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PREFACE

The study of fusion involving loosely bound projectiles is of continued interest because of
its application to nuclear astrophysics. For unstable nuclei the fusion process is affected by
their low binding energy, which can cause them to break up before reaching the fusion
barrier. This may reduce the complete fusion cross sections, making it difficult to make the
super-heavy nuclei. Alternately, the extended structure of the loosely bound nuclei could in
principle induce a large enhancement of fusion. Although sub barrier fusion involving
strongly bound stable nuclei is well understood, but there are contradictory results and
predictions about the enhancement or suppression of the fusion cross section (¢™**) over the
predictions of the single barrier penetration model calculations around the Coulomb
barrier, when one of the collision partners is a weakly bound nuclei. To explain the
experimental data new models are coming up with more complex logic based on the
paradoxical theory of quantum mechanics. Experimental investigations of the fusion
process have been made with stable weakly bound ®’Li and *Be nuclei; however, they have
different conclusions about fusion enhancement/suppression, when compared with strongly
bound stable isotopes and/or coupled-channel calculations. There are theoretical
calculations that predict either suppression of the complete fusion (CF) cross sections due
to breakup of loosely bound nucleus or enhancement of the same due to coupling of the
relative motion of the colliding nuclei to the breakup channel. Haginoet al. performed an
improved coupled-channel calculation that predicts the enhancement of fusion at sub-
barrier energies and reduction at above barrier energies. An understanding of breakup and

fusion is directly relevant for producing nuclei near the drip line and possibly super-heavy



nuclei. Experimentally such studies are limited because of the low intensities of unstable
beams currently available. Light nuclei such as °Li ('Li), which breaks up into a + d (o + 1)
with a breakup threshold of only 1.48 (2.47) MeV, has a large breakup probability. Fusion
with such a nucleus is ideal for the quantitative testing of theoretical models and for use as
a comparator for fusion measurements with other unstable beams. To differentiate the
effect of projectile breakup one should choose a system where the effect of other channels
(target excitations or projectile bound state excitations) on fusion is minimum. So, one can
start with a spherical target with first excited state above the projectile breakup threshold
and °Li projectile having no bound excited state. In the next step, it would be interesting to
find out the effect of target deformation in addition to the effect of projectile breakup on
fusion where one should choose a deformed target in place of a spherical target. Here it
requires systematic experimental data with good precision at low bombarding energies,
where penetrability effects are important. Also, the barrier distribution extracted from these
fusion excitation functions can provide an additional information on the structure of the
target/projectile. The effect of target deformation on fusion cross section is expected to
differ depending on whether it is static or dynamically induced. When averaged over all
orientations of a deformed nucleus, the fusion cross section becomes larger compared to a
spherical nucleus. However, the dynamical effects such as excitation of the vibrational
states or the rotation of the deformed nucleus during the collision can sometimes lead to
reduction in fusion cross section. The static deformation effects could be very important
and they may show up partly through absorption below the barrier. There are reports that
the fusion cross sections involving a much deformed **Sm target nucleus are considerably

larger than a less deformed '**Sm nucleus with strongly bound projectile '°O at sub-barrier



energies. Similar effects are also observed for two more projectiles **S and *’Ar. While
most of the studies on the effect of target deformation on fusion cross section involve
strongly bound projectiles such as '°0,*”S etc., the studies involving loosely bound nuclei
(°Li,’Li,”Be) with deformed targets are scarce. Fusion reactions involving loosely bound
projectiles would be more revealing towards the dominance of the effects of projectile
breakup or target deformation, especially at sub-barrier energies. It would be interesting to
see if the sub-barrier fusion enhancement due to deformation gets further magnified with
the breakup coupling or it is neutralized by the suppression of fusion cross section due to
loss of incident flux caused by projectile breakup. It has also been observed that although
the effect of couplings of the target inelastic states (e.g., 2", 3~ vibrational states of **Pb)
on elastic scattering or fusion in the systems involving tightly bound projectiles
(*C+*Pb,”Bi) are significant, it is negligible for the systems involving weakly bound
projectiles (*’Li+*®*Pb,>””Bi) , where the effect of projectile breakup is dominated. So, it
would be interesting to investigate whether similar scenario is observed for a system with a
target ('°Sm) having rotational inelastic states. Ultimately one needs to understand the
effect of both projectile as well as target dependences on the fusion for which we propose
to make the fusion measurements for several systems with different projectile breakup
threshold and different target deformations. With these motivations, four different systems
involving two weakly bound projectiles (*'Li) and two isotopes of Sm as targets i.c.,
STLi+"**132Sm were chosen whose fusion cross sections were measured and analyzed. The
present work is organized into the following chapters; An introduction to the problem and
motivation of the present work will be given in Chapter 1. The statistical model and

coupled-channels calculations are presented in Chapter 2. The experimental details and the



data analysis are described in Chapter 3. The comparison of the experimental results with
the theoretical predictions as well as previous results analysis is discussed in Chapters 4, 5
and 6. Finally the summary and conclusions of the results of the investigation preformed in

the present work and future perspectives are mentioned in Chapter 7.
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Chapter 1

1.1 Introduction

Ever since the discovery of the nucleus by Rutherford in 1911[1] and soon after the
establishment of the presence of neutron inside the nucleus, efforts are continued to
have a better understanding of atomic nucleus and its properties. From time to time
various types of models are predicted [2-5] to understand the nature of the nuclear
forces that bound proton and neutron together in the nucleus. Even after more than 100
years of its discovery, the detail knowledge of nuclear forces is far from its complete
understanding. This indicates the complicated nature of the nuclear forces. The nuclear
physicists have been concerned with the investigation of various kinds of nuclear
reaction and nuclear structure of the nucleus using high energy ion beam. The
development of the accelerators [6] in addition with the fast electronics, sophisticated
detector system, high computing power [7] helped a lot to understand the field of
nuclear physics. It has an important phenomenon of paramount importance in the
laboratory for the production of artificial nuclei, generation of energy in stellar interior
through nucleosynthesis, as well as in the quest for super heavy elements with charges
and masses significantly larger than the actinide nuclei [8-12]. Particularly the heavy
ion fusion reaction is of interest because of the possibilities to produce super heavy
nuclei by fusion reaction. It is well established that the fusion of two many body system
can be described to a great degree of precision by model involving just the relative
distance between the two objects. The fundamental quantum mechanical tunneling
phenomenon is supposed to operate in full-fledged fashion allowing a quantitative
description of the fusion of the two nuclei. The fusion of nuclei has received a great
degree of attention over last five decades or so owing to the availability of heavy ion

accelerators.

1.2 Heavy lon Reaction

The nuclear reactions are classified into two categories in term of reactions times [13,

14, 15]. The fast “direct reaction” process, where the time interval between the incident
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particle and particle emission is close to the time require for a nucleon to cross the
nucleus ,i.e.10%? s. On the other hand, the slow “compound nuclear reaction” the time
scale is ~10™" to 107° s. The two types of reaction can be distinguished by various
experimental features, such as shape of the excitation function, emitted particle spectra
and angular distribution etc. Although these times of interactions cannot be measured
experimentally but there are indirect experimental evidence for different types of
reactions. For example, a familiar bell shape of the excitation function reveals
compound nuclear mechanism. The cross section for a particular channel first increases
with increasing energy and then decreases with further increase in energy due to
competition from other reaction channels, which become energetically possible. In
direct reaction, excitation function depends sensitively upon the level structure of the
residual nucleus. The outgoing particles from compound nuclear reaction show a
continuous Maxwellian distribution in their energies whereas those emitted in direction
reaction have discrete energies characteristics of the residual nucleus as shown in Fig.

1.1.

Compound — nucleus I Direct
decay i Reactions
|

I
!

I

I

Yield (Not to scale)

Neutrons

Protons \
_—

AMLIIIII

B .
Outgoing Energy £

Fig 1.1: Energy spectra of the emitted particles from different reaction
processes.

In direct reaction, the emitted particles are partially polarized where as they are
completely unpolarized in compound nuclear reaction. An important distinction lies in
the angular distribution of the emitted particles of compound nucleus reaction is
characterized by fore and aft symmetry (symmetry around 90°) where as it is
predominantly forward peaked in direct reaction. In low energy studies, the bulk of the

particle emission can be attributed to one of these processes. As the isochronous
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Cyclotron came into wide usage in the 1960’s and higher projectile energies became
available for nuclear reaction studies, several new experimental features emerged from
systematic investigations of fusion cross-section measurement, elastic scattering, fission
fragment mass distribution and many more. There has been an increasing evidence to
point out that some reaction takes place within intermediate time between the two
extremes. They manifest them self in the high energy tail of excitation function. A
gradually changing pattern of angular distribution from forward peaked to fore- and aft
symmetry occurs depending on the reaction process. These new experimental features
were neither consistence with the compound nucleus model [16,17] nor with the direct
reaction model [18].

The main feature of the heavy ion (HI) induced reaction includes (i) large excitation
energy transfer (ii) large angular momentum transfer (iii) exchange of large number of
nucleons and (iv) special type of interactions, such as multi Coulomb excitation, short
range interactions etc. Due to these special features, it is possible to study the properties
of the nucleus under unusual conditions, which are not normally meet with light ion
studies. Thus, nuclear matter with unusual high density (super dense nuclei) rotating at
extremely high speed (due to high angular momentum) and decaying with extremely
short radioactive half lives (due to being highly proton-rich and hence far away from the
stability line) can be studied in these types of experiments. In addition, super heavy (in
the far transuranic region) and super charged (nuclear molecules) nuclei can also be
studied.

The study of HI induced reactions is quite intricate due to the involvement of many
nucleons in the interaction procedure and interaction partners having large Coulomb
barrier (V). Therefore, a certain amount of projectile energy E>Vg is required to
initiate a heavy ion (HI) reaction. Further, the de-Brogelie wavelength (1) involved in
HI- induce reaction is very small. Since, the associated de-Brogelie wave length (1) of
the HI’s is very small, therefore, the HI induce reactions can be described using semi-
classical approach. In semi- classical approach, one consider relative motion of ions
classically and angular motion in central force filled. The semi- classical nature of HI-
induced reactions makes it possible to give general description of their classical
characteristics, particularly their relative motion along with quit well defined orbits in
term of distance of closet approach between interacting nuclei (ry;,) which is related to

the impact parameter ‘b’[18,19] and may be expressed as ;
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b
=

Ecm

Tmin =

Where, V(rmin) is the nuclear potential acting between the interacting nuclei and E. p,, is
the center of mass energy of the interacting system.
The classical trajectories of projectiles leading to the different modes of reactions may

be classified on the basis of impact parameter, as schematically represented in Fig.1.2.

Direct Reactions,

Grazing Collisions

Fusion

SR _1._'._._._._._._.4'_._.

Close Collisions \

;
+ Damped Reactions
Distant Collisions

Elastic Scattering and
Coulomb Exeitation

Fig 1.2: A Schematic diagram of different type of heavy ion reactions as a function
of impact parameter ‘b’.

As can be seen from the Fig.1.2, [1, 56] at projectile energies deep below the fusion
barrier (Vg or Vi), the projectile does not touch the target nucleus and is assumed to be
elastically scattered through the Coulomb field with a large values of impact parameter,
leading to the ‘distant collision’. In this ‘distant collision’ no mass is transfer from
projectile to target and/or vice-versa. However, when the projectile and the target
nucleus come into close contact then the nuclear reaction will set in, i.e., if the impact
parameter is comparable to the sum of the radii of the interacting partners, ‘grazing
collision’ takes place and the projectile can be elastically or in elastically scattered, in
which the projectile smoothly graze along the outer surface of the target nucleus. In this
process, the system keeps its original asymmetry in kinetic energy, mass, etc. Moreover,
when the projectile interacts with the targets nucleus at smaller values of impact
parameter with relatively high bombarding energies (just enough to enter in the nuclear

field range of target nucleus) then ‘deep inelastic collision’ (DIC) dominates, in which
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the projectile interacts strongly with the target nucleus. In such a case, the nuclear
density rise very rapidly in the surface region of target nucleus, and a few nucleons may
get transferred from projectile to target nucleus, which is also called as ‘massive
transfer reaction’. Further, if the projectile interacts with the target nucleus very
strongly at still smaller values of impact parameters, the projectile fuses with target
nucleus to form a compound nucleus (CN). The different processes are summarized
bellow associated with impact parameter and energy.

(a) Elastic (Rutherford) scattering of Coulomb excitation (rmi>RN)

(b)Transfer reaction or peripheral collision (ryi»=RN)

(c) Deep inelastic scattering and incomplete fusion (rin<Rn)

(d) Fusion reaction (rpin<<Rx)

Where,Ry=R+R; is the sum of radii of interacting partners, b=impact parameter.

It has already been mentioned, in HI- induced reactions, when the center of mass
energy of the interacting partners is greater than the Vyy, they overcome the Coulomb
barrier may lose some of the relative energy through nuclear friction to get trapped in
the pocket of the potential and ultimately lead to the CN formation. In general, the
angular momentum dependent partial reaction cross-section 6~(E) at a given energy for
these reactions may be given as,

" (E)=n)\*(21+1)T(E)

Where, T/(E) is the transmission coefficient for a particular /-wave.

