fragments. On
the other hand, in the case BB + 28Si reaction, net nucleon exchange is one less to
reach any particular fragment; so the corresponding tirakes@re less. For example,
in terms of net nucleon exchange, the emission time scale @@d) from B + 28Si
should be comparable to that of Be (B) frdf€ + 2’Al and*°C + 28Si reactions, which

is actually the case (Fid..7).
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Figure 4.7: The emission time scales offdrent DI fragments.
4.2.2 Average Q-value

The average)-values & Qp, >) of the DI fragments, estimated from the cor-
responding fragment kinetic energies assuming two-bodgrkiatics, have been dis-
played in Fig.4.8 as a function of the c.m. angle. It is found that, for all fraagts,
the< Qp, > values tend to decrease with the increase of anglé.fers 40°, and then
gradually become nearly constant. It implies that, ug.tp < 40, kinetic energy dis-
sipation is incomplete, whereas beyond this point, thetldirenergy is fully damped
and dynamic equilibrium has been established before ttssisai of the di-nuclear

composite takes place.

4.2.3 Total fragment yield

The experimental angle integrated yields of the DI fragraéanit all the reactions
are shown in Fig4.9. The total DI yields have been obtained by integrating fitted
Eqg. 1.22over the full range of angles. It is found that the DI yieldsatiffragments
emitted in B+ Si reaction are slightly higher than those obtained i &l and C+ Si

reactions. This may be due to the variation of the probatwlinet nucleon exchange.
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Figure 4.9: Total DI cross sections of the fragments obtained in thr@emint reactions.

In addition, the DI fragment yield in @ Si reaction tends to be lower than that for C

+ Al reaction.
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Chapter 5

Discussions

5.1 a-cluster systems and dinuclear orbiting

The shapes of the energy distributions of the fragments BarBeLi measured
in the reactions®0 + '2C for bombarding energies 117, 125, 145 and 160 MeV are
similar as shown in Chapt&: All are found to be peaked around the kinetic energies
obtained from Viola systematic87]] corrected by an asymmetry facte¥4. The val-
ues of diferential cross sectiorl¢/d6). and averag&-values of the exit channel,
(Q), are found to be independent of the c.m. emission angle. bkeraations, viz.,
large energy damping/dind., dependence of angular distribution and the near con-
stancy of(Q) over a wide angular range, indicate that the fragmentsratgifrom a
long-lived, fully energy equilibrated composit&sic (*°0 + 2C). The linear depen-
dence of angle averageé@ivalue,(é), on the c.m. bombarding energ¥e, also
confirms full energy equilibration of the composite. Thoulgé fragments are emitted
from an energy equilibrated source, standard statisticalehCASCADE [/] cannot
explain the angle integrated yield of the fragment, B. It basn observed that there is
significant enhancement in the yield of the fragment B overdtatistical model pre-
dictions which suggests additional contribution from otheaction mechanism e.g.,

dinuclear orbiting. On the contrary, for Li and Be, the bingields are explained well
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by CASCADE. This may be due to the fact that, for the case oid Be, number of
nucleon exchange is more and these are of compound nuclgar. dt is also seen
that the yields of all the fragments Li, Be, B are underpresdicn EHFM calculations.
However, the mismatch between the extracted binary-i@agtields and respective
EHFM predictions increase progressively from Li to B (seg. Bi.5), which clearly
indicates, increasing additional contributions from otheaction mechanism as one
moves from Li to B. So, notwithstanding the limitations oéttatistical model calcu-
lations extended to light nuclear system, it is evident thate is clear signature of an
enhancement in the yield of B as compared to the predictéd. y&ich enhancement
in the experimental binary yield with respect to respedineoretical predictions near
entrance channel configuration is indicative of the fororatf an orbiting dinuclear

complex.

The shapes of the energy distributions of the same fragnhérBe, B are some-
what different in case of other-cluster system¥?C + 28Si (and also in nom-cluster
systems?C + 2’Al and B + 28Si). Energy distributions of each fragments have two
different peaks, first one is originating from equilibrated se@nd the other from non-
equilibrated source. These twdld@rent contributions have been separated by fitting
the energy distributions with two Gaussians following tliegedure given in Chap-
ter4. The ¥sind., dependence of angular distribution of yields around thé fiesk
and independence with exit chanri@@lvalue of the c.m. emission angle confirm the
equilibrated nature of its source which is denoted as ‘F§frants’. The measured FF
fragment yields (X Z < 5) have been found to be in good agreement with the respec-
tive statistical model predictions, EHFM, (see Hg5), indicative of the compound
nuclear origin of these fragments. However, a previousystudthe binary decay of
the same systen8] (using inverse kinematical reaction) had reported an roéa
ment of fragment (& Z < 8) yield over the statistical model prediction and thereby

conjectured the presence of orbiting mechanism.

One of the important features of dinuclear orbiting is thaniber of open channel

(NOC) should be small, which is related to the surface trarespy. As it has been
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mentioned earlier, the most important signature of orgiigithe observation of en-
hanced equilibrium fragment yield near the entrance chasordiguration. Possible
reason for the enhancement may also be due to the contnlnitigeld coming from
secondary de-excitation of the excited primary heavy fragis. Another feature of
the orbiting system is that it is usually associated witlgéadeformation. Such large
deformation was also observed in otheclustered systems, e.§’Ne + 12C [12( for
which orbiting had also been indicated from the fragmentssion study 96]. It is
therefore essential to investigate into the role of secgndiecay in the fragment yield,
NOC and deformation in the composite in order to delineatetiwdr the enhancement
is due to feeding from the secondary de-excitation of hedxagments or from orbit-
ing mechanism. A detailed investigation have been perfdrmigich are described in

the following subsections.

5.1.1 Number of open Channels (NOC)

The calculated NOC for the-cluster system®O + 2C [43] have been plotted in
Fig. 5.1(a) as a function of grazing angular momentédgn In the same plot, NOCs
for two neighbouring nom-cluster systems viz. A 28, 31, i.e., 0 + 1°B and*°F
+ 12C [43)) have also been shown for the comparison purpose. It isdfoiat NOCs
are much larger (e.g~ 10* times larger) in case dfO + 1°B and'°F + 12C system,
than those for thé®O + 2C system at all the grazing angular momentum. Due to
large values of NOC, no resonance was observéton 1°B and'°F + 1°C systems
[43,121, 127. In a detailed study of the energy damped yield of the bifieagments
emitted in the reaction®F + 12C and*®0 + 9B, it was observed that the fragments
were originated from FF rather than through deep-inelastiting processes, which
is also in agreement with the observation of large NOCs fesdisystems/[7, 123.

In the present systedf?O + °C, the value of characteristic minimum of NOC has
been observed at grazing angular momenﬂg?n: 251. The value of the grazing

angular momenta at the incident energy, 117, 125, 145 and/&80at which present
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system has been studied, are 27, 28, 31 and B3pectively. Though thedg, are

more than¢S", still corresponding values of NOC are much less comparetidee

gr’

for the other two nearby systems viz80 + 1°B and'F + 2C. Unlike these two

nearby systems viZ0 + 1°B and'°F + ?C, resonances have been observed for the

system*®O + 12C [72] having lower NOC values. Since quasi molecular resonahce a

lower energies and orbiting mechanism at higher energipsao be, conceptually,

very closely related, one might expect that the system wséticiivs resonances, should

also show orbiting phenomena. In a recent study of the catigrebetween direct

and dissipative processes in binary channels in the resctt® + °C, 0 + 2C

at energies 5 - 7.7 MeYhucleon [ 2], the observation of resonant structure at lower

energies and presence of refractif#ets at higher energies, may be considered as the

signature of the orbiting process.
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Figure 5.1: Number of open channels for decay of composite nucleu€&i1°0 + 1°C),

3P (1F + 12C) and#AlI* (19B + 180) and (b)*2C + 28Si, N + 285, 1B + 285, 12C + /A,

normalized to the incident flux,/M plotted as a function of grazing angular momentugn,

NOCs for the system A 40, i.e.,*?C + 28Si and A= 42 (*N + ?8Sj) have also been

calculated and been plotted in Fig1(b). It is seen that, the number of open reaction

channels for the systetN + 28Si is much larger compared téC + 28Si reaction .2].

Though the systerffSi + N is a none cluster system, the energy damped yield of
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the fragments were found to be due to orbiting procé6sd6]. However, the observed
orbiting-like cross sections of the fragments with4& <8) emitted in the reaction
28Sj + 14N [40, 86] are much smaller than those for thiSi + 12C reaction. NOCs of
12C + 28Sj have also been compared with the same for the neighbodng-tluster
systems viz. A= 39, i.e.,''B + 28Sj and*?C + ?’Al and plotted in the same figure. It
is seen from Fig5.1(b) that the NOCs for the systehB + 28Si and*2C + 2’Al are
nearly the same and much higher than those fot4Ge- 22Si system at all the grazing
angular momentum. The large NOC valuesf@ (64 MeV) + 28Si and*?C (73 MeV)

+ 2’Al and the absence of entrance channel dependence are isteonsvith the fact
that FF is dominant for the energy damped yield of the fragmemitted from the
non cluster systeni°K. However, the absence of any significant enhancement in
light fragment (3< Z < 5) yield in the case of?C (77 MeV)+ 28Si system as expected
from NOC results (and also previously seen foxk & < 8 fragments), needs to be

properly understood.

5.1.2 Secondary decay of heavier fragments emitted 1?0 + 1°C

The primary fragments, emitted in the binary reactié@ + 2C, may have sfii-
cient energy for further decay by emitting lighter fragneetarticles ang-rays. The
yield of these secondary fragments may also contributeddrigment spectra. To
check these, detailed simulations of secondary decay hese jperformed using the
Monte Carlo binary decay version of the statistical decaleddLITA [ 8] as described
in Refs.[70, 73]. Secondary decays offeierent primary binary channels viz.; @inary
channelg>1617Q 4 131211C ) P (binary channel$1819F 4 111098 'Ne* (binary chan-
nels?®2INe + &’Be), Na (binary channel$*?2Na + "bLi), and Mg’ (binary channels
2425Mg + 43He) respectively, have been studied at the highest exanitatiergy for the
present bombarding energies. It has been observed thaidsegalecays of Mg Na',
and Né do not reach up to B. However, a significant yield of the fraghiarises due

to the the secondary decay of the primary fragmétg~ 49 %),%0*(~ 48 % ) and
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Figure 5.2: Secondary decay contribution to B fragment estimated frdohTA at energies
117 and 160 MeV, respectively. The energy distribution ot Biese energies ajap=15"
are shown along with fitted Gaussians. In the same graph, iffierehce spectra (Gaussian
subtracted from total spectra) is shown by pink curve anck ldashed curve represents the

total secondary decay contribution estimated using LILITA

50(~ 0.4 %). The simulations of the energy distributions of theoselary decay of B
from 1°F*, 180" and!®O* have been done using the code LILITA and are found to peak
at much lower energies 32-39 MeV as shown in Figh.2, typically, for E, = 117

and 160 MeV.

It has been observed that the energy distributions of thenslry decay compo-
nents are very dierent from those of the primary fragment components as shiown
Fig. 5.2 However, the contributions of this secondary decay haeas leéiminated by
the Gaussian fitting procedure for the extraction of prinBumyields. First, the width
of Gaussian is determined by fitting the higher energy tathefspectrum with a Gaus-
sian having its centroid around energies obtained fromaayistematics. In the next
step, the total energy spectrum is fitted with a Gaussian tit@&xthe primary frag-
ment component as shown in Fig2. Itis seen that there is a significant enhancement
in yield at lower energy part of the spectra which increasils lombarding energy
(Fig. 3.1). The diference spectra are obtained by subtracting the fitted Gaussim
the corresponding experimental spectra as shown by sailid golor in Fig.5.2 It

has been found that theftirence spectra obtained at 160 MeV are well reproduced
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by the secondary decay distributions (blue dashed linggiodd from LILITA. How-
ever, the lower energy tail of thefterence spectra obtained at 117 MeV is not fully
explained by the secondary decay distributions, which neagile to other additional
sources. It is thus evident that the Gaussian fitting praeeér the extraction of
primary fragment yield is diicient to reject the contributions of the secondary decay
components, if any, as their energy distributions afeedént from those of primary

fragments 70, 73].

5.1.3 Deformation in?8Sj*

The deformation of the produced composit€Si*, has been extracted using
charged particle spectroscopy as discussed in Ch8ptklere, the energy spectrum
of the a-particle could not be reproduced by CASCADE calculatiothwdeforma-
bility parameters’ obtained by RLDML[L3. To explain the experimental spectra, the
deformability parameters have been optimized. Quadrugelermation s, of 28Si
has been extracted for both the RLDM deformability paranseded optimized values
of deformability parameters as shown in TaBl&. It is observed that the deforma-
tion (see the values @, in Table3.3) is required to explain the energy spectra of
a-particles is larger than the RLDM deformatigsfy(), at all beam energies, and the
deformation is found to increase with spin of the excited posite. The observed de-
formation in the present study may thus be considered akaniodication of orbiting

in 160 + 12C.

Though the present formalism of angular momentum depenrdeet density is
largely successful in explaining experimental light cleatgarticle (LCP) spectra,
the magnitude of enhancement required is quite large arks laper explanation
[124, 125. So, an alternative approach, based on frozen degreesezfdm has been
proposed, which has earlier been shown to reproduce thegdaeawell [126 127).
In this approach, it is assumed that the deformation of tinepmund nucleus is frozen

during the decay, i.e., there is no change of shape of theenafinal nucleus; so the
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phase space is calculated using RLDM deformation of thenpangcleus, rather than
that of the usual daughter nucleus. This indicates thatyhamical éfects like shape
relaxation should be taken into account to properly undacsthe phenomenon of

particle evaporation from a deformed compound nucleus.