In the simplest form, one may assume a nuclear potential which depends on the relative
separation (r) of two nuclei.In nuclear reactions, emphasis is laid on the interaction
between the incident particle and the target nucleus, the nuclear scattering processes are
more sensitive to the potential on the nuclear surface region. The v.g(1) as a function of
distance consists of the sum of Coulomb, centrifugal and nuclear potentials and may be
given as

Vet(1) =Veou(r )+ Viuel (1) +Veent (r)

Where; Vi ou(r) is the repulsive Coulomb potential, V en(r) is the repulsive centrifugal
potential and V(1) is the attractive nuclear potential.

The dependence of the reaction probability for different types of collision on the impact
parameter ‘b’, can be converted into a dependence on the driving input angular
momentum, using the relation / = myvyb. In this expression m,v, denotes the asymptotic

initial momentum of the projectile nucleus relative to the target nucleus. A qualitative
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picture of the reaction probability (o;) as a function of entrance channel angular
momentum (/)is given in Fig 1.3. The area bellow the solid curve gives the reaction
cross section for CN formation (ccn), deep inelastic collision (opc), direct reaction
(op). As indicated in the figure, different regions are overlapping in different /-values.
At present it is not clear how large the overlapping regions are for an individual mode
of reaction. More over the different modes of reactions can also be understood on the
basis of contact duration of projectile and target nuclei, depending upon the relative
velocity of projectile. For sufficiently large time of contact corresponding to the small
relative velocity, CN formation is more likely to take place. However at high relative
velocity of projectile where the time of contact is suppose to be very small other
reactions like DIC, direct reaction etc. follows. It is now well established that, in HI-
induced reactions at energies near and above the Coulomb barrier the most dominating
fusion process are: 1) complete fusion and ii) incomplete fusion.
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Fig 1.3: A qualitative picture of different reaction as a function of input angular
momentum [. Compound nucleus formation (ocy), deep inelastic collision (opjc), direct
reactions (op), elastic scattering (o) and Coulomb excitation (ocg).

1.2.1 Complete fusion

In this process a composite system is formed due to intimate contact and complete
amalgamation of projectile and target nucleus leading to the formation of fully
equilibrated compound nucleus (CN). Following condition must be satisfied;

i) The projectile energy must be sufficiently enough to overcome the fusion barrier

1.44 ZpZ
(Vg = . )) of the projectile-target system.

To (All,/ *+al?
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Where, Zp, Z1& ApAr are atomic number and mass number of incident projectile and
target respectively.

i) The projectile and target should have maximum overlap for amalgamation to occur.
iii) The CN cannot be formed, if the entrance channel introduces more input angular
momentum than the composite system can sustain.

A schematic representation of CN reaction dynamics is shown in Fig 1.4. The CN
reaction is said to occur probably at zero/small values of impact parameter. The kinetic
energy of projectile in the centre of mass frame is converted into the excitation energy
of the CN. All the kinetic energy which is allowed by energy and momentum
conservation is distributed statistically among all internal degrees of freedom. The CN
thus formed de-excites by the evaporation of the light nuclear particles from a
characteristic equilibrated system but only with small amount of angular momentum.
The angular distribution of the emitted light particles from the CN provides different
types of reaction process. The evaporation residues (ER) are expected to be
concentrated in forward cone due to recoil when the light particle will emit from it.
Further, it has been experimentally observed that the CF cross section (ocr) is smaller
than the calculated fusion cross section using single barrier penetration model

calculation (SBPM) involving loosely bound projectiles (®’Li. °Be..). [13, 14, 20, 21].

1.2.2 Incomplete fusion

Incomplete fusion (ICF) corresponds to the reaction dynamics where a hot metastable
incompletely fused composite system is formed as a result of partial liner momentum
transfer (PLMT) from projectile to target nucleus. Here one of the fragment of the
projectile will fuse with the target and the other fragment will fly with the beam
velocity. A schematic representation of ICF dynamics is shown in Fig.1.5. At relatively
higher projectile energies and at a finite values of impact parameters, CF gradually
gives way to ICF, where the centrifugal potential (V) increases due to projectile-
target interaction. Under the influence of centrifugal force field, the driving angular
momenta exceed its critical limit (/.;) for CF, as such the attractive nuclear potential
(Viuel) 1s no more strong enough to capture entire projectile. . Fusion of heavy ions is a
subject that has been extensively studied in the last few decades. At energies around the
Coulomb barrier, the study of fusion mechanism is particularly interesting due to its

dependence on the nuclear structure of the colliding nuclei and its strong couplings with
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elastic, inelastic and transfer channels. As the bombarding energy increases,the

competition with the other reaction mechanisms decreases and corresponding to the

Formation of CN~
0 @ ‘c>
p
Projectile (P) Target(T) Capture 10- 2251!:: o

(P+T) 10-%sec
a.

P

pd

E

© 10*5sec
Sy,

3 {L

Final Reaction product

Fig 1.4: Schematic representation of CN formation and its decay via CF-process.
The accelerated projectile nucleus collides and fuses with target nucleus lead to
excited compound nucleus (CN*). The CN* first cools by evaporation of neutrons,
protons and/or a-particles. Eventually, it may lose the rest of its excitation energy
and almost all of its initial angular momentum by emission of y-rays.

’7 Formation of IFC = CN'*

____________________ Q‘@
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P
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Projectile (P) Target (T) Capture b
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L 5 ’ L
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Incompletely Fused Composite=IFC n
CN formed via ICF = CN*™* Decay of CN™

Fig 1.5: Schematic representation of ICF process. As shown, one of the fragments
fuses with target nucleus called participant leading to the formation of ICF system,
while the remnant moves in forward cone as spectator, with almost projectile velocity.
The IFC de-excites in the similar fashion as the CN decay in CF.
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fusion cross section. At present, the studies of fusion process are reasonably understood,
and their most remarkable effect is the enhancement of the fusion cross section at the
sub-barrier energies regime, relative to the predictions of one dimensional barrier

penetration models.

1.3 Reaction with weakly/ loosely bound systems

In recent years great theoretical and experimental efforts have been made to investigate
breakup process in collision of weakly/loosely bound systems, as well as their efforts on
the fusion cross section [14]. The fusion of weakly bound nuclei differs in a
fundamental way from that of tightly bound ones in so far as the influence of the
breakup channel is concerned. Whereas this channel does play an important role in
reducing the fusion cross- section of the latter well above the Coulomb barrier, the
effect in the former is felt in the vicinity of the Coulomb barrier, owing to the small Q-
value involved. What accompanies breakup is the occurrence of ICF or breakup fusion
where a part of the mass of the broken projectile is captured by a target while one or
more fragments are fly away from the interaction region. Such process competes with
the CF, where the whole projectile is absorbed by the target. From the experimental
point of view distinguishing of these two processes is a very difficult task, which can
only be carried out for some particular projectile target combinations. For this reason,
operational definition the CF and ICF are usually adopted. CF is defined as the process
in which the total projectile charge fuse with the target while ICF occurs when some
charged fragments survive the fusion process. In fact other processes are also
contributed as shown in Fig. 1.6 [14]. The different contributions are depicted in a
varying degree of complexity. The direct complete fusion (DCF) involves the capture of
whole projectile by the target without explicitly going through the breakup channel. The
sequential complete fusion is a process (SCF) when breakup does occur followed by the
successive capture of the two fragments. From the experimental point of view SCF
cannot be distinguish from direct projectile target fusion (DCF), which is not preceded
by breakup. Only complete fusion, CF cross section (CF=SCF+DCF) can be measured.
Further only for a few systems it is possible to measure ICF and CF separately. Most
experiments give the total fusion (TF) cross section, corresponding to the sum of

CF+ICF. 1t is also very hard to distinguish experimentally ICF from direct stripping
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transfer process leading to the same target like nucleus. In this way the TF cross section
usually included contribution from the CF, ICF and from some charged particle

stripping transfer.

®-' Elastic Breakup
® &

Fig. 1.6: Schematic representation of the fusion and breakup processes that can
take place in the collision of a weakly bound projectile.

There is a special interest on this subject due to the recently available radioactive beam
of very weakly bound nuclei. Reactions with these nuclei are important in process of
astrophysical interest, as well as in the search of mechanisms that produce super heavy
elements. The full understanding of reactions induced by the highly intense beam of
stable weakly bound nuclei is a key for the study of the reactions induced by low
intensity radioactive beams [14].

The most suitable stable nuclei for this type of investigations are 9Be, 6Li,7Li, due to
their small separation energies that should favor the break-up process. It is important to
study the role of the breakup (nuclear and Coulomb breakup) of these projectiles on the

fusion cross section of different target masses. Also it is important to span the energy
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region from sub-barrier to two or three times the barrier energy, because there are
evidence that the role of the breakup on the fusion depends on the energy regime.

The studies presented in the literature can roughly be divided in three different domains;
light, medium and heavy nuclei. The recent measurement carried out for reactions with
heavy targets, namely *Be+***Pb [21], *Be+*"Bi [22], “'Li+**Bi [23], *'Li+***Pb [24]
and ®’Li+'®Ho [25] etc., show a substantial suppression of complete fusion (CF) cross
section above the barrier with respect to SBPM calculations. For reactions with medium
mass targets such as 'Be+%Zn [26], *"Li+*Zn [27], *"Li +*°Co [28], no suppression of
total fusion cross section can be seen at energies near the barrier. For reaction with the
light mass nuclei though fusion cross section measurements have been reported for
various system, like “'Li +’Be [29], “’Li +'*"*C [30-33], ®"Li +'°0 [32, 34-37], 'Li+''B
[38], Be+’Be [38], ‘Bet+'°C [39], *Be+*’Al [40], °Li+Zr [41], ®"Li+*’Al [27] etc..
there exists large experimental disagreements between measurements done using
different techniques.

The fusion cross section measured for systems, 0TLi +121¢ [30-33], ®"Li +'°0 [34-36],
’Be+’Be [38] by detecting the y— ray emitted from the evaporation residue (ERs) show
the fusion cross section for these systems to be close to the total reaction cross sections
at energies bellow (E¢m)~8 MeV around the respective Coulomb barrier. The reaction
cross sections were calculated using optical model with parameters obtained from
fitting of the elastic scattering data, in the energy region of fusion cross sections
measurements. On the other hand, the cross section measured for ®’Li +’Be and ®Li
+!213¢C [29,31] by the direct reaction of evaporation residues, show a strong suppression
of fusion cross section, particularly at low energies. This has been interpreted by
Takahashi et. al.[29] that the result of breakup is due to the small separation energies of
the ®’Li nuclei. This interpretation is in conflict with the Mukherjee et.al.[36,37] when
it has been argued from the measurements of ®’Li +'°0 that the large gamma ray cross
section observed do not support breakup of ®’Li prior to fusion. For the systems ®’Li
+1213C show the large discrepancies in the overlapping energy region.

The discrepancy has been resolved experimentally by measuring the fusion cross
section for 'Li+'*C, with '2C beam of energies 10.5 and 22 MeV from 14UD pelletron
accelerators at the Australian National University. This measurement employed the
direct detection of evaporation residues formed following the fusion of 'Li with "*C.

Direct detection of ERs for this system poses experimental difficulties due to low

11
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kinetic energy of the ERs, particularly when 'Li used as the projectile. In the above
work the higher momentum of '>C projectile produced ERs with kinetic energy nearly
twice to those using conventional kinematics [42]. It needs to be mention here that
contributions of the ERs bellow 4MeV could not be detected owing to the experimental
limitations. It was found from PACE [43] calculations that this missing contribution
was ~20% at E=10.5 MeV, but was negligible at E=22 MeV. The 10.5 MeV data when
corrected for this missing contribution agree well with the gamma ray measurement.
This reveals that the direct detection measurements [29] were underestimated in the
energy region E~8 MeV. Besides in these cases, the total fusion cross sections are very
close to the total reaction cross sections, barely leaving any room for breakup to
contribute in the region of measurement.

Total fusion cross sections have also been measured for ®’Li+*’Al [27] above the
barrier and compared with the existing data of ‘Bet+?’Al [40], '"B+¥Al [43] and
$0+?"Al [44]. The works show that the fusion excitation functions for all these systems
are quite similar, regardless of the projectile separation energy, there by indicating no
signature of fusion hindrance, when compared with fusion cross sections of the strongly
bound nuclei '*C and '°O. It has been conjectured by Padron et al.[27] the direct
breakup cross section for the three weakly bound nuclei may be large and quite different
for each of these projectiles and they may increase the reaction cross section, but they
do not affect the total fusion cross section(CF+ICF), at least within the limits of
experimental uncertainties.

The interaction at Coulomb barrier originated by the loosely bound nuclei is a relevant
research topic because new nuclear physics phenomena are expected to occur. Theses
nuclei are bigger than the stable ones since they have a RMS radius considerably larger
than that deduced from the r,A'"? systematic. This implies a considerable lowering of
Coulomb barrier, 1-3 MeV, ~5% and then a strong increase in the sub barrier fusion
cross section, since it depends more or less exponentially on the barrier height. These
nuclei are less bound than stable ones. The binding energy per nucleon is in the range of
0.1 to 1.0 MeV compared to ~8 MeV of the stable nuclei. This means that all breakup
related phenomena are expected to be stronger in particular the coupling of the
continuum via suitable excitation mode to the magnitude of the fusion cross section.
Practically specking the breakup arguments can be and it has effectively been utilized to
make opposite conclusion, namely that fusion cross sections around the barrier can be

enhanced or hindered. The effect of the breakup of weakly bound nuclei on the fusion

12
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cross section is a subject of major interest. The understanding of this is important for the

production of the nuclei near neutron drip line and super heavy nuclei.