The formalism of ‘frozen deformation’ has been applied iapnesent CASCADE
calculation. In the case af-particle emission, thefect of frozen deformation on the
energy spectrum may be taken into account in the following Wa thea-particles are

emitted predominantly at the initial stage of the decay adscthe deformation may
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Figure 5.3: Comparison of the experimental energy spectra (c.mg-pérticles (red trian-
gles) with the same obtained by theoretical calculatiomb&am energy 160 MeV. Green solid
line represent the CASCADE calculations done using ‘frodeformation (L¢¢/lo) obtained

using RLDM deformability parameters fér= 23%.

be ‘frozen’ at its value corresponding to the highest angmamentum that the com-
pound nucleus may have, whichi/;. So, in the present CASCADE calculation, the
deformation has been kept fixed throughout by freezing theevaf 7t/ .7, the ratio

of effective moments of inertia of the deformed composite anditfie body rotation,
which has been calculated using a fixed valué ef¢., using Eq.3.11with §; andés,
obtained from RLDM (See Tabl8.2). The results of the CASCADE calculations with
‘frozen’ deformation and the normal CASCADE prediction hvdptimized values of

deformability parameters have been shown in Bi§with the experimental data. It is
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observed that, the CASCADE prediction with ‘frozen’ defation for{ = ¢, = 23
(green dashed curve) nearly matches with the experimeatal d’he corresponding
‘frozen’ deformation By, (calculated fo,, = 23#) is 0.68. So, it is evident that the
‘frozen’ deformation picture]26, 127, is also equally fective in the explaining the
a-spectra. However it is interesting to note that both théupec(CASCADE calcula-
tion with‘frozen’ deformation and with optimized valuesad#formability parameters)

predict substantial deformation of the composite.

It should however be mentioned here that the ‘frozen deftomaformalism fol-
lowed in the present calculation is too simplistic. To getuat deformation using
this approach one needs to perform detailed event-by-&ente Carlo calculations
which take into account the initial compound nucleus defdrom (depending on the
CN spin) and its ‘freezing’ in the consecutive steps of dedde results are likely to
be sensitive to the initial spin distribution. From the abalscussion, it may be said
that, though the present study shows deformation of thaexkciomposite which is
higher than the corresponding RLDM value, uncertainty gihains about the actual
magnitude of deformation. This limitation of the presenidst notwithstanding, there
is, at least qualitative, indication about some enhancédraation, which may be

linked with orbiting as one of the contributing factors.

5.2 Angular momentum dissipation in DI collision

It has been observed (Chaptgrthat the kinetic energy spectra of the fragments
(Li, Be and B) emitted in the reactiofdC + 28Si, 12C + 2’Al and 1'B + 28 Si (typical
spectra shown in Figl.1) have two peaks. The angular distribution and the agrement
between the experimental angle integrated yields exulacten the first peak with
those predicted by standard statistical model confirmeddnepound nuclear origin
of the first peak. On the other hand, the faster féllaj the fragment angular dis-

tribution extracted from the second peak @dalue distributions indicated that this
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peak is due to DI collision. To understand the variation &f tkean kinetic energies

of the fragments as well as the energy damping mechanismnergk it important

to study the angular momentum dissipation in DI collisiorar Reavy systems, an-

gular momentum dissipation is experimentally estimatedgughe a-particle angular

distribution and the~-ray multiplicity data and it is known that the rigid rotaticimit

is usually reached in these systerg][ For light systems, the angular momentum

transfer is generally estimated from the total kinetic ggeaf the rotating di-nuclear

system Ey, which is given by,

266 + 1)
2ud? -

whereVy(d) is the contribution from Coulomb and nuclear forces atultiear separa-

Ex = Vn(d) + f2 (5.1)

tion distanced, u is the reduced mass of the di-nuclear configuratiprs the relative
angular momentum in the entrance channel &rftinal angular momentura f¢)) is
the numerical factor denoting the fraction of the angulammantum transferred. For
the light systems, liké°Ne + 2C [32], there have been indications of large dissipa-
tion of relative angular momentum in excess of the stickingtlpredictions, which
might be partly due to the ambiguity in the determinationhaf tnagnitude of angular
momentum dissipation, as bothand f are unknown quantitiesp]. To remove this
ambiguity, a simple prescription for estimating bdthandd was described in Ref.
[76], where it has been shown that the fraction of angular moomentansfer for fully
energy-damped DI collision of a few light systems is closthtcorresponding rigid
rotation limit (sticking limit). To see whether this trenglvalid in general for DI colli-
sions of light systems, angular momentum dissipation fadtdor each exit channel
mass asymmetry has been extracted for all the reactiorsssdan that, for the present
systems, at anglé., > 40°, < Qp, > becomes nearly constant which implies that
energy dissipation is completed. It is known that DI processurs in the angular
momentum window, < ¢ < {g. In peripheral collisions{ ~ ¢y, overlap between
two the systems is small and so, the energy dissipation igsmmim. On the other
hand, for¢ ~ ¢, energy dissipation is likely to be highest [correspondthoyield

atf.m = 40°]. It may be noted here that the FF yield is also most predontinaar
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¢ ~ {. Hence, it is expected that the exit channel configuratidhb&i nearly same
in fully energy damped DI and in FF processes. In the pressdaulation, the separa-

tion distanced between the two fragments has been estimated from theatigsint
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Figure 5.4: The variation of angular momentum dissipation factor f watbmic number
of the fragments. The solid circles (red), solid trianglb&i€), and inverted triangles (black)
are the extracted values of f for (&JB + 28Si, (b)12C + 27Al, and (c)'C + 28Si reactions,
respectively. The solid (black) and dotted (pink) curvesaspond to the sticking limit and the

rolling limit predictions for the same, respectively.

configuration corresponding to the respective asymmetasssplitting 44], and the
corresponding value of kinetic energy is takenvagd). The value of initial angular
momentuny; has been taken to be equal to the critical angular momentufusmn,
{er. The angular momentum dissipation factors thus obtaingd haen displayed in
Fig.5.4and it is observed that for all three reactions considetedekperimental val-
ues of the mean angular momentum dissipation are more tlse fredicted under
the rolling condition; however, the corresponding sticklmit predictions off are

in fair agreement with the experimental values of the santiimthe error bar. In all
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cases, the discrepancy is more for the lighter fragmentsitagradually decreases for
the heavier fragments. This may be explained in terms ofdhewing qualitative ar-
gument. Microscopically, friction is generated due to kestic exchange of nucleons
between the reacting partners through the window formetibéypvterlap of the density
distributions of the two. Stronger friction essentiallyans larger degree of density
overlap and more nucleon exchange. The lighter DI fragmemrésponds to more
net nucleon transfer) originates from deeper collision\vbich the interaction time

is also larger as seen in Fig.7. Therefore, the angular momentum dissipation, orig-
inating due to the stochastic nucleon exchange, shouldbesaore, which, at least

gualitatively, explains the observed trend.
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Chapter 6