1.4 General motivation of the thesis

The aim of the present thesis is to understand the effect of breakup of loosely bound
projectile on fusion process. Fusion, the word itself tells the amalgamation of two nuclei
to form a single equilibrated CN.As we know both (projectiles/target) made up of
protons (p) and neutrons (n), there must be a Coulomb repulsion between them. So in
order to fuse with the target, the projectile must overcome the Coulomb barrier energy
(Vp). Classically, if the energy of the projectile is less than the Vg fusion will not take
place but according to quantum mechanics there are certain probabilities that the
projectile can fuse with the target by passing through the barrier even if the incident
energy E<Vp by quantum tunneling. The heavy ion fusion barrier arises due to the
combined effect of Coulomb (repulsive) + nuclear (attractive) + centrifugal (repulsive)
potentials, assuming the projectile have the head on collision with the target (i.e. L=0)
and with the increasing value of L is shown in Fig.1.7 [45]. The process by which some
of the incident projectile pass through the Vp and fuse with the target to form an
equilibrated compound nucleus is called as barrier penetration and the transmission
probability depends on the height of the barrier, width of the barrier and the energy of

the incident projectile. So for a given set of projectile and target we should have one

V(1) (MeY)

r (fm)

Fig.1.7: Schematic representation of the barrier (Vi) height, Rgthe barrier radius for

different values of L(orbital angular momentum).
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Fig.1.8: [a] The single barrier penetration model calculation for different projectile
targets (°C,*’ A1, %’Si) fits the expt. data very nicely.[b] Wong model fitted for '°0+%Zn

system quite well.

value for Vg and Rg for head on collision. The barrier penetration model (BPM) fits the
experimental data very well. Some of the examples are shown in Fig.1.8 for some
systems (16O+27A1, UNH2C, PAr+*Sm, °Co+o*Ni etc.) and also for %0+%Zn
[46].When a heavy target was used, the experimental results for fusion cross section
were found much higher than the calculated ones using BPM model. Some examples
are shown in Fig.1.9 which reveals that specially at lower energy say at E<Vj, the
fusion cross section was found to be much more large compared to what was expected
from BPM model. It was also found that the fusion cross section at bellow barrier
(E<V3g ) increased with the increasing mass of the target with same projectile, but the
fusion cross sections are same at above barrier. This is again more surprising.
Investigations are carried out to resolve this problem by introducing deformation and
vibration in the calculation [47] and also coupling [30] of different inelastic states,
transfer channels, breakup channels to the incident channel and they reproduce the
experimental data quite successfully as shown in Fig.1.10.

Some of the models which were being used for couplings are CDCC, FRESCO,
CCFULL, CCFUS etc. It will also be clear, if we think of a classical picture, if the
target will be deformed one then depending on which side, the projectile interact with
target. The separation distance will change and that leads to the change of Vg and Rp,
which was earlier single valued. In a reaction, all orientation are possible and for each
orientation there will be one Vg , Rg and for each Vg and Ry one transmission

coefficient will arise. Practically all orientations will be possible and the sum over all
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gives rise to the enhanced fusion cross section compared to the prediction by the single
barrier calculation (BPM). A schematic representation is shown in Fig.1.11. The effect
of breakup of loosely bound stable (“’Li, *Be) or radioactive nuclei on fusion process is

a subject of current experimental and theoretical interest [48,49] because in this case the
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Fig.1.9: Enhancement of the fusion cross section bellow the Coulomb barrier
compared to the single barrier penetration model calculations for '*O+"Sm and

ANi+Ni.
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Fig 1.10: Fusion cross section for '°O+"*Sm. The dotted line corresponding to the
single barrier penetration model (BPM, SBPM) calculation. Solid line is the
calculation by using coupling to the rotational levels of the target which fitted the data
very nicely.
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Fig 1.11: 4 schematic representation of the rotational coupling of the target for B45m.
Indicating the shifting of barrier positions depending on the orientation of the projectile
and target.

binding energy per nucleon is less than 1 MeV compared to the stable nuclei ~7to 8
MeV. Although sub-barrier fusion involving stable nuclei is well understood, there are
contradictory results and predictions about enhancement or suppression of fusion cross-
section ( ofs) over predictions for single fusion barrier, around the Coulomb barrier
when one of the collision partners is a loosely bound nucleus. One of the example is
shown in Fig. 1.12.1t is shown that the experimental data for fusion cross section is
more/less at below/above barrier energies compared to the single barrier penetration
model (SBPM) predictions are enhanced/suppressed. Investigations of the fusion
process have been made with stable loosely bound S7Li [29,28,23-25,27-38] and ’Be
[21,22,26,38] however with different conclusions about fusion
enhancement/suppression, when compared with stable isotopes and/or coupled channel
calculations [50,51]. There are theoretical works which predicts either suppression of
the complete fusion cross sections [52,53] due to breakup of loosely bound nucleus or
enhancement [54] of the same due to coupling of the relative motion of the colliding
nuclei to the breakup channel. Also, the large radii of such loosely bound nuclei and the
coupling to low lying resonant states should tend to enhance the fusion cross-section.

Hagino et al. [55] performed an improved coupled channel calculation which predicts
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the enhancement of fusion at sub-barrier energies and reduction at above barrier

energies. An understanding of breakup and fusion is directly relevant to produce nuclei
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Fig 1.12: Complete fusion cross section for *’Li+*"Bi. The dotted line is the
single BPM calculation; the dash line is the calculation by using the coupled
channel (CC) and the solid line is multiplying the factor 0.66, 0.74 with the CC
calculation to explain the data [57].

near the drip line and possibly super heavy nuclei. But experimentally such studies are
limited due to low intensities of unstable beam currently available. A light nucleus such
as °Li, which breaks up into *He +*H with breakup threshold of only 1.48 MeV, has a
large breakup probability. Fusion with such a nucleus is ideal for the quantitative test of
theoretical models, which is also useful as comparators for fusion measurements with
other unstable beams. The study of the effect of the breakup process on the fusion cross
section has become a very interesting subject of investigation and in the present
situation it is still very far from being fully understood. At present there are quite a few
controversial experimental observations. From the theoretical side, there are models that
predict the fusion cross section enhancement, when compared with the fusion induced
by strongly bound nuclei, due to additional breakup channel. This enhancement should
be particularly important at sub barrier energy where the coupling effects on the fusion
may be strong. On the other hand some models suggest the hindrance of the complete

fusion, due to lose of incident flux in this channel, caused by the breakup. There are
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predictions of fusion cross section enhancement at sub barrier energies and fusion
hindrance above barrier energies, both effects originated from the break up process.

In the present thesis we have studied the fusion for “’Li+'**'**Sm systems. We have
used the activation technique and gamma ray counting method. There is no data
available for this system and as it is medium mass region so this will act as a bridge
between the light mass region and the heavy mass region. We have adopted the simple
experimental set up (Activation technique) to separate out the complete fusion (CF) and
the incomplete fusion (ICF) part. In addition, the effect of target deformation on the
fusion cross section has also studied using '*>Sm as it is a deformed target. Comparing
the experimental data of *’Li +'**Sm, we have studied the effect of projectile breakup
threshold on fusion cross section as 'Li has more break up threshold (2.47MeV) than
the °Li (1.47 MeV). We have compared the present data with the previous data available
in literature and found some systematic also. This has given a clear picture of the
projectile breakup effect on fusion cross section in addition with the effect of target
deformation on fusion cross section.

This thesis consists of seven chapters. Chapter 1 deals with the general introduction
about complete and incomplete fusion reaction, literature survey and the motivation for
present work. Chapter 2 contains an outline of statistical model and coupled channels
calculations. Chapter 3 devoted to the experimental details and data analysis. Chapters
4, 5 and 6 describe the results and discussion on various systems, comparison of the
experimental results with the theoretical predictions and investigation out come. Finally
the summary and conclusion of the investigation carried out in the present thesis along

with future perspective are presented in chapter 7.
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Chapter 2

Theoretical models

To analyze the experimental data (fusion cross section, fission fragment angular
distribution, elastic angular distribution...) observed using loosely bound nuclei (6Li, 7Li,
9Be...) and to understand the underlying physics different theoretical models have been
used. Broadly, there are two category of models that are used to understand i) the
compound nucleus formation and decay products by statistical model and ii) the effect of
coupling on fusion cross section by coupled -channels model. A successful model must
satisfy two criteria: (1) it must reasonably well account for previously measured nuclear
properties and (2) it must predict additional properties that can be measured in new
experiments. Therefore models are inevitable for making predictions and interpretation of

experimental results. In this chapter we will discuss about the relevant theoretical models.

2.1 Formation of compound nucleus

When two nuclei collides with each other they form a composite system called compound
nucleus (CN) and this process is called complete fusion (CF), where the whole projectile
will fuse with the target. Then the composite system equilibrates in all degrees of freedom
(e.g. energy, angular momentum, mass, shape) with time and forgets everything about the

entrance channel. Symbolically,
A+B2>C*>X +Y

Where ‘C’ is the CN, A is the incident particle (projectile), B is the target nucleus and X, Y
are the emitted particle and corresponding evaporation residue respectively. These two
entrances and exit channels are treated independent of each other. Study of the formation as
well as decay of such excited compound nucleus provides a wealth of information about the
dynamics of the processes and influence of nuclear structure of the participant on reaction

dynamics. When the incident energy of the projectile is not so large, the reaction process is
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predominantly governed by quantum tunneling over the Coulomb barrier (VB) created by
the combination of repulsive Coulomb interaction, the attractive nuclear interaction and
repulsive centrifugal force. Extensive experimental as well as theoretical studies have
revealed that the fusion reactions at energies near and below the Coulomb barrier are
strongly influenced by couplings of the relative motion of the colliding nuclei to several
nuclear intrinsic motions. In a simple conceptual picture if the system (projectile+target)
enters in to the pocket created by the addition of all potential (Coulomb, nuclear and
centrifugal) as shown in Fig 2.1 for 64Ni+64Ni [1] it leads to fusion. Theoretically, the

simplest approach to heavy-ion fusion
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Fig 2.1: Fusion process with relative distance between the target and projectile (i.e.
time snap-soot) are shown. Which clearly shows the pocket for fusion (shaded region).
The barrier height and barrier radius has also been shown in red (dashed) and violet
(dotted) line.

reactions is to use the one dimensional potential model where both the projectile and the
target are assumed to be structure less. The potential between the projectile and the target is
given as a function of the relative distance ‘r’ between them. It consists of three parts: V(r)
= Vn(r) + V(r) + Vi(r). V(1) is the nuclear potential, V(r) is the Coulomb potential given

Zp Zre?
by Vc(r) = pT in the outside region where the projectile and the target do not overlap
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with each other, and Vi (r) is the centrifugal potential. A typical potential V(r) for the s-
wave (/=0) scattering is shown in Fig 2.2. One can find that a potential barrier appears due
to a strong cancellation between the short-ranged attractive nuclear interaction and the
long-ranged repulsive Coulomb force. The addition of both the Coulomb and the nuclear
potentials generates a barrier referred as the Coulomb barrier Vg(r) and has to be overcome
by the incident projectile for fusion reactions to take place for /=0 i.e., for an head on
collision. The arrow in Fig. 2.2 is the touching radius, where the projectile and the target
nucleus begin to overlap. This is a characteristic feature for systems where the charge

product ZpZr is not so large. Akyuz-Winther parameterized Woods-Saxon form of nuclear

V 4
potential is given as VN (T‘) = — Or—RO , Where, Vo=16myRa, Ry=R,+R1+0.29,
1+exp (T)
v Np—Z Nr—Z
Ri:1'233A1/3_0'98A_1/3 (i:P’ T)> R:RPRT/ (RP+RT)7 Y= Yo [1‘18 ( 1;1 P)( Iil T)] 9
p T

where a=0.63 fm, and yy=0.95 MeV fm™
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Fig 2.2: A4 typical potential barrier for the s-wave (I=0) scattering as a function of the
relative distance between the projectile and target. The dotted and the dashed lines are
the nuclear and the Coulomb potential, respectively. The total potential is denoted by
the solid line. Also shown by arrow is the touching radius where the projectile and the

(9]

target nuclei begin to overlap.
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2.2 Decay of compound nucleus (CN)
2.2.1 Statistical model

As we know in a typical nucleus the number of nucleons are much less than the Avogadro’s
number (~ 6.023*10%) and they follow quantum mechanics. Hence, the statistical approach
taken for understanding various phenomena is questionable. However, when the projectile
interacts with the target nucleus it form an intermediate state called compound nucleus
(CN) with a very high excitation energy (Ex=E.n+Q) and very high angular momentum
with a broad spreading (J7), which give rise to a rapidly increasing number of discreet
level [2,3]. In a typical medium mass nuclei of A~100, the density of level may be more
than a million/MeV at E,=10 MeV. So due to a large number of nucleons in the CN and
large number of labels with spreading angular momentum (J), A statistical approach has
been considered to deal with the situation and to explain different properties of the nuclei.
The subsequent emission of charge particle and neutron (n) are called as the evaporated
particle and the remaining CN is called evaporation residue (ER). During dealing with CN
with high E, and high spin (j7) with wide spreading an important quantity is called nuclear
temperature (T), which is a useful parameter to discuss various types of reaction.
Essentially this temperature (T) is not our classical temperature, it is linked with Ex and the
density of levels in the CN. A more pioneering work has been done on this by Bethe [4]
and Weisskopf [5] to understand thermodynamic concept in nuclear physics. The CN lives
long enough for a complete statistical equilibrium to be established. Particles are emitted
from the CN by a statistical process similar to the evaporation of the molecule from the
liquid drop when it was heated up. The statistical model assumes the decay of the CN
which is thermally equilibrated in all degrees of freedom (mass, energy, spin).