Development a of high vacuum

reaction chamber

Vacuum reaction chamber is an essential component of amegiator based ex-
perimental setup in nuclear physics. The design of the cleardbpends upon the
experimental programme. It may either be a very specialchesnber for dedicated
experimental setup e.g, CHIMERA 28, LASSA [129, INDRA [13( as shown in
Figs.6.1(a) 6.1(b) 6.1(c) respectively or it may be a versatile general purpose reac-
tion chamber [Figs2.4(a): VECC, Kolkata ,6.1(d} Ciclope [L31], LNS, Italy, 6.1(e)
‘ASCHRA [132, RIKEN, Japan]. CHIMERA, LASSA, and INDRA reaction cham-
bers are dedicated to house the corresponding large cohgtiestor system where the
sizes of the chambers ardlgrent depending upon the detector system. The size of a
general purpose reaction chamber may also vary. For chaaédle detector based
experiments, chambers are usually big in size (VECC, Ce&léx5CHRA chamber)
to accommodate all detectors within the chamber at a rehgodestance. The VECC
chamber have diameter of 91 cm and height 50 cm, Ciclope isaofeter of 2 meter
and length 4 meter, ASCHRA have diameter of 2.95 meter angthefhh8 meter. On
the other hand, for the-ray / neutron based experiments, chamber may be small in

size as all the detectors are kept outside the chamber. Hmelgr used in Indian Na-
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tional Gamma Array (INGA) 133 setup at VECC belongs to this category as shown
in Fig. 6.1(f). This chamber have diametel5 cm and height 8.5cm.

(d) Ciclope (e) ASCHRA (f) INGA

Figure 6.1: Different types of reaction chambers used gedent laboratory all over the world.

A superconducting cyclotron (SCC) has been constructed&G/which will de-
liver beam in the energy range ¥OE < 60 MeV/A for projectile of mass number A
< 100 and 5< E < 20 MeV/A for A ~200. Fig.6.2 shows the schematic diagram
of the cyclotron with the beam line layout. The beam line-llwe used for high
current (irradiation) experiments as well as general rarghdysics experiments with
charged particle detectors at low beam current. Beam lireededicated for the ex-
periment with neutron detectors amddetectors. The beam line-11l will be reserved
for a superconducting solenoid spectrometer and the beei\liis dedicated for the
experiments on the material science. The SCC is likely tmagenew areas of exper-
imental nuclear physics research in intermediate enerdywagorous activities are on
to develop new, state-of-the-art experimental setupsdititéte high quality research

[134]. The present chamber is multipurpose reaction chambeshwihill cater to the
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Figure 6.2: Schematic diagram of K500 cyclotron beam lines with thresmbball. SHARC

has been installed in beam line-I.

needs of dierent types of experiments using these experimental tiasilas well as
other detector systems. One of these experimental fasilis the 4-Charged Parti-
cle Detector Array (CPDA) which is being built for the studylMF emission in the
Fermi energy domain. The chamber can accommodate CPDAeiiitsidlong with
other ancillary detectors like large area gas detectorTétis. chamber is a segmented,
horizontal axis, reaction chamber (SHARC) which has beaigded, fabricated and
installed in the SSC beam Cave-I (F&2). Here, in the present chapter, the develop-
ment of SHARC will be discussed.

6.1 Basic design parameters

SHARC has been designed as the primary facility to be usedxperiments in

SCC beam line-I. The dimensions of SHARC have been optintizé@dve maximum
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flexibility for versatile experimental setups as well as tambe the whole CPDA. Op-

timum shape has been decided to be cylindrical with its asiisoiding with the beam

axis to avail maximum possible flight path for ‘time of flightieasurements. Long

cylindrical shape also served the purpose of getting atestgular resolution required

in the forward hemisphere because of strong focusing atai@hangles at high beam

velocities. Other salient design considerations are,

The chamber should be suitably segmented for easy aatgge it. Each seg-

ment should have independent movement arrangement.

ii. Vacuum control system should have maximum flexibilittheélfvacuum system

should have both auto and manual modes of operation withrdign@isplay of
complete status. There should be facility for remote maeimpof vacuum status

with emergency shutdown option.

iii. Target ladder should have the provision to be placedngt@osition inside the

chamber along the beam axis to optimize the flight path. Thiceéand ro-
tational movements of the ladder have to be controlled anditor@d in autg

manual mode, both from local as well as remote station.

. Both vertical position and rotational angle of the laddbaould be accurately

measured.

The chamber will have a Faraday cup ofigtiently large aperture to stop the

beam and measure the beam current.

vi. Arrangement to see the position of the target and bearmapthe target during

Vil.

the experiment.

Minimum arrangement to put detectors inside the chambe

viii. Proper vacuum feed-through to bring the detectoraaig, detectors bias inputs,

and other electrical connections outside the chamber.
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Figure 6.3: Schematic diagram of SHARC without vacuum pumping system.

6.2 Details of SHARC

A schematic diagram of SHARC and the photograph of the chamb&lled in

its present position (SCC cave-l) are shown in F§8.and 6.4, respectively.

6.2.1 Mechanical details

SHARC is a cylindrical, three segments, stainless steel3&8.) chamber of
length 2.2 meter, diameter 1 meter and total volume inclydive pipes to connect
the pumps is~ 1800 litres and wall thickness10 mm. The front (beam-entry) end
is hemispherical in shape of radius 500 mm and the rear enlipical dish (2:1)
shaped. All three segments are mounted on separate suppetuses which rest on
external rails such that each segment can move indepepdenthe rails by auto-

matic gear-motor control mechanism having built-in limititeh locking facility with
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manual override option. All three segments (the rear pgpaicular) may be rolled
back on rail to open up the chamber to give accessibilityHerihstallation of users’
equipments inside. There is arrangement to manually dligichamber with the beam

line axis precisely in horizontalvertica) rotational degrees of freedom. Two pairs of

Figure 6.4: SHARC installed in SCC Cave-l.

rails are provided within the chamber for mounting and plaeet of the target ladder
system and the user designed detector assemblies at atipp@sthin the chamber.
A generalized detector mounting table (made of AluminurayaB061-T6) with pre-
cision alignment mechanism on manually movable stands Miking arrangement

on rails is also provided as default arrangement. All over tble, there are inverted
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‘T’-shaped channels which may be used for detector mountirgy general experi-
ment. There is provision to adjust the height of the table exsrequirement of the
experimental setup. The table can be easily removed froratthmber if the rails are
suficient to mount the detector system. To achieve optimum vacperformance,
all inside surfaces were given smooth granular finish ane \ireally electro-polished

with bright finish.