Whenever an incident particle (incident particle or projectile) will interact with the target
nucleus, a CN will form over a wide range of Ex and J. A schematic representation of the
angular momentum J vs Ey is shown in Fig. 2.3 For a given target projectile combination
once the CN equilibrates, it de-excites by loosing bulk of it energy through the emission of
particle say (n,p,a..). Once the nucleus land below the particle threshold (~8 MeV) called
yrast line, it is energetically forbidden to emit particles and then it emits characteristic

gamma (y) ray to approach the ground state (J=Jg.s, E,=0). Statistical model is the model
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which describes the decay of a thermally equilibrated CN. The main assumption which
goes under the calculation is that all possibilities of CN decay are intrinsically equally
likely and are governed by the factor such as the density of the final residual state and the
barrier penetration factor. The important ingredients which decide the decay of the CN are

the level density and the transmission co efficient for inverse reaction.

A

G Fus (;) —

Particle emission
threshold

Ey -

Multiplicity y-rays

>J
Fig 2.3: Statistical decay of a CN populated at a given E, and over a broad window of J
through particle (neutron (n), proton (p) and alpha (a-particle)) and gamma (y-ray) emission.

2.2.2 Level density

The level densities are the key ingredients in a Statistical model calculation. Simple
analytical expression for level density of a nucleus with a given excitation energy E; and

angular momentum J was obtained by Bethe [4] on the basis of Fermi gas model [6,7] as.

p(u) = % * exp(Z\/au) .................... (1)
12*xa4*us
(2j+1) (f+ )
p(u,]) = Vo pu) xexp|——2= ..o, ()

Where a =n’g/6, is the level density parameter, proportional to single particle state density
‘g’near the Fermi surface and o’ is the spin cut off factor. U is defined as the U=Ex-E;(J).
where, E.(J) is the rotational energy. The underlying physical assumptions in Fermi gas
model are not sufficiently sophisticated to take into account some of the observed variation
of the level density (shell effect, pairing effect, collective effects). More rigorous model

that takes into account all of these are very laborious to run which limits their application to
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analyze the experimental data. Hence, a phenomenological prescription of level density
based on certain experimental data is performed in Statistical Model analysis. The effective
excitation energy is given as

U*=U-{dz + dn, 0z, ON, 0 for even-even, even Z, even N, odd-odd } nuclei

Where, 6x=> is the corresponding phenomenological correction for odd-even difference of

T . 12
nucleus binding energies and generally taken to be oy - N7 to reproduce the average

VA
behavior. The observed energy dependence of the cumulative number of low lying levels

can be described by the function of

0_
N(u) = exp ((u - u)) ..................... (3)
Where, N(u) is the number of discrete levels and hence the level density

dN 1 0—
p(w) = 55 = — 2w exp (“52)

Where # and T are the free parameters determined by fitting the experimental data. A
description of the level density for whole range of Ey is generally obtained by combining
constant temperature formula at low energy with the Fermi gas model (pg,) for higher

energies. The link between the parameters of the two prescriptions is Ux=U+T* In (pg,)

which is obtained by matching the level density and its first derivative at some matching
energy. Under the phenomenological approach the experimental data has been analyzed by
Gilbert and Camron [8] and they provide a simple systematics for level density. But one of
the most important parameters of the systematics discussed above is the energy
independent level density parameter. In order to account for the damping of shell effect, the

level density parameter [9] (a) showed to be energy dependent as approximated as
~ A -
pw =a(l+5(1—e YUy (6)

where 3> is the asymptotic level density parameter.y, A>the shell correction and the

damping factor respectively.
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The decay of an equilibrated CN is successfully described in terms of the Statistical Model.
The number of possible configuration having energy between E and E+AE increases
exponentially with the increase in excitation energy. A nucleus even at lowest bombarding
energy at which nuclear reaction can be initiated with any charge particle there are many
states available for the CN and often there are many ways in which it can decay. The
probability of decay of CN to a particular channel or a group of ‘n’ channels out of ‘N’
number of open channels is given by just 1/N or n/N respectively.

The various decay channels of the CN are as follows:

a) Compound nuclear decay by charged particle and neutron emission.

b) Compound nuclear decay by gamma (y) ray emission.

¢) Compound nuclear decay by fission.

a) Compound nuclear decay by charged particle and neutron emission.

Let us consider an ensemble of nucleus in an equilibrium with energy E; & Ei+dE; and
angular momentum J;, that emits a particle p with kinetic energy €g, spin ‘s’ and angular
momentum ‘J° and leaving the residual nucleus in a final state of excitation energy Ef &
EftdEs, spin ‘s¢’, angular momentum ‘J¢’[10]. The average rate of emission, summed over

orbital angular momentum is

] S i (E :] )
Ru (Ey,J;, E¢Jgs) = - Zs”]f ¥ e Ty(e )Z(Ei]g .......................... (7)

Where s is the channel spin, E; = Ef+Sy+e;, where S, i1s the separation energy for the
particular type of particle ‘u’. Ti(€) = the transmission coefficient for inverse reaction. the
total evaporation probability (R.,) obtained by integration over the all allowed energy and

summing over particle type and average angular momentum is given by equation

Z‘uZ]fsfel SuR (Ei;]i;Ei - Sli - E,]f,S)dE............. (8)

b) Compound nuclear decay by gamma (y) ray emission.

In case of gamma (y) - ray emission the transmission coefficient is replaced by the gamma-

ray strength function. The rate of gamma ray emission is given by equation
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Ef,
RA (Ei,Ji; Ef,Jf) = CA(EY)E)%A-'_l M .......................... 9)

Where €, energy of the emitted gamma ray

C,~> average squared intrinsic matrix elements

p(Ei,Ji)=>1level density at initially excitation energy (Ey).

p(EgJr)=> level density at final excitation energy (Ex).

The gamma decay process itself becomes important towards the later stage of decay which
helps the CN in the removal of its angular momentum, when particle decay is energetically

forbidden. The total width summed over all is given as

R/1 = ZAZ]f feE;io RA(EiJ]i;Ei - E,]f)dE ...................... (10)

¢) Compound nuclear decay by fission.

In this process there is no residual nucleus. The fission decay is sensitive to the transition
states of the CN. This is the point (saddle point) where the nucleus becomes committed to
fission and the fission rates is given by the following equation

. _2]i+1p(EfJyf)
Rf(Eir]i'Ef']f) —Tm .................. (11)

where p(EgJf)=> level density at the transition state E~=E;-E(j;)
Eg(ji) = The fission barrier or saddle point energy, which depends on the angular
momentum J;. The total fission width (Rgs) can be obtained by integrating over allowed

energy range and summing over Jr and is given by following equation.

Ei—Eg(J;
Rpis = Xy, [0 Y9 Re(E,, Jis Bi — Eg (), JDdE v (12)

The schematic diagram of fission and evaporation is shown in Fig 2.4.
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4 Projectile
. + Target

System

Fig 2.4: Schematic illustration of formation of Compound Nucleus and its decay

2.2.3 Total decay

Total width of CN decay can be obtained by simply adding all decay widths
R(Ei,j i):Rev+Rﬁs+Ry ..................... (1 3)

The probability that any given channel, X, will be populated is just

R(E;Ji; X . . .
P(E.J; ;X)Z% thus the cross section for the population of a given channel can be
vJi
written as in the following equation
G(X) = Z]iO-(Ei']i)P(Ei!]i; X) ......................... (14)

Where a(E;,J;) is the production cross section of equilibrated nucleus with excitation

energy and angular momentum E; and J; respectively.
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2.2.4 PACE: A Statistical model code

For our calculations we have used the Statistical model code called PACE2 (Projected
Angular momentum Coupled Evaporation, version 2) developed by Gaveron [11]. It uses a
Monte Carlo procedure to determine the decay sequence of an excited state of CN using the
Hauser- Feshbach [12] formalism. The advantage of the Monte Carlo method is that it can
predict energy spectrum, angular distribution and multi particle co- relation in a laboratory
frame. Typical results of PACE calculations for different outgoing channels in "li+'*'Sm
reaction are shown in Fig. 2.5. The main input is the level density parameter which we have
discussed earlier. It essentially controls the excitation energy of the CN. In addition to this,
there are other input parameters like charge, mass and spin of both projectile and target,
beam energy, etc. There is a provision to put the fusion cross section as an input to the
PACE and obtain the individual channel cross sections. There is also an option of feeding
the external /- distribution to get the prediction of the cross sections for different outgoing
channels. The PACE code provides facility to have an event by event trace back of the
entire decay sequence for a given CN to any excited channel. Through the calculations
using PACE for "Li+'**Sm reaction, we have been able to estimate the cross sections of
undetected channels (which is ~ 3-5% of the total fusion cross section) after matching the

calculated cross sections with the measured ones for the individual channels.

5(mb)

Fig 2.5: An output of Statistical model calculation using the code (PACE) to
understand the different channel contribution.
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2.3 Fusion cross section and barrier distribution

Here we will derive the basic formula to calculate the fusion cross section. The Schrodinger

equation in three dimensions with a potential given by V(r) can be written as

2
[‘%‘72 +Vo(r) —E]llJ(r) = 0., (15).
Where pis the reduced mass of the system. In the absence of the potential Vo(r), this

equation can be explicitly solved in a form y(r) = e (ik'r), k being the wave number vector

2uE
whose magnitude is given by kK = /biz . This solution has an asymptotic form as

1/1(7") — eik.r _)ﬁzclzozo(ZI_i_l)il (e .(r 2 —

Where, 0 is the angle between r and k, and P; are the Legendre polynomials. In the
presence of the potential, the behavior of the wave function will be modified, as the
potential goes to zero at infinity. When the interaction potential is complex as treated in
optical model calculation, the reaction is due to the absorption of the incident flux, which
can be taken care by the complex part of the potential. Expanding the wave function y(r)

by the spherical harmonics we have
0 w (1)
1/)(7') = Zl:o Z£n=—lAlm (IT Ylm(r)) ............... (17)

A, being expansion coefficients, the Schrodinger equation which, U; (7 ) obeys reads

h? 1(1+1)h?
[—5\72 + Vo(r) + ZW)Z — E] wu () =0.............. (18)

This equation can be solved under the boundary condition

w () ~rtt r >0 (19)

In heavy-ion fusion reactions, instead of imposing the regular boundary condition at the
origin, Eq"(19), the so called incoming wave boundary condition (IWBC) is often applied
with keeping the potential real [13,14]. Under the incoming wave boundary condition, the

wave function has a form

u(r) =Tyexp (—i frrabs ky(r!) dr!), v < rgpgeeeiciain... (20)
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at the distance smaller than the absorption radius 7. which is taken to be inside the

Coulomb barrier. k;(r) is the local wave number for the /-th partial wave, which is defined

I(

by ki(r) = 75 (E ~Vo(r) —

L+ 1)) o y
opr? ). The incoming wave boundary condition

corresponds to the case where there is a strong absorption in the inner region such that the
incoming flux does not return back. For heavy-ion fusion reactions, the final result does not
depend so much on the choice of the absorption radius ‘rus’, and it is often taken to be at
the minimum position of the potential (see Fig. 2.2). In the incoming wave boundary
condition, T; in Eq"(20) is interpreted as the transmission coefficient and hence after some

few mathematical steps , we will get the fusion cross section as follow
o(E) = %21(21 + DPY(E) i, 1)

Where, P;(E) is the penetrability for the /y,-wave scattering defined as
P(E) = @ ITy % (22)

And the averaged angular momentum of the compound nucleus is evaluated in a similar

wayas <> (E) = (%zl 121 + 1)Pl(E))/(% Y2+ DP(E))......... (23)

2.3.1 Fusion by parabolic approximation

If the Coulomb barrier is approximated by a parabola, penetrability in Eq" (22) can be
analytically evaluated. In Fig. 2.6, the Coulomb barrier for the s-wave scattering is
compared with the parabolic potential. Akyuz-Winter potential is used for the nuclear
potential. Because of the long ranged Coulomb interaction, the Coulomb barrier is
asymmetric, and thus the parabolic potential has less width compared to the realistic
situation. However, the parabolic approximation works more than what would be expected
from Fig. 2.7. The agreement between the exact solutions and the parabolic approximation
is remarkable, especially at energies above the Coulomb barrier. Using the parabolic
approximation Wong has derived an analytic expression of fusion cross sections [15]. He
assumed that (i) the curvature of the Coulomb barrier is independent of the angular
momentum ‘/°, and (ii) the dependence of the penetrability on the angular momentum can

be well approximated by the shift of the incident energy as
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P(E) =P, (E — M) ............... (24)

2urg
where 15 ~ is the position of Coulomb barrier for the s-wave scattering. If many partial

waves contribute to fusion cross section, the sum in Eq"(21) can be replaced by an integral.
T o0
g(E) = ﬁfo 2L+ DP(EXdl............... (25)

Changing the variable from / to /(/ + 1), the integration can be explicitly carried out, leading

to the so called Wong formula as
_hw 2 g _
o(E) = 518109 [1 + exp (bw (E VB))] ............... (26)

Where,hw, V3 are the curvature and the height of the Coulomb barrier for the s-wave and E
is the energy of the incident particle in center-of-mass system respectively. At energies well
above the Coulomb barrier, this formula gives the classical expression of fusion cross

section as

One can observe from the Fig 2.7, that the Wong formula works very well except well

below the Coulomb barrier, where the parabolic approximation breaks down.