6.2.2 Target ladder assembly

One of the important parts of a reaction chamber is targetdadAs per the re-
quirement of an experiment, the target foil may be placedférént position of the
reaction chamber along the beam direction. The preserdtt@dder system has been

suitably designed to take the maximum advantage of theduljth of the chamber.

-

" ;
=" | Target ladder

i

Figure 6.5: SHARC target assembly.

The whole assembly is mounted on one pair of internal raits may be placed at
any position along the beam axis within the chamber to ogenthe flight path. An-

other important requirement in the target ladder systetnat bne may require to use
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many targets in a single experiment. The provision of vatticovement of the whole
target ladder is essential for this purpose. The targenasyencludes a ladder that
can hold six targets at a time in a column (see Bi§). Generally, the target foil is
placed in a plane perpendicular to the beam direction; hewémay also be required
to rotate the target at fierent angular position with respect to beam direction. The
present target ladder can be rotated up to maximum angl&(86€h clockwise and
anti-clockwise) with angular precision of @.&and can be moved vertically up to 25
cm with accuracy of 0.1 mm with the help of two vacuum compatsgiepper mo-
tors (Make: Ms. Sanyo Denki, Type 103-770-12V1). These motors are ogbiat
Programmable Logic Controller (PLC) both remotely or IbgaTarget ladder move-
ments (rotational and vertical) are enabled by giving gmecommand (to move to
a particular distancgrotate thorough a particular angle) through PLC. Two ende
(one linear, one circular) are needed to measure the aciggign/ angle of the target
ladder. Two glass windows are kept to visually inspect tha&tpms of the target and
the detector inside and also to see the beam spot at the pogibn (on alumina,
during optimisation of beam transport) using a camera detie chamber. It is also

planned to fix a web camera inside the chamber in future fdmanmonitoring.

6.2.3 Input/ Output ports

SHARC has been provided with 24 ports (each of diameter 25anjifferent
locations of the body of chamber (see Fig3 and Fig.6.4) to cater to various experi-
mental requirements, like, the connections of gas flow sysetectrical signals from
the detectors, bias inputs of detectors, cooling pipesefiired) etc. Flanges with
standard LEMO connectors as well as indigenously designddabricated flanges
with Flat Ribbon Connector (FRC) connectors has been usel@etsical feed-through
to take the detector signals. To prepare the vacuum feedighrwith FRC, we have
used aluminium flange, 8 mm thick printed circuit board (PCBXC connector and

casting material Araldite and Epotec H77. The design of drggé and PCB is shown
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in Fig. 6.6(a). The aluminium flange has been prepared with a step cuttting PCB.
As per design of the FRC, holes have been drilled on the PCB aaturacy~ 0.05
mm using Computer Numerical Control (CNC) milling. On ead®B? provision to
keep multiple FRC (10-12 no) has been made, depending up@p#te and connector
dimension. Fabrication of the vacuum feedthrough wasedawut in following steps:
First, flange and PCB was cleaned with water and soap. Thgmibiee dried with a
blower and again washed with acetone and kept in an oven 8€C1f60 15 minutes.
PCB was glued with the flange using Araldite and were kept 24shat room temper-
ature. Then the flange was heated to®5@again for 15 minutes after fixing the FRCs
in the holes on the PCB. The flange was taken out in very hotitonénd the epoxy
Epotek H77 was poured on it very slowly in one side so as to famuniform thin
layer. Then the flange was kept inside the oven at temperaf@f€ for ~2 hours, till
the color of H77 changes from white to golden [see Big(b)]. Finally, the flange
was taken out and same process was repeated for the othef sideflange. After 2

hours, oven was switchedf@nd flange was cooled down slowly inside the chamber.

6.2.4 Vacuum pumping system

The design of the pumping system mainly depends on the volfrtiee cham-
ber which will be pumped, the ultimate vacuum, and, the $jgekctime to reach the
ultimate vacuum. For high vacuum system, degassing fromntier surface of the
chamber and instruments kept inside it is the one of the nnggbitant factors to be
considered. The design target was to achieve a clean a vactiOmmbar in SHARC
with volume~ 1800 litres (I) in 8 hours (h); we have done an approximateutation
of pumping speed. The pumpdown calculation was done for tages, (a) pumping
speed required to pump SHARC from atmospheric pressuf0Q0 mbar) to rough
vacuum ¢ 10! — 1072 mbar) in 1h and then (b) rough vacuum to very high vacuum
(~ 10°® - 10°°) mbar in 7h. So, the total pumpdown time will be the total titoe

achieve (a) rough vacuum and (b) high vacuum. To maintaimefeired pressure at
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Figure 6.6: (a) Design of dfferent component of FRC vacuum feed through. Holes in the PCB
are kept to place FRC. (b) The flange after final casting.
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high vacuum, one has to consider gas load due to factorslitgaesing.

(a) Pumping speed to evacuate up to pressure 0.05 mbar in 1fithe pumping speed

can be estimated using the following expression,
S = V/T xIn(P/P,) x K (6.1)

whereV is the volume of the vessel to be pumpddis the time to pump down the
vessel from initial pressure; to final pressurd®, with a pumping spee® assuming
degassing factoK. So, assuming = 1.5, required pumping speed to pump down
1800 I volume of SHARC from atmospheric pressuf€®00 mbar to 0.05 mbar in one
hour is~500 Jmin. We have decided to use scroll pump (Adixen ACP 40) toeahi
this rough vacuum which have a peak pumping speed 3 (616 Jmin.). But the

40
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Figure 6.7: Variation of pumping speed of the scroll pump with inlet pres.

pumping speed of scroll pump varies with the pressure of ket of the pump as
per data sheet (Fig.7). We have calculated the average spee@¥, S is pumping
speed,P inlet pressure) of individual pump which is found to be is 17m If we
assume the speed loss due to conductance is 1f586tiee speed of one scroll pump
is 14.5n/h (240.8 Imin). So, we need two such scroll pump connected in parakgel,
shown in Fig.6.10 to reach 0.05 mbar ir1h.
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Table 6.1: Throughput of the materials used infdrent parts of SHARC over a period of

6-7h. Throughput is defined as the product of outgassingamatiesurface area of the material.