B + PN — V@O +V )

100 —— Parabolic Approximation

(MeV)

90

Vi(r)

80 L

10 N 15
r (fm)

Fig 2.6: Comparison between the Coulomb barrier (Vy(r)) for the **Ni + **Ni reaction
(the solid line) and a parabolic potential (the dashed line). The woods-Saxon form of
potential is assumed for the nuclear interaction.
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Fig 2.8: Comparison of experimental
fusion cross section for several systems
with predictions of the parabolic
potential model (the solid lines).

Fig 2.7: Fusion cross section using the
exact solutions and the parabolic
approximation is remarkably same except
at very low energy.

2.3.2 Comparison with experimental data

We now compare the one dimensional potential model for heavy-ion fusion reaction with

experimental data. Fig 2.7 shows the experimental excitation functions of fusion cross
section for several systems. The solid lines are predictions of the potential model obtained
by using the parabolic approximation [16]. One can find that the potential model
reproduces the experimental data very well. Slight deviations at low energies can be
attributed to the inadequacy of the parabolic approximation discussed in the previous
section. The situation is, however, very different for the heavier systems. The potential
model systematically underestimates fusion cross sections, suggesting that it is too simple
to describe the realistic situation. Fig 2.13 shows the experimental fusion excitation
functions for the '°O+'"**'**1'Sm reactions [17] and comparisons with the potential model
(the solid line) calculation. These are plotted as functions of normalized energy and
normalized fusion cross section. The barrier height and the result of the potential model are
obtained by using the Akyuz-Winther potential. From the Fig 2.7 and Fig. 2.8 it is clear that
the one dimensional potential model calculation reproduced the experimental fusion cross
section at high energy (E>Vp) nicely. We again observe that the experimental fusion cross
sections drastically enhance compared to the prediction of the potential model at low

energy (E<Vg). The enhancement for the °0+"*Sm system is order of magnitude, while
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that for the '°O+'*'Sm system is about factor of four at energies below the Coulomb

barrier.

2.3.3 Barrier distributions

Rowley et. al.[18] suggested that the quantity d*(c E)/dE® can be used as the distribution
of barriers. To elaborate let us consider penetration probabilities for different partial waves
of a one-dimensional system neglecting coupling to internal structure). The /- dependence
of the transmission probability at a given energy can be approximated by simply shifting

2
the energy [19,20]. T; = To(E — %)
In the problem of heavy-ion fusion reaction, the experimental observable is not
penetrability, but fusion cross section, and thus if one intends to discuss the effects of
channel-coupling on fusion in terms of the first derivative of penetrability, one has to
convert fusion cross sections to penetrability of the s-wave scattering. The Wong formula
given by Eq" (26) suggests one prescription for this, i.e. it was suggested that the first
derivative of the product of fusion cross section and the center of mass energy E with

respect to the energy, d(Ec)/dE, is proportional to the penetrability of the s-wave

scattering.
d(cE) TTRE . 2
dE T 1rexp (;L,_HO(E_VB)) = TREP(E).cevvvean. (29)

This equation immediately leads to a relation between the first derivative of the
penetrability and the fusion cross section [21].

d*(0E) _ 2 Po(E)
T = nR3 g e (30)

This quantity, which is conventionally called fusion barrier distribution, is peaked at the
height of the Coulomb barrier for the s-wave scattering Vg, with the height and the full
width half maximum (FWHM) respectively. In order to enquire how well the first
derivative of Ec describes the s-wave penetrability, the upper panel of Fig. 2.9 compares
the first derivative d(Ec)/dE obtained by numerically solving the Schrodinger equation
without using the Wong formula, with the numerical solution of the s-wave penetrability

scaled by TR .
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Fig 2.9: The upper panel: comparison of the first derivative of Eoy (the solid line) with
the s-wave penetrability (the dotted line). The lower panel: comparison between the
second derivative of Eo (the solid line) of the s-wave penetrability which is scaled by
TRE.

2.4 Derivation of fusion from experimental data

Let us put a thin target (B) in an experimental chamber and produce some radioactive
nuclei by interaction of the nuclei B with the projectile A. So the production rate (R) of the
CN will depends on the incident energy of projectile, number of incident particle (N), the
number of target nuclei (Ng) and the fusion cross section c. So the CN rate (R) is given by

[22,23]

Where>N, is the incident flux and it will be estimated from the total current integrator.
Number of target nuclei (Ng) will be calculated by using the Avogadro’s number where one

use mass thickness in unit mg/cm®. Let us consider a reaction where the projectile (A)
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interact with the target nucleus (B) and form a CN (C). Once a CN (C) forms it will have
excitation energy and angular momentum. It emits particles say 1n or 2n and go to another
nuclide called ER (P) and if P is a radioactive nuclei then it will again decay to another
nuclei called Q with decay constant say4; and again Q is also a radioactive nuclei it will
decay to another nuclei called (R)with decay constant 4,. The radioactive nuclei will decay
by emitting characteristic gamma ray or x- ray as shown in the following sketch.

A+B->C’ (In, 2n)> P* 4'> Q*#> R

Our main aim is to get the total number of CN (C). We get it by counting the number of ‘P’
nuclei, if all the CN will go to ‘P’ just after emitting the particle. The number of ‘Q’ atoms
form per sec is of course the number of ‘P’ atoms disintegrates per second. Let at any time

t, P has N; number of atoms. Now we can write the rate of disintegration of ‘P’ atoms as
dN,
5= AN . (32)
at the same time Q is formed, so the production rate of Q will depend on the decay rate of P
with the decay constant 4; and at the same time as Q is forming it is also going under decay
to R with decay constantd,. So the rate of disintegration of P is shown in Eq" (32) which is
the production rate of the Q. If N is the number of Q nuclei at any time ° t’ then the rate
of disintegration of Q 1is also given by the same Eq" (32) with decay constant 4, (the —ve
sign indicates it is decaying). So the rate of change of number of Q atoms at any instant of

time ‘t” is given by following Eq"(33).

- B 33
dt - 1111 2492 ( )
To solve the above equation let us write, N = f(t) X e ™2t ... ... (33.2)

Differentiating Eq" (33.a) with respect to time, we have

dN, d
d—tz = d—{ % exp(/lzt) - f(t) * Az * eXp(_Azt) fer mer was was aam s (34‘)
dN d
d_tz = d_]: —f(t) * Az] # €XP(—A2t) v v v e et e e e e e (35)

Putting this in the Eq" (33), we have

d
d_]; — f (@) * /12] x exp(—A,N,) = 4Ny — AN, e e e ... (36)
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d
[+ 2]+ exp(-220

= Ay * Njgexp(—A;N;) — A, * f * exp(—A;t) ... ... (37)
a-

) 25|+ exp(=2,0)

= A1 * Nyg exp(—A1t) — A, * f
=>4 ¥ P 2 IS 12))

df  f 2y % expTht + ANy + expTht) — 2, + f + exp(TA20)

dt exp(—420)
ccll_jtf = *Nyg*exp(l, = A )t i v e e (39)
Integrating both sides with time we have
f df = j/ll * Nig *x exp(A, — A1) t *dt ... v v on... (40)
f(t) = Al e ©[exp(A = A1) * £] + Cvooverne (41)

Where, ‘¢’ is a constant of integration which can be obtained by the initial condition. At

time t=0, there is no Q atoms, so N,=0. Therefore,

A1*N1g

C =
A=Ay

Putting all in Eq" (41), we have

f6) = 5252 [exp(A — A1) » ] + 2722
/11*N10 _ _

f(t) = [1 exp(A, —Ay) *t]................. (42)
Putting this into Eq" [33.a] for N, , we have
Ny = 2201 — exp(d = Ay) * ] * exp (=0).
N “Nw[ (—A,t) — 0],

2= 302 exp 2t) —exp (=44

A1*N

N, ;1_ /11" [1—exp(—A,t))]..cc (43)
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This gives the variation of number of Q atoms with time.

From the above equation, we see that at time t=0, N,=0. (i.e. the Q atom is zero, as no P
atom has under gone disintegration at that time i.e, t=0). N, will start from zero at time t=0
and then attains a maximum value at certain time say tm.x. Which can be obtained by taking

the derivative of the above equation w.r.t. time.

:

_ A1xNygp [
dx

= G, A * exp(=22) + A % exp(= 21 )] tmax-ooevvvooo (44)

tmax

2.4.1 Equilibrium

The decay constant A of different radioactive substance are usually different as shown in
Fig 2.10.The variation of Ny, N, w.r.t. time for two casesd;>4, and 4,<4,. In both the cases
N, increases with time starting from t = 0 to t = ty.x. When the t;, of the parent is long
compared to daughter, it is known as the secular equilibrium. So in this cases the half-life
of the parent element is so long during the time t<<t;». So the decrease in the number of

Parent nuclei atom is very less and the term A;t~1 in the above equation. And the equation

becomes
/11*N10
N, = [exp(—2,t) — exp(—2;1)].
R
N, = % [1—exp(—AO)] e, (45)
1

This shows that the number of daughter nuclei increases exponentially with time and this

was observed by Crookes in his experiment. At different times, the expected counts are

given as.
Ny =220 1 — exp(=A )] (46)
Let,Y = w,so N, =Y [1—exp(—At)].................. 47)

1
If we observe for two ty, (t=2%t;5), three t;» (t=3*t;), four t;, (t=4*t;;) and so on. Then
we will obtain the following values of N2:

N, (t22%t12)=Y *0.75

No(t=3%t12)=Y*.87

Na (t=4%*t12) =Y *.93
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No (t=7*t12)=Y*.99
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Fig 2.10: A4 plot of the number of radioactive ' Cu atoms in a Ni target at
various times during and after bombardment with deuteron in cyclotron.

From the above values, we observed that for a long time observation say to,s=7t;2 or 8t
we will get no more advantage. Whereas, the looking of N, for first 3t;; or 4t;/, is important
as we are able to cover 93% of the total N»(Q).That is why in our measurements described
in this thesis we have counted the offline gammas (y) for at least 3t;,  i.e., If t1, is 3hr,

then at least we have to count (record the spectrum) for 9hr.

2.4.2 Estimation of fusion cross section from offline gamma

measurement

In a typical experiment for the fusion measurement, normally a thin target has been
irradiated by energetic projectiles. A large number of CN are formed which first de-excite
by emitting p, n or alpha (o) particles and then by emitting characteristic gamma rays
which is measured by offline procedure. By detecting these gamma rays of different

energies we can identify the ERs and their corresponding cross sections.

Act
A+B->CN* 2C->D
Fig 2.11: An example of formation of a CN

in a reaction A+B and its decay by
evaporation of different light particles.
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From the schematic figure given above (Fig. 2.11), we can see that the evaporation residue
‘C’ (which is formed after particle evaporation) undergoes a radioactive decay to form D
by emitting characteristic gamma or X-rays. So, using Eq" (31) one can obtain the net

production rate of C during the irradiation. It depends on two factors: formation and decay.

(a) The formation rate is given by

Where, 6.2 The probability of formation of CN
N> number of target nucleon per cm”

N;~>number of incident projectile

(b) Decay of ‘C’ will be given by decay constant (Ac)

e _ pp —2cN 49
dt - C C C mEs mEs EEE sE% sE6 EEE mEw o mEw owaEw ( )
Using previous equation of N, (Eq"45) we have
A1*N
N, = /111 /1120 [exp(—A,t) —exp(—A )] (50)

In the above practical situation we have 4,=0 and 4,=A4. hence

N,=N,, so the above equation becomes 4,=0. Then (Eq" 50) becomes

A1%Nq
N, = TI\;;’ [1—exp(=A )], (51)
N, = %[1 —exp(=Ac)]......... (52)

Here, the daughter nuclei Q is not undergoing radioactive decay, so we have from Eq" (52)

AN= o*N*N; [1 — exp(—Act)]

o*Ne*+Nj
N, = /’ttc 1 —exp(—Act)] oo (53)
Now if the irradiation is stopped after a time t=t;;; then we have
¢ __ 0*NexNj
N{. = Atc 1 —exp(—Acti )] (54)
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After irradiation is stopped there will be no formation of ‘C’ and only decay will occur. So

the rate of decay of C at any time is

dnN I

— = —A:Ne = —A:Ng.exp (—Act)......... (55)

But we can count the decay for certain time say from time t; to t;. So to get the number of

decay ‘N.’ in time t; to t,, we integrate the above equation with respect to time from t; to t;

t=t, dN t=t
J._ tf N—CC =J._ tlz —Ap % exp(=A)dt............... (56)
_AC C
Ne == [NS, * exp(—=2.ty) — exp(—=Actz)] ... (57)

In the above equation ‘N.’ is the number of particle decay to ‘D’ from C i.e. these are the
number of particle which we have observed between the time t; to t, and we will call it as

yield ‘Y’. Then the above equation becomes

Yo = [NS, * exp(—=Acty) — exp(—Actz)] o, (58)
Putting the value of ‘N£,.” from Eq"(54) into Eq"(58) we have
*NpxN;
Y, = Ga—tc [1—exp (At )]lexp(—A.ty) — exp(—Astl)]......... (59)

Again another important factor is that after the irradiation was stop and before the counting
starts there will be a small time gap due to offline experimental set up. But during that time
there will be some decay which we are not counting. We will call this as cooling time
(teoor). Putting this factor in the above equation we have

1- exp (Actirr‘)] * [exp(_/lctl) - exp(_/lctz)] * €Xp (_Actcool)

_ O'*Nt*Ni
C

From the above equation the fusion cross section can now be expressed as
AC*YC
N¢*Npxeffs(bro%)«[1—exp(Actirr)]* [exp(=Act1)—exp(=Actz)]*exp (=Acteool)

o = . (60)

Where ‘eff” in the above expression is the efficiency of the detector for the required
characteristic gamma line, the efficiency decreases with increasing energy. ‘br’ is the
branching ratio of that gamma i.e., the probability that a given gamma will come from a
nuclei which has been shown in Fig.2.12. The more dense black indicates the more
probability of that gamma. By using any one gamma line corresponding to the same ER

one should obtain the desired fusion cross section provided the care is taken for proper
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efficiency and branching ratio of that gamma line. Thus one can verify the fusion cross
section determination by using different gamma lines emitted from the same ER.

The expression (Eq"(60) is valid when the beam current is fixed i.e. there is no fluctuation
in the incident beam current. Experimentally it is very difficult to maintain a constant
current. So, correction for such beam current fluctuation is necessary. If Nu has the
fluctuation as a function of time but it is constant within a small interval of time t 4, then
the current can be recorded at time less than or equal to t g, during the irradiation. The
total irradiation time t;; can be considered to be made of up ‘n’ such intervals of size t sp
(tiw=n*t p). When the irradiation is stopped after the n® interval, then the activity due to

the number of nuclei N¢, produced during the n™ interval at any time t after the beam is

stop
dNcn _ Ust —Act
Tn — _ACNCTL — _A'NC:I epe O (61)

For nuclei produced in the (n-l)th interval time t when counting is started is shifted by tgep
giving the start and stop time for counting the activity, t;+ts ., and ty+tgeprespectively.
The number of C nuclei decay during this interval is

_ 0 NNy, .

Cn-1 2
c

We discretized the irradiation time as tj =n*ty, and the incident beam, where n is the

1— e_/lctstep e_AC(t1+tstep) — e_/lc(tz‘*'tstep)
( )( )

number of step. So after doing some simple mathematical steps, we have

n

1 —exp(—A*tyy) = z 1- exp(—?\ * tstep)

n=0

= z 1 —exp(At;) + 1 — exp(Aty) + 1 — exp(At3)

e v e 1 — exp(At,)

2'CYC
o, = e (62)
¢ Nt*BT%*eff*e_ACtO ZiIAieACZ]SlAt](1_e—lc4ti)(e—ﬂ,ct1_e—/lctz)
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We use the above formula to extract the fusion cross section. For online measurement, it is
very simple as we are able to get all the information at time t=0, so all time dependent

factors will go. And the cross section formula is given as follow.

5. == AcYe(Ag,at t=0)
C ™7 N#Nj*effsbrop(1—erclirr)

we have used Eq" (62) for our offline analysis in all the experiments and cross checked by

Eq" ( 63) using activity Ao at time t=0, which we got from the activity half life fitting plot.
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Fig 2.12: The effect of branching of gamma the more dense line indicates the most preferable
path than the less dense line indicates the less preference path to reach to ground state from
an excited state.

2.5 Coupled-channels formalism for heavy-ion

fusion

2.5.1 Coupled-channels equation

Extensive experimental and theoretical studies have revealed the inadequacy of the

potential model. The large enhancements of fusion cross section against predictions of the
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potential model can be attributed to the effects of couplings of the relative motion between
the colliding nuclei to several nuclear intrinsic motions [24-28]. Among possible intrinsic
excitations of a nucleus, single particle states couple so weakly to the ground state that they
do not affect heavy-ion fusion reactions. Also, their excitation energy is in general much

larger than the curvature of the Coulomb barrier between the colliding nuclei

10’ E

10"F 3

r_.,_.-’-‘ u ]

B . = =

3107°F E

© N 3

10°F E

-4 1 ]
1049 3 15

c.m. ) Vb (MeV)

Fig 2.13: experimental fusion excitation functions for "°O + "**1*13%g reactions [29].
They are given as a function of normalized energy and cross section. The solid line is a
prediction of the potential model.

Therefore, the most relevant nuclear intrinsic motions to heavy-ion fusion reactions are
low-lying collective motions, e.g. low-lying vibrational excitations with several multi-
polarities or rotational motions of deformed nuclei. In this section, we formulate the
coupled-channels framework by taking into account the finite multi-polarity of nuclear
intrinsic motion and discuss the effects of the couplings on heavy-ion fusion reactions.
Consider a collision between two nuclei in the presence of the coupling of the relative
motion between the centers of mass of the colliding nuclei, r = (r, T), to a nuclear intrinsic

motion & We assume the following Hamiltonian for this system

H(r &) = — j—ﬂ P2 + Vo (r) + Ho(&) + Viop (1) E) e (64)

where, Ho(§) and V. oup(t, ) are the internal and the coupling Hamiltonians, respectively.
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In general, the internal degree of freedom has a finite spin. We therefore expand the

coupling Hamiltonian in multipoles as Voup(1,E)= Diass0 fA(r)Ya (). T (§). Here
Y,(f) are the spherical harmonics and T,(§) are spherical tensors constructed from the
internal coordinate. The dot indicates a scalar product. The sum is taken over all values of A
except for A = 0, which is already included in V(r).For a fixed total angular momentum J
or I and its z component M, the expansion basis of the coupled-channels equations are

defined as

Hy (E)(pnlm, ) = Eni Pnim, (€3 R (65)

And the coupled channel equations for u{ll ,(r) read as

[_ﬁd_z_l_ L1(1+1))?

ot o+ V() - E + €n | whyy () + Siis V2o (UL, () = 0. (66)

These coupled-channels equations are solved with the incoming boundary conditions

Uy~ Toyyexp (=i fr kny () dr!), 1 < Tgpseiiiin, (67)

2 1(1+1)h? j
Where, knll(r) = h_g(E —€n — VO (T') - 2ur? - VnJlI;TLlI (7"))

Once the transmission coefficients T -are obtained, the penetration probability through

the Coulomb potential barrier is given by

kﬂ, aons
PJ) (E) = Sy iliersd |7 1% (68)

Where, k = ky,,is the wave number for the entrance channel. The fusion cross section for

an un polarized target is then given by

0(E) = 5V jt e B (E) (69)

2I;+1 l il
If the initial intrinsic spin /;is zero, the initial orbital angular momentum /; is j. Suppressing

the indices /;and I; in the penetrability, Eq"(69) becomes
o(E) = %2,-(2]' + DPI(E) ... (70)

Which is similar to Eq*(21) except that the penetrability P/(E)are influenced by the channel

couplings.
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2.5.2 Vibrational coupling

Let us now discuss the explicit form of the coupling Hamiltonian (Vo ) in the problem of
heavy-ion fusion reactions. We first consider couplings of the relative motion to the 2*-pole
surface vibration of a target nucleus. In the geometrical model of Bohr and Mottelson,

the radius of the vibrating target is parameterized as
R(0,D) =Rr(1+X,, @1, Vi (6, D)) (71)
Where Rr is the equivalent sharp surface radius anda,,,, is the surface co-ordinate of the

target nucleus. To the lowest order, the surface oscillations are approximated by a harmonic
oscillator and the Hamiltonian for the intrinsic motion is given by

20+1
Ho=ho X, ai,an, +

e, (72)

2

Here ho is the oscillator quanta and a{u and a,,are the phonon creation and
annihilation operators, respectively. The surface co-ordinate @y, is related to the

phonon creation and annihilation operators by

where @, is the amplitude of the zero point motion. It is related to the deformation

parameter by g = \/% [30] and can be estimated from the experimental transition

probability as

1 4T B(EA)T
Ay _WBZTR% ’ PCRRELRITILPPPPIER (74)

The surface vibration modifies both the nuclear and the Coulomb interactions between the

colliding nuclei. In the collective model, the nuclear interaction is assumed to be a function
of the separation distance between the vibrating surfaces of the colliding nuclei.

It is conventionally taken as
V™ (1,05,) = VNI-REE , a2, Yy, (), (75)

If the amplitude of the zero point motion of the vibration is small, one can expand this
equation in terms of a;, and keep only the linear term:

dV * v
‘i.-’(N)(rku, “/’lu) = Vy(r) — Ry %(r)zu Yoy (E))ee (76)
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This approximation is called the linear coupling approximation, which has often been used
in coupled-channels calculations. The first term of the r.h.s. of Eq" (76) is the bare nuclear
potential, i.e. the nuclear potential in the absence of the coupling, while the second term is
the nuclear component of the coupling Hamiltonian. The Coulomb component of the
coupling Hamiltonian is evaluated as follows. The Coulomb potential between the spherical

projectile and the vibrating target is given by

Ve() =

Where, pris the charge density of the target nucleus and Q,/,/ the electric multipole

ZpZTe AnZye
+ Z)l/:tOZu/ A/ +1 Q/l/“/ l//,t/( ) A/+1/ ........................... (77)

operator defined by

/ v
Quy = [drZrepr(r)r? Yarw (B (78)
The fist term of the r.h.s. of Eq" (77) is the bare Coulomb interaction, and the second term

is the Coulomb component of the coupling Hamiltonian. If we assume a sharp matter

distribution for the target nucleus, the electric multipole operator is given by

3e A/ v
QA/I"'/ - EZTRT (Z/llu5/~m/(5##/(r) .......................... (79)
by combining Eq" (76), Eq" (77) and Eq" (79), the coupling Hamiltonian is expressed by
Veoup (1, @2) = (1) 2o Yy, () o (80)
up to the first order of a,,. f3(r) is the coupling form factor, which is given by
dVN 5 R
fl('r) —_ _RT 21+3ZPZT r/1+1 ............................. (81)

Where, the first and the second terms are the nuclear and the Coulomb coupling form
factors respectively. The coupling form factor f3 (7) has the value at the position of the

bare Coulomb barrier 1.

fa(rg) =

Transforming to the rotating frame, the coupling Hamiltonian used in the no-Coriolis

ZpZTeZ( 3 RY Ryp

B 2243 r{} B

Approximation is then given by

2A+1

Veoup (T, aa0) = f,1( )y = \/_fl(r)(a,w +a30) i (83)
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The no-Coriolis approximation drastically reduces the dimension of the coupled-channels
equations. A further reduction can be achieved by introducing the n-phonon channels [31,
32]. In general, the multi-phonon state of the vibrator has several levels and they are
distinguished from each other by the angular momentum and the seniority [33]. For
example, for the quadruple surface vibrations, the two phonon state has three levels (0+,
2+, 4+). In the harmonic limit, these two-phonon triplets are degenerate in the excitation

energy.

2.5.3 Rotational coupling

We next consider couplings to the ground rotational band of a deformed target. In
discussing them, it is convenient to transform to the body fixed frame where the z axis is

along the orientation of the deformed target. The surface coordinate ay, is then

transformed to
A
Ay = T Dyt (PaBaXa) s (84)
Where, @, 6, and y are the Euler angles which specify the orientation of the target. If we

are particularly interested in the quadruple deformation (4=2), the surface coordinates

in the body fixed frame are expressed as

a9 = Pacosy

1 .
Ay = Ay = ﬁﬁzsmy

If we further assume that the deformation is axial symmetric (¥ = 0)) the coupling

Hamiltonian for the rotational coupling becomes,

Veoup (1, @q,04) = f2(r) Xy Ba \/%Yz u(@q,04)Yz, (F) (85)

In obtaining Eq". (85), we use the identity

L _ 41 "
Dyo(60,®,x) = /_2L+1 Yiu@,@)..ccceeei. (86)
The coupling Hamiltonian in the rotating frame is thus given by

Veoup (1,0) = f5(1)B2Y20(6) .vooo.... 87)
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Where, 0 is the angle between (@4 8,4 ) and T, i.e. the direction of the orientation of the
target measured in the rotating frame. Since the wave function for the [I0) state in the
ground rotational band is given by 110)= Y/, the corresponding coupling matrix is

given by
Vo 0 F(r)
coup — (F(T) €, + 2\/§F(T)/7> ....................

when it is truncated at the first 2+state. In Eq" (88), ¢, is the excitation energy of the

first 2+ state, and F(r) is defined as B, f, (1) /v 41 .The matrix elements in Eq" (88) are

calculated by using

2lL+1)(21,+1)(213+1) x
41T

[ Yim, (DY (DY, (@) dO2 = J

L L1 <ll L, l3)
(O 0 0) m; m, mg) T (89)

One of the main differences between the vibrational and the rotational Eq" (88)

Couplings is that the latter has a diagonal component which is proportional to the
deformation parameterf3,. This is referred to as the 'reorientation effect' and has been

used in the Coulomb excitation technique to determine the sign of the deformation
parameter [34]. The effects of the y deformation on sub-barrier fusion were studied in
Ref. [35]. If there is a finite y deformation, the coupling Hamiltonian in the rotating

frame becomes
1 .
Veoup (7, 8, ®) = f3(r) (B2cosy Yao(0) + 75 Bosiny (Y22 (6, ®) +