Material Outgassing rate Arean) Throughput
(mbar-Jsm?) (mbar Js)
SS 2.%10° 12 2.810*
Al(6061-T6) 5¢10~° 1.4 7.0<10°
Viton ‘O’ Ring 2x10™° 0.6 1.%10°
Cu Gasket 510° 0.3 1.5¢10°7

Overall throughput
3.621510™*

(b) Pumping speed to evacuate the chamber from 0.05 to10~" mbar: In this
range of vacuum, the E@.1is not applicable. This range of vacuum is in molecular
region where pumping time entirely depends on outgassorg the diferent material
inside the chamber. The outgassing rates depend on vaaotwd, like, the type
of material, temperature, time for which a material is bakédny), pressure of the
vessel, how long it was kept at which pressure etc, which shaldfficult to estimate
the actual outgassing. Hence, after the estimation of appaie outgassing, it is
checked whether the pumping speed of high vacuum pump is timanehe outgassing

rate to achieve ultimate vacuun10’ mbar.

In Table6.1, throughputs (outgassing ratesurface area) of the materials used in
different parts of SHARC, over a period of6-7h, have been given approximately.
So, the minimum pumping speed required to achieve ultimateivm~10-" mbar
(from rough vacuum) in- 6-7h with total throughput 3.6238.0~* mbar Js is 3621.5
I/s (total through putiltimate vacuum) 3700 Js. We have decided to use two turbo
pumps (Varian 1001 Navigator, Model No. 9698947) each wuikesl 1000/6 and
two cryopump (CTI-Cryogenics, Helix Technology CorpooatiModel On-Board 10)

with pumping speed 2500sl each, all are connected in parallel. The total pumping
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speed will be 7000/¢ which are more than the calculated pumping speed. Thia extr
pumping speed we have kept to accommodate the throughputr afetector system
which is not included in the calculation given in Tab&1 and also pumping speed

loss due to finite conductance of the pumping pipes.

Status of power
supply

Dynamic status c
complete vacuum
systen

Display of vacuum
gauges

Status display of the
pumps, trolley and the
chamber

HMI Target: manual
mode

HMI Vacuum +
Target: auto mode

Control knobs of the
pumps and valves

Controller of cryo
pumps

Figure 6.8: Local control panel of SHARC. It control both the vacuumesysttarget ladder

and also shows the status all other operations of SHARC.
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6.3 Operation of the chamber

To operate a particular function of the chamber, one needalltw certain se-
guence of steps which is essential to maintain the propéonmeance of the chamber
for a long time in repeated use. For an example, to open acpkatisection of the

chamber, direct use of the corresponding motor on the yroliay severely damage

Figure 6.9: Remote control panel of target ladder. It also shows theustall operation of

target ladder and pumping system.

the chamber. To open it properly, first the chamber has tgbnratmospheric pres-
sure by letting in dry nitrogen. This is important to get propacuum characteristics
in the subsequent pump down cycles. Then after opening ttseama bolts, the cor-
responding motor can be operated to open the chamber. 8yndaveral steps are
to be followed in sequence for proper operation of the puigniystem and the target
ladder assembly. Both the vacuum system and target ladeleoatrolled by PLC lo-
cally as well as remotely through compact control units showFig.6.8and Fig.6.9,
respectively. The local control panel of SHARC controlstyedcuum system and tar-
get ladder operations, and also dynamically displays titesall active parameters of

SHARC, like, input power, mechanical interlocks (open asel), pressure of fierent
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of gauges, water supply, status of cryo and turbo pumpsetidagder, valves etc as
mentioned in Fig6.8. Remote control panel can operate target ladder and alsessho

the status of its operations and status of the pumping system

6.3.1 Operation of the pumping system

In general, vacuum pumps work properly provided certairddamns are fulfilled.
For example, turbo-molecular pump works properly when hoegguum €102 mbar)
is achieved both initsinlet and outlet. Atthe same timeartrmot be operated if cooling
water is not available. Considering the working environt@&nthe pumps used in
SHARC (See Fig6.10for details), the whole vacuum operation sequence has been
pre-programmed and has been fully automated by using a PlaRéMVJs. Schneider
Electric Modicon). Provision has also been kept to opefagepumps manually. A
typical vacuum pumping sequence is displayed in Bid.1 which is controlled by
PLC after starting by a single key. Initially all the valva® &losed. After switching
on the key, rotary pumps (Scroll) RP-1 and RP-2 (Bd.0 are started to pump the
pipeline. When the Pirani Gauge PR-1 and PR-3 readings rE&iéimbar, the rough
vacuum valves, RV-1 and RV-2 will be opened to start the rouegtuum pumping of
the chamber. When PR-7 and PR-8 show pressures 0f mbar, the turbo pump
backing valves (TB-1 and TB-2) are opened and at the samevtizer to cool the
turbo pumps is checked. Then the turbo pumps TP-1 and TP-@uatehed on and
within 5 minutes they reach their full speed. At this time,-R@nd RV-2 are closed
and then the high vacuum valve HV-1 and HV-2 are opened. As#me time the
backing pumps RP-3 and RP-4 of cryo pumps are started ana@iyes\of the backing
pump line CB-1 and CB-2 are opened. Then the temperature t&rwé the cryo
pumps is checked and the pressures of chamber and the crymlpacking lines are
also checked. If the high vacuum (Penning) gauges PNG-1 Bi&ZPshow pressure
of ~107® mbar and both PR-5 and PR-6 ar&0~2 mbar pressure, then CB-1 and CB-2

are closed and compressors of the cryo pumps are startech iMaeemperatures of
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RP  DRY VAC.PUMP
TP TURBO PUMP
HY  HIVAC VLV
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PR PIRANI SENSOR
PNG PENNING SENSOR
CP CRYOPUMP
RV ROUGHING VLV
CB  CRYOBACK VLV
TB  TURBO BACK VLV
BPV BYPASS VLV
IV ISOLATION VLV
AWV AR VENT VLV
NV NEEDLE VLV

Figure 6.10: Schematic diagram of SHARC with vacuum pumping system.

cryo pumps reach below 20K, HV-1 and HV-2 are closed, HV-3 ldNe4 are opened
and turbo are pumps switcheé.0After 10 min, TB-1 and TB-2 are closed RP-1 and
RP-2 are switchedfband turbo pumps start venting. At this stage the chamber is
pumped by cryo pumps only. To achieve a clean vacuurbsfl0-’ mbar, the whole
pumping system takes 7h when SHARC is in empty condition. Alternative options
in special situations, such as selection of pumps in casayofalure or in case only

rough vacuum is required, are also provided through separagjramme packages.
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Figure 6.11: A typical pumping sequence. Unit of the pressure is in mbar.

conditions.

START

RP1 ON

RV1 OPEN

TB1 OPEN

TP1START

RV1 CLOSE

HV1 OPEN
RP3 ON

CB1 OPEN

CB1CLOSE

CP1 START

|
il

HV3 OPEN
HV1 CLOSE

TP1 OFF

TB1 CLOSE

RP1 CLOSE

START TP1
VENTING
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RP2 ON

RV2 OPEN

TB2 OPEN

TP2 START

RV2 CLOSE

HV2 OPEN
RP4 ON

CB2 OPEN

CB2CLOSE

CP2 START

HV4 OPEN
HV2 CLOSE
TP2 OFF

TB2 CLOSE

RP2 CLOSE
START TP2
VENTING

PR#<102

PR8<10?

TP2 WATER OK
PR4<10?

TP2 REACH
FULL SPEED

PRé&<10?
PRé<10?
CPZWATER OK
PNG2<1(P
PR6<1(?

CPZ TEMP< 2(K
PNG2<1(P
CB2 CLOSE

10 MIN TIME
DELAY

Presently, four types of pumping cycle have been stored @, iRamely, CYCLE-
1, 2, 3, and 4. CYCLE-1 is the normal cycle of pumping as disedsabove and will
be generally used. CYCLE-2 is only for rough vacuum, wherbdwand cryo pumps
will not be used. CYCLE-3 will be used when any one or two dquaimps will not
work. In case of any failure in cryo pumps, CYCLE-4 is used ypdss it. Any one
of these CYCLESs can be selected by the Human Machine Inge(tdMl) by select-
ing the corresponding page by pressing side arrows as shof#igi6.12 One may
also manually select the failed part and run the vacuum systeept that failed part.

There is also a provision for slow manual pumping under delmgnexperimental



6.3.2 Operation of target ladder

The target ladder movement can be operated in two modesr @itio or manual.
The same PLC (Make: M. Schneider Electric Modicon) used in the operation of
pumping system, is also used to control the operation ofdhget ladder system in
auto mode. In this mode of operation, target ladder perfdrenparticular operation

as per the specified value given through Human-Machinefagershown in Fig6.12

@ Telemecanique Magelis

o | Fg o
(csc Mo B w JUA JooRE <2

1 2 3 4 5 6
DoEnEEn
7 8 9 0 +/- .
i & 1 [0 11

Figure 6.12: Human machine interface in auto mode.

which consists of keys and a display. On the other hand, imthieual mode, target
ladder movement is controlled by using jogging of keys andmmands through touch
screen as shown in Fig.13and a separate PLC (Make:/#1 Panasonic) is used in

this case. Here we shall discuss a few most frequently usexopns.

(a) Auto mode of operation: Operations of the ladder have been classified into
four broad category, (i) Angular value set, (ii) angularexpset, (iii) linear value set,
and (iv) linear speed set. Each of these operations has le¢@m & page which can
be selected by the side arrows (left and right) as in Big2 Under each of these

operations, there are few subcategories, like, SET, ACTRRIBET etc. By SET,
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one can set the value of a particular operation by keys or &ysing the down and up
arrows. By button F4, SET value will be added with the actadlle (ACT) and it is set
as current value of a operation (CURR SET) to be performe@ QURR SET value
can also be given directly through the buttons. A particafaration, say, linear value
set is explained below. First of all, stepper motors haveetethrted by buttons F6. By

pressing F2 (for angular set F8), ladder will go to ‘home’ipos (minimum value).

TOUCH SCREEN

LINEAR AXIS MOVEMENT
SET VALUE

URRENT VALUE

SET SPEED

CURRENT SPEEL

(K
' ILINEARiiOTI
N

ALUE RESE
@
N N
§ -

R OTION)

N \ NGULA

I B |

Figure 6.13: Human machine interface in manual mode. Details of the hatare given in

the text.

Initially we are in ‘read’ mode. To change the set value oflthear position, we have
to go to ‘write’ mode by pressing viggown arrow un till ‘read’ is changed as ‘modify’.
Then press ‘ENTER’ button. It will ask for password. The CUBRT value can be
changed by F4 (for angular set F10) or by directly settingatse through the buttons
by pressing up and down arrow properly. By pressing F1 (fguéar set F7), ladder
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will starts to move to the CURR SET value and during the mov@niastantaneous
position is seen in the display by ACT. This movement can Iberinpted anytime
forcefully by button F5 (for angular set F11). After requireperation, power supply

of motors has been switcheét by pressing F12.

(b) Manual mode of operation: To select this mode of operation, there is a
key which is not shown in the Fig.13 Most of the operations can be performed
through the ‘touch screen’ as shown in Figl3 except ladder movement which can
be controlled by jogging the buttons. First three columnthefbuttons are to control

the ‘linear motion’ and last three are for angular motion.

6.4 Status

SHARC has already been installed in SSC cave-1 and is cathetth beam line-
1 as shown in Fig6.2. We have successfully achieved a pressut&’ mbar in~8h
by following pumping sequence as described in $8.1 Vacuum performance of

10°
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10t k
100
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103k
104
105k
10%F
10’7- L el L el L Lol L Lol L Lo

0.001 0.01 0.1 1 10 100

Time (h)

UL AL AL L el el e

Pressure (mbar)

Ty

Figure 6.14: Vacuum performance of SHARC during a typical pumping cycle.

the chamber during a typical pumping cycle is shown in Big4 The rough vacuum
of the chamber reached its saturation value 2102 mbar in~40 minute by using

two scroll pumps. After one hour, high vacuum valve of thédtupumps are opened

114



and pressure suddenly fall td..5x10°> mbar within~75 second. It reaches saturation
at pressure-1.4x10°® mbar at~4h. At this point, the cryo pumps are connected to the
chamber and pressure again falls suddenlky8=10~" mbar and saturates abx10~’

at~8 hours.
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Chapter 7

Summary and conclusion

The inclusive double dlierential cross-sections for IMFs having atomic number, 3
< Z <5, emitted in the reactions involving bothcluster and nom-cluster systems
(a)1%0 (117, 125, 145 and 160 MeW)'2C and (b)!'B (64 MeV) + 28Si, 12C (73 MeV)

+ 2"Al and 2C (77 MeV)+ 28Si, have been measured in two separate experiments [(a)
and (b)]. For the system (a), the energy distributions ofratyments at all incident
energies were single peaked, having nearly Gaussian shétpeseir centroids at the
expected kinetic energies corresponding to the binarykhrpabtained from the Viola
systematics corrected by the corresponding asymmetrior&acThe energy distribu-
tions of the fragments emitted from the systems (b) wereddarmave two peaks, one
originating from equilibrated source, identified as FF j@sx; and, the other from non-
equilibrium source, DI process; each of these peaks is fitidda separate Gaussian.
Characterisation of the equilibrium component of fragmsgmgctrum has been done
in various ways. The angular distributions{dQ ). were found to follow Isind.
dependence in all cases. It has been observed that for emrhdnt, at all bombarding
energies, the averagg-value is independent of emission angle, which suggests tha
the fragments are emitted from a completely equilibrateda®at all the incident en-
ergies considered here. Total elemental cross-sectiothéofragments Li to B have