Y,_,(6, cp))) ......... (90)

Higher order deformations can be also taken into account in a similar way as described
above. For example, if there is an axial symmetric hexa-decapole deformation in

addition to an axial symmetric quadruple deformation, the coupling Harniltonian reads

Veoup(1,0) = fo(1)B2Y20(0) + fo(r)aYao(6).................... 91)

Where, B, is the hexa-decapole deformation parameter.
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The coupled channel program which we have used to explain the data is called CCFULL in
almost all the cases and CDCC for few. Bellow some input and output of '°O+'**Sm
system has been shown for CCFULL [36,37] in Fig2.14. In the next chapter we will discuss
the application of the statistical model and the coupled channel calculation for our

experimental result and the interpretation with of the result using these programs.

cefull.inp OUTPUT
16. ,8.._ ] 4462 160 + 1445m Fusion rcaction
1.2.-1.1.06,0 Phonon Excitation in the targ.: beta N=0.205, beta_C=0.205,
1.81.02053.1 10= 1.06(fm). omega= 1.81(MeV). Lambda= 3. Nph= 1
16§0 1 ’1‘521 Potential parameters: V0— 105.10(MeV), r0- 1.10(fm).
6.13.0.733.3.1 a=0.75(fm).power= 1.00
0.0.,0.3 Uncoupled barrier: Rb=10.82(fm). Vb= 61.25(MeV),
P ;
105.1.1.1.0.75 Curv=4.25(MeV)
35..70..1. Eem (MeV) sigma (mb) <l=
30,0.05
55.00000  0.97449E-02 5.87031
56.00000 0.05489 594333
57.00000 0.28583 6.05134
58.00000 136500 6.19272
59.00000 584375  6.40451

69.00000 427.60179 17.16365
70.00000 47246037 18.08247

In addition, “cross.dat” : fusion cross sections only

Fig 2.14: CCFULL [20] input and OUTPUT for '°0 + "Sm system is shown.
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Chapter 3

Instruments, Detection techniques and Analyses

Detectors, signal processing electronics, thin targets, radioactive sources and accelerators
are the essential components for the study of experimental nuclear physics. The study of
nuclear physics demands beam of energetic particles to induce nuclear reactions with target
nuclei [1]. It was from this need, the accelerators were developed. Experimental data are an
important tool for the nuclear physics community to test the various theoretical models to
explain the nuclear properties and also for applied research [2-4].The radiation detector is a
device used to detect, track, and/or identify the particles produced in nuclear reaction. With
the increasing technology of detecting systems and accelerator facilities more and more
accurate results are published which are playing a very important role to understand the
properties of nuclei. There are many types of accelerators such as DC accelerator [5,6]
(Pellertron, Van-de-Graff etc.) and AC accelerators [7,8] (Cyclotron ,Synchrotron ) to
deliver high energy particles from light to heavy elements. In the present thesis work, the
detectors used with their characteristics are discussed briefly in the present chapter. A brief
description about target preparation techniques, different radioactive sources used and

reactions shielded are also presented.

3.1 Radioactive sources

The radioactive sources with the known parameters such as the half life, energy and
branching ratio of the emitted radiation, etc. play an important role in the study of
experimental nuclear physics. Particularly, the characterization and calibration of the
different detectors are performed using various radioactive sources. A brief description
about the sources used is as follows;

(i) "Eu a multi gamma ray source: '““Eu is a radioactive element which emits gamma

radiation with different energies spread over the energy region ~ 122 to 1500 keV.

54



Chapter 3: Instruments, Detection techniques. ..

Efficiency and calibration of the y-detector are performed by using this source of radio

nuclides. The details of this nuclide have been widely published are listed in Table 3.1.

Table 3.1: Energy and branching ratio of some predominant

152
y-rays from standard "~ Eu source.

y ray energy (keV) | Branching ratio (%)
121.7 28.58
244.7 7.583
3443 26.50
411.1 2.234
443.9 2.821
678.6 0.471
688.7 0.857
778.9 12.94
867.4 4.245
964.1 14.60
1085.8 10.21
1089.7 1.727
1112.0 13.64
1212.9 1.422
1299.1 1.623
1408.0 21.005

The prominent y-rays of the standard '**Eu source have been used and a typical spectrum is
shown in Fig 3.1. The following equation has been used for efficiency calculation,
e=A¢/(A¢xBr). Where, A; is the activity of the standard y-source at the time of
measurement, Ay is the activity at the time of manufacture of the source and ‘Br’ is the
branching ratio of the characteristic y-ray. Fig 3.2 shows an efficiency plot using '**Eu
source at different distances from the detector. We have also used *’Ba for low energy

gamma ray. Table 3.2 shows different gamma ray energies of '*’Ba source with their
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branching ratios. A typical spectrum of '*’Ba is shown in Fig 3.3. Fig. 3.4 shows the

efficiency of the detector using *>Ba and '**Eu sources.
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Fig 3.1: Different energetic gamma rays emitted from '**Eu Source.
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Fig 3.2: The efficiency (¢) curve of HPGe detector used for off-beam y
activity counting at different distances from the detector.
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Table 3.2: The energy and branching ratio of some predominant y-rays from
Standard '**Ba source.

vy ray energy (keV) | Branching ratio (%)
53.161 2.199
80.997 34.06
160.613 0.645
223.234 0.450
276.398 7.164
302.853 18.33
356.017 62.05
383.851 8.94
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Fig 3.3: The different energetic gamma rays emitted from **Ba Source.

(ii) **'Am- **°Pu for o— particles: Many unstable heavy nuclei attains the stability by
alpha-decay where certain amount of energy is released depending on mass difference of
the parent and daughter nuclei. The alpha decay can lead to any of the excited state (Ex) of
the daughter nucleus and accordingly the alpha particle kinetic energy is observed to be
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Fig 3. 4: The efficiency (¢) curve of HPGe detector used for off-beam
y activity counting using 3 Ba and *Eu sources .

Eq =Qesi[ 1-4.0/A], where Q.=Q — Ex and A is the mass number of the parent nucleus. Both

I Am as well as **’Pu emits o— particles of various discrete energies but only few of them

are dominant. In case of **'Am, the dominant energies are 5.486 MeV (~85%) and 5.443
(~13%), where as in the case of *’Pu, the energies are 5.155 MeV (~71%), 5.144
MeV(~17%) and 5.105 MeV (~12%) [26]. The half lives of **'Am and **°Pu are 432.6
years and 24110 years, respectively. In the present work, we have used **' Am->’Pu for
a—source and **Eu, *’Ba for gamma source to characterize and calibrate the SSB and

HPGe detector respectively.

3.2 Detectors

Detectors are always considered as an eye and ear of an experimentalist in any branches of
physics. The field of radiation detector has gone through the tremendous advances since the
primitive stage of photographic emulsion and simple gas detector like Geiger Muller (GM)
counter [14]. With the advances of the nuclear and particle physics, the scientific

community has shown zeal to develop a many complex detector system characterized by
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the fast timing, high energy resolution, better stability , resistivity against radiation damage
and most important the cost effectiveness . All these demands have lead to the experiment
with the novel material using cutting age technology and this field is highlighted when
scientists like Donald Glaser, Luis Alvanez and G. Charpalu received Nobel Prize. Here we
discus briefly the working principle of various types of detectors used in the present study.
In most of the nuclear physics experiments, the fundamental parameters are 1) the nature
of the emitted particle (charge and mass), ii) The kinetic energy of the emitted particles
and iii) the angular distribution of the emitted particles. Various techniques such as AE-E
counter telescope, time of flight measurement, electric/magnetic field based technique etc.
are available for the detection of these three parameters. In the present work we have
employed (1) Si-surface barrier and (2) HPGe detectors. A brief description about these
detectors is presented here along with some simplified electronics. Detail characteristics of

the detectors have been documented in various reference books [14, 27].
3.2.1 Semiconductor detector

Semiconductor detectors [13] are most commonly used when best energy resolution for the
emitted particle is required. In semiconductor detector, the carriers are the electron and the
hole pairs created by the radiation when pass through the material along its path. Of the
available semiconductor material, silicon is mainly used for the detection of the charge
particle and soft x-ray, while germanium is used widely for gamma rays detection [1,13].
These detectors are characterized by the fast response, particle identification capability and
compact size. Semiconductors are special types of materials which have two distinct bands,
valance band and conduction band. The same bands are also present in the conductor and
insulator. In all cases the valance band is filled with electrons whereas the conduction
band is empty. The only difference between them is the band gap, for insulator it is > 5eV,
for semiconductor it is ~2eV and for conductor there is no band gap. The probability per

-Eg/2kT
e (B¢ where T

unit time that an electron hole pair is thermally generated is P (T) = CT>?
is absolute temperature, E, is the band gap, k is the Boltzmann constant and ‘C’ is the
proportionality constant of the material. Thermal excitation in a semiconductor strongly

depends on the temperature. A pure semiconductor at absolute zero temperature acts like an
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insulator. There are two types of semiconductors; intrinsic and extrinsic (doped). The
intrinsic semiconductors like Silicon (Si), Germanium (Ge) are pure semiconductors, where
the entire electrons in the conduction band and entire holes in the valence band are due to
the thermal excitation. However intrinsic semiconductors are extremely difficult to achieve
in practical because even a very low level of impurities can affect the electrical property of
the semiconductor. The extrinsic semiconductors are again classified into two group, p-type
and n-type. In p-type, the majority charge carrier is the holes and this can be created when a
tetravalent atom like ‘Si’ is doped by a trivalent atom (group-III) of the periodic table. The
n-type can be produced when a pentavalent atom (group-V) is doped in the tetravalent atom
(group-1V) and the electrons are in majority charge carrier. The fundamental information
associated with the interaction between the semiconductor and the radiation is contained in
the number of electron-hole pair generated in the path of the detector material when
radiation passes through it. The number of electron-hole pair is governed by the average
energy spent by the charge particle to produce a single pair of electron- hole. Table 3.3
shows the energy required for Si and Ge to produce an electron-hole pair at different

temperature (temp) [13, 14]. (0°C = 273K).

Table 3.3: Energy required for different element to produre electeron-hole pair.

Element Si Ge
Temperature 0K 77K 300K | OK 77K 300K
Band Gap 1.16eV - 1.11eV | 0.74eV - 0.67eV
Energy per electron | - 3.76 eV 3.62eV | - 2.96eV -
- hole pair

The dominant level in p-type or n-type semiconductor is usually low and the radiation
interaction with these impurities element can be neglected. Therefore p- or n-type silicon
(Si) of equal thickness will show same interaction pattern with radiation. The
semiconductor detectors operate in the reverse bias condition to creat a depleted region of
free charge carriers . whenever a radiation falls on this depleted region, it creates electron-

hole pairs which will move to the opposite direction and give rise a pulse.To collect charge
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carriers (electron-hole pairs) in a semiconductor detector produced through radiation
interaction, an electric field must exist as in the case of gas-filled detectors. The applied
high voltage varies depending on the detector size and is typically hundreds or thousands of
volts. This high voltage induces leakage current even in the absence of radiation because
the semiconductor material itself has a finite conductivity. However, the current level
produced by radiation interaction is very small (~pA), which is significantly lower than the
leakage current. Therefore an active method, a p-n junction, is required to reduce the
leakage current to pick up the signal corresponding to the radiation interaction. In other
word, semiconductor detectors are a “sandwich” of p- and n-type materials; the detector is
a semiconductor diode. The standard process of making a junction is to modify the
impurity concentration on one side of the material so that both sides can have opposite
configurations. Depending on the type of the initial material, two different configurations

are possible as shown in Fig. 3.5.
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Fig. 3.5: Schematic diagram of a n—p junction with different charge carriers.

If the initial material is p-type, the majority of carriers is holes, and this is called p-type
detector. Similarly, the majority of carriers is electrons in second case, hence called n-type
detector. The semiconductor detector operates much better as a radiation detector if an
external voltage is applied across the junction in the reverse biased direction. The
semiconductor junction or semiconductor detector is really a large diode. The junction is
reverse-biased when the p-side of the junction is made negative with respect to the n-side.
The natural potential difference that arises upon contact of the two sides of the junction is

greatly enhanced. The minority carriers are attracted across the junction, but because their
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concentration is low, the reverse current across the junction is pretty small. The p-n
junction acts as a rectifying element i.e. it allows relatively free flow of current in one
direction, while representing a large resistance to current flow in the other direction.
Reverse biasing a junction increases the thickness of the depletion region because the
potential difference across the junction is enhanced. The size of the depletion region

depends on both bias voltage and the initial impurity concentration by the following
. _ (2&V0N1/2 . . . .
relation d = (W) . Where, N represents the net impurity concentration on the initial

semiconductor material. d is the depletion depth, € is the dielectric constant. The depletion

region behaves as a capacitor since the charges are built up on either side of the p-n

. . . . . £ 2&eN .
junction. The capacitance per unit area is C = 1= (7)1/ 2. Thus, as the reverse bias

voltage increases, the depletion region grows and the capacitance decreases and a small
capacitance is preferred for a good energy resolution. From the width of the depletion

region, the active volume of the detector can be estimated.