been estimated from the experimental distributions andanee have been compared
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with the statistical model predictions. At all incident egies, a significant enhance-
ment in the yield of the fragment B have been observed ovahtdwetical predictions
of CASCADE and EHFM calculations for the-cluster system (a). The yield of the
fragments Li and Be are in good agreement with the theotgieictions of the
statistical model code CASCADE, though they are underptediby EHFM calcu-
lations. However, the magnitude of mismatch increasesrpssg/ely from Li to B,
which clearly indicates increasing additional contribas from other reaction mech-
anism or possible enhancement to the energy damped yietdheeantrance channel
configuration. The above observation is consistent withfalee that the NOC value
for this system is much smaller than those for other two neagtstems - which is
indicative of the formation of an orbiting dinuclear comypie *80+12C at the energies
studied here. However, the total angle integrated yieldd®fequilibrium fragments
in the reactions (b) are in fair agreement with EHFM preditsi which confirm their
compound nuclear origin; even the yields of FF fragmentdtethfroma-cluster sys-
tem, 12C + 28Si, also match with EHFM predictions. It is interesting taabere that
a previous study on fragment decay from the same syst¥ai( produced through
inverse kinematical reacticfiSi + 1°C at same excitation energgd]) had indicated a
possible signature of enhancement in fragment yield (fatixeely heavier fragments;

6 < Z < 8) over those predicted by the statistical model.

As the fragment emission study of the reactionsf@) (117, 125, 145 and 160
MeV) + 2C indicated the possibility of dinuclear orbiting, the egyeand angular dis-
tribution of a-particles have been studied to measure the deformatidreqgiroduced
composite 28Si*. The measured energy spectra have been compared with tlee sam
predicted by the standard statistical model calculati¢inisas been found that the ex-
perimentaky-particle energy spectra are properly explained by CASCADE when
an appreciable amount of deformation is introduced by aptirg the ‘deformability’
parameters. The extracted quadrupole deformation paeasnate found to be large
(larger than the corresponding RLDM values) at all beamggesr It is also observed

that the deformation is found to increase with increasirggbin of the excited com-
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posite. The observed enhancement of deformation in theprstudy may be another
indication of orbiting in'®O + 12C. However the understanding does not seem to be
so simple and straightforward when one compares the abdtehd results of CAS-
CADE calculation with ‘frozen’ deformation, which has alseen shown to be almost
equally dfective in explaining the data. In this case, tiffeetive ‘frozen’ deformation
turned out to be smaller than that obtained using the optighmrameters (though
it is still higher than the corresponding RLDM value). S tmcertainties about the
magnitudes of the actual compound nucleus deformationgtistanding, it can, only
gualitatively, be said that equilibrium orbiting, whichgsnilar to particle evaporation
in time scale, could also be one of the contributing factorgtie observed deforma-
tion. However, the present models are too simplistic to iptéde actual deformation
of the compound nucleus; more realistic event-by-eventt&lQarlo calculations, tak-
ing into account the initial deformation, spin distributiof the compound nucleus and
their subsequent evolutions, should be performed to haveep understanding of
the compound nucleus deformation. In addition, new expemiad inputs (like mea-
surement of deformation from GDR studid2([)) are needed for more comprehensive

understanding of the process.

The DI component of the fragment £3Z < 5) energy distribution in all the three
reactions (b) has been studied in details. It has been shmatrthte DI fragment an-
gular distribution falls & much faster than/&ing., distribution. The time scale of
the DI process has been estimated from these DI angularbdistns. It has been
observed that for all these reactions, the time scale, wisicklated to net nucleon
transfer, decreases as the fragment charge increasesr (ake projectile charge). It
has also been observed that the aver@galues for the DI fragments decrease with
the increase of emission angle and saturate at higher arsiggsfying a saturation
in energy damping process beyond these angles. Assuminmpact exit channel
configuration (estimated from the extracted FF part of thecsp), the angular mo-

mentum dissipation factof,, for the DI process has been extracted. For all the three
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reactions, the experimental valuesfohave been found to be in fair agreement with

the corresponding sticking limit predictions.

A large high vacuum reaction chamber has been designed;dédnt and installed
in SSC beam line-l. This Segmented, Horizontal Axis, ReacChamber (SHARC)
will cater to needs of dierent types of experiments using the facilities being dgyexdi
under superconducting cyclotron utilization project, \EGHARC is a cylindrical,
three segment, stainless steel (SS 304L) chamber of length, 2Zliameter 1m and
total volume including the pipes to connect the pumps i800 litres and wall thick-
ness~10mm. The front (beam-entry) end is hemispherical in shdpadius 500mm
and the rear end is elliptical dish (2:1) shaped. All thregnsents are mounted on
separate support structures which rest on external radls that each segment can
move independently on the rails by automatic gear-mototrobmechanism having
built-in limit switch locking facility with manual overrid option. Two pairs of rails
are provided within the chamber for mounting and placemétitetarget ladder sys-
tem and the user designed detector assemblies at any posittan the chamber. A
generalized detector mounting table (made of Aluminumyal®61-T6) with preci-
sion alignment mechanism on manually movable stands witkirig arrangement on
rails is also provided as default arrangement. All over thlde, there are inverted
‘T’-shaped channels which may be used for detector mountirg general experi-
ment. There is provision to adjust the height of the table exsrequirement of the
experimental setup. The table can be easily removed froraitamber if the rails are
suficient to mount the detector system. To achieve optimum vacperformance,
all inside surfaces were given smooth granular finish ane \fireally electro-polished
with bright finish. A target assembly is there inside the chamlinear and rotational
motion is fully controlled very precisely with the help ofé6wacuum compatible step-
per motor and programmable logic controller. The whole @b is mounted on one
pair of internal rails and may be placed at any position withie chamber to optimize
the flight path. The target assembly includes a ladder thrahold six targets at a time

in a column. Two glass windows are kept to visually inspeetgbsitions of the target

119



and the detector inside and also to see the beam spot atgkee pasition (on alumina,
during optimisation of beam transport) using a camera dettie chamber. SHARC
has been provided with 24 ports (each of diameter 25 cm) fd@rent locations of the
body of chamber to cater to various experimental requiréspdike, the connections
of gas flow system, electrical signals from the detectorgalers bias inputs, cooling
pipes (if required) etc. Flanges with standard LEMO conorscas well as indige-
nously designed and fabricated flanges with Flat Ribbon €atan (FRC) connectors
has been used as electrical feed-through to take the deségt@ls. The design of the
pumping system has been done by considering the possilbdssiag load due detec-
tor systems. Two sets of pumping systems, connected inlplaf@ve been used to
achieve the ultimate vacuum. Each set consists one turb@ gsipeed 100Q'¢ ) and
one cryo pump (pumping speed 25@) leach backed by scroll pump ( peak pumping
speed 37fth). Whole pumping system is auto controlled by PLC. The chemib
successfully commissioned in the SSC beam line and the mdracuum of~5x10~7

mbar has been achieved in 8 hours in empty condition.
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