3.2.2 Silicon surface barrier detector

One of the two types of semiconductor detector used in our experiments is silicon surface
barrier detector (SSB). Generally a thin layer of high concentration p-type material is
formed on top of n-type (Si) to form a p-n junction. The n-type Si is etched with acid on
one side and oxidized in air to form a p-type material and coated with a thin gold layer to
form electrical contact. Slight oxidization before evaporation of gold layer plays an
important role in resulting properties of the surface barrier. This is called surface barrier
detector (SSB) [15]. The other side of the crystal coated with the Al for electrical contact.
The depletion depth depends on the resistivity of the material and the applied voltage. Due
to the relatively wide band gap of Si, the Si diode detectors can be operated at room
temperature. A typical solid state detectors used in nuclear physics experiments are shown
in Fig 3.6. These detectors are light sensitive and as AE is very thin crystal and photon
passes through the crystal will reach to the active region and produce noise. These

detectors are sensitive to temperature also. Trapping and recombination centers lead
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partial charge carrier loss and degradation in energy resolution. The principle based on
which it identifies particles of different energy, charge, mass is very simple. A schematic
representation of a telescope (AE-E) is shown in Fig 3.7. The identification of the charge
particle depends on the facts that different charge particles of same energy will lose energy
at different rate on passing through the material. The rate of energy loss of an ion passing
through a medium is described by well known Bethe-Block formula. For a non-relativistic
particle it can be approximated as dE/dx o AZ*/E, where A, Z, E are the mass, charge and
energy of the incident particle which will fall on the detector. The same energy particle
with different masses or same mass with different charges or same masses and energy
having different charges will be separated clearly [16,17]. A 2D picture for this type of

separation is shown in Fig 3.8 for "Li+'2C [18] reaction .

Charged
particle

> E
(Stop detector)

AE
(fully depleted)

Fig 3.6: Typical solid state detector used  Fig 3.7: Schematic diagram showing AE —
in nuclear physics experiments E telescope setup.

3.2.3 High purity germanium detector

This is another semiconductor detector which we have used in our experiments. High-
purity Germanium (HPGe) detector is regularly used for experimental study of complex

gamma ray spectra involving many discrete peaks [13]. Using the technique of Zone
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refining method, the highly purified Germanium (HPGe) is produced. This detector is
used mainly for gamma ray spectroscopy, Due to low atomic number of Ge compared to
Iodine (I) or Bismuth (Bi), the photo peak efficiency is low compared to scintillation
detector, but the energy resolution of the HPGe detector is excellent. An important

technological development has been the production of large size Germinium

44 st
E,,=9MeV
By = 30°
333
E
£
Em
[43]
-
i".r
urd{
oo ThE gy g . He
TAanatee. o B : T B
r._@e;‘»f:}fr;ﬁ!é# £ H o

0 92 184 276
E,,. (arb. units)

Fig 3.8: Typical AE vs E,plot for "Li+">C experiment. There are different
bands corresponding to different particles. As from the figure one can see
7r. dpp 3

Li, "He, °H are clearly separated

crystals with a very high degree of putity (p-type imputity levels only in the range 5x10° to
10" atoms per CC). This material can be used directly for manufacturing of detectors
without using the Li-ion drift process, which is only needed to compensate for the much
higher p-type of impurity levels in the more standard quality of Ge. An important
consequence is that these HPGe detectors do not have to be maintained permanently at
liquid nitrogen temperatures after fabrication. In the case of Li-doped . i.e.,Ge(Li)
detectors, it is necessary to keep the detectors always cooled, to avoid redistribution of Li
by diffusion process, which could eventually lead to incomplete and in adequate
compensation. This is operated at the liquid nitrogen temperature. Room temperature
operation of any Ge detector of any type is impossible due to its low band gap (~0.67¢V)
leading to a large thermally induce leakage current. Hence, they are cooled to liquid

nitrogen (77K) through the use of insulated dewar in which a reservior of liquid nitrogen
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is kept in thermal contact with the detector. The detector must be housed in a vacuum -
tight cryostat to inhibit thermal conductivity between the crystal and the surrounding air.
The cryostat is normally evacuated and sealed by manufacturer. A thin end window is
usually located near the crystal to minimize attenuation of gamma rays before they enter
the germanium. The preamplifier is normally incorporated as a part of the cryostat
package in modern HPGe systems. The input stage of the preamplifier normally is also
cooled along with the detector to reduce electronic noise. [13]. A picture of HPGe detector
with crystal is shown in Fig 3.9. A typical gamma ray spectrum of ®*Co source using HPGe

detector is shown in Fig 3.10.
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Fig 3.9: Schematic representation of the HPGe detector with Ge crystal,
cooling line and cryogenic. Different types of configuration are available.
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Fig 3.10: “Co gamma ray spectrum detected by HPGe detector.
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3.3 Electronics and data accumulation

Most of the radiation detector requires signal (pulse) processing electronics so that the
energy or the timing information involved with the radiation interaction can be properly
extracted. There are two types of signal (pulse) in radiation measurement, i.e Linear and
logic pulse. A linear pulse is signal carrying information through its amplitude and shape.
A logic pulse is a signal which carries information only by its presence or by its absence.
Generally linear pulses are produced in any radiation interaction and then they are
converted to logic pulse. Measurements were carried out at 0° and 30° N (irradiation
chamber) beam line for target thickness measurement and irradiation of the targets
respectively. The details of the experiments have been discussed in the successive sections.
For each radiation detector, the corresponding electronics circuit, the basic components are

described below depending on the data accumulation system.
3.3.1 Preamplifier

This is the first component in the signal processing chain of radiation detector. The
Preamplifier (preamp) acts like an interface between the detector and the pulse processing
unit. The main function of the preamp is to extract the signal from the detector without
significantly degrading the signal to noise ratio. Therefore, it is located as close as possible
to the detector and the input circuit is designed to match the input characteristics of the
detector. A schematic of the RC feedback charge sensitive preamplifier is shown in Fig
3.11. The detector high voltage power supply is fed through the preamplifier. The output
pulse height of preamp is in proportions with the energy deposited by the radiation
interaction with the detector. The output pulse of a preamp is shown in Fig 3.12. The output

pulse shape is characterized by a short rise time determined by the charge collection.
3.3.1. i Detector bias supply

The important characteristics of the detector bias supplies are:

(1) The maximum voltage level and its polarity
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(2) The maximum current availed

(3) The degree of regulation against long term drifts due to change in temperature or

line voltages

techniques. ..

from the supply

(4) The degree of filtrating to eliminate ripples at power line frequency or other source.

Such that the output pulse of the detector has a fast rise time and a long decay time

(~100us) as shown in Fig 3.13.
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Fig 3.11: Typical RC feedback

sensitive preamplifier.
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Fig 3.13: Detector bias voltage is applied through the resistor R,. The bypass
capacitor Cy serves to shunt any external interference coming through the bias

supply line to ground. For AC signals this capacitor connects the “far end” of the
bias resistor to ground, so that R, appears to be in parallel with the detector
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3.3.1.ii Pulse counting system

In order to count pulse reliably, the preamp output signal must be shaped and amplified by
a shaping amplifier and then the shaped linear pulse must be converted to a logic pulse. The
integral discriminator is the simplest unit that does this operation and consist of a device
that produce a logic output pulse only when the linear input pulse height exceed a threshold
i.e. the linear pulses cross the discrimination level. Integral discriminator are designed to

accept shaped linear pulses in 0~10 V range.
3.3.1.iii Multi channel analyzer (MCA)

A multichannel analyzer is a succession of single channel analyzers (SCA) whose windows
are all the same width and are arranged sequentially, in order of increasing energy. Thus by
plotting the count rate of each SCA versus its mean energy window setting, a spectrum of
count rate versus energy will result. In an actual MCA, the single channel analyzers are
replaced by a single device called an analog to digital converter (ADC). The ADC
measures the height of each pulse as it comes in and determines to which SCA window the
pulse corresponds. The SCA windows are replaced by a histogram memory that stores the
number of counts in each energy window in sequential channels. As well as the counts in
each channel the MCA also records elapsed time so that the count rate can be determined.
The MCA provides manipulation of the spectrum display often with
expand/contract/logarithmic display modes and calculation capabilities such as energy
scale (x-axis) calibrations, peak finding, and area extraction. In the MCA, the ADC,
histogram memory and controlling micro processor are built into a device called a
multichannel buffer (MCB). The combination of MCB and software provides the MCA
functions. MCAs are available which can provide anything from 1000 channels of memory
upward. The 0 to 10V amplifier output may be divided into 1000 or up to 8000 separate
channels. There are numerous powerful data processing capabilities available in MCA.
However the main features that will be helpful for experiments includes determination of
area under peak, centroid position, multiple region of interest, automatic energy calibration,
spectrum and transfer to another segment of the memory Fig. 3.14 shows a MCA output of

different energetic alpha particle emitting from **Ra .
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Fig 3.14: Schematic representation of output of a MCA for different
alpha energy of **°Ra nuclei.

3.3.1. iv Counter and timer

As the final step in a counting system, the logic pulse must be accumulated and their
number recorded over a period of time. A counter is used for this purpose and increments
one count each time a logic pulse is presented to its input. These are operated in two
modes, one is preset time mode or preset count mode. The function of a timer is simply to

start and stop the accumulation period for an electronic counter or other recording device.
3.3.2 Shaping (spectroscopy) Amplifier

For pulse height or energy spectroscopy, the linear pulse shaping amplifier performs
several essential functions. Its primary role is to magnify the amplitude of the preamplifier
output pulse from mV range to 0.1 to 10 V range. This makes possible accurate pulse
height measurement with a peak sensing analog to digital converter (ADC) or SCA. In
addition, the amplifier shapes the pulse to optimize the resolution and minimize the risk of
overlap between the successive pulses. The linear pulse shaping amplifier must accept the
output pulse shapes provided by the preamplifier and change them into pulse shape suitable
for optimum energy spectroscopy. Much higher counting rates can be tolerated before the

pulse pile up occurs. The simplest concept for the pulse shaping is the use of the CR circuit
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followed by a RC circuit. In this shaping the preamp signal first passes through CR shaper
and then RC shaper. Fig 3.15 shows the circuit diagram. The CR circuit acts like high pass
filter and the RC circuit acts like as low pass filter and their combination give a shaped
pulse as shown in Fig 3.16. Most of the shaping amplifier includes a pole zero cancellation
circuit to eliminate the under shoot/over shoot pulses. The benefits of the pole zero
cancelation is to improved the peak shape and resolution in the energy spectrum at high
counting rates. Fig 3.17 illustrates the pole zero cancelation circuit and its effect. If single
CR high pass filter is followed by several stages of RC integration the output pulse shape
become close to Gaussian. Amplifier shaping in this way is called semi-Gaussian shaping

amplifier [19].
3.3.3 Analog to digital converter

A peak sensing analog to digital converter (ADC) measures the height of an analog pulse
and convert that value to a digital number. The digital output is proportional representation
of the analog pulse height at the ADC input. For sequentially arriving pulses, the digital
output from the ADC are fed to a dedicated memory or a computer and shorted in to a
histogram. This histogram represents the spectrum of the input pulse height. The dynamic
range of the ADC operation is consistent with the range of the spectroscopy amplifier
output (i.e 0-10V), even if the peak sensing ADC is mainly used for the energy
spectroscopy, it can be used for the timing spectroscopy as well. When the output of a time
to amplitude converter (TAC) is connected to the ADC input, the histogram represents the
time spectrum measured by the time to amplitude converter. We have measured first the
thickness of the target by the energy information of the scattered particle, '°0 . We have
used the Rutherford back scattering (RBS) method and used the simple spectroscopy
amplifier, normal ADC to record the spectrum [14]. The detail experimental methods are

discussed in the next section.
3.4 Target Preparation

Target material has an important role for the success of any nuclear physics experiments
because all the practical observable are directly proportional to the number of target nuclei
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Fig 3.15: Schematic of circuit diagram for CR and RC circuit.
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Fig 3.16: /4] CR, RC and CR-RC time domain response for a single step function. [B]
Absolute value of the frequency domain transfer function for CR,RC and CR-RC.
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Fig 3.17: [A] Simple CR discriminator. [B] Pole zero cancelation circuit.

present in the sample. So the target preparation is as much important as to get the incident
beam of precise energy and intensity. For good results, the target must be checked from the

point of view of its purity, composition, thickness, homogeneity etc. The study of heavy ion
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induced reaction say fission fragments angular distribution and the fusion excitation
function measurements at bellow barrier energy requires thickness of the order of
<lmg/cm®. This is because the incident beam will lose the energy in the target and there
will be no meaning of precise energy available for the reaction. The cross section falls very
fast exponentially bellow the Coulomb barrier energy, which require a precise definition of
the energy which depends on target thickness also. There are many methods to prepare
targets, mainly three methods, i.e chemical, Mechanical and physical. Chemical method
normally includes electro deposition, electro polishing, electric discharge etc. Mechanical
technique includes compacting, rolling etc. Physical technique includes direct deposition
using isotope separation, electro spraying, sputtering, vacuum deposition etc. In many cases
target nucleus heavily cost and they are not available independently naturally and also they
have low melting point so for those types of targets, electro deposition method is used. In
our experiment, we have used the electro deposition method to prepare all targets at the
Radiochemistry division, BARC. But in electro deposition [12] a backing material is
required and for our case it was Al (thickness ~2mg/cm?).This is fine because we have
measured the offline gamma rays coming out from the evaporation residue (ER). It is
necessary that ER should not cross the target plus backing, otherwise this will reduce the
ER and hence fusion cross section measurement. Normally pure targets of very thin
thickness are required to avoid the absorption of fission fragments, as they should come out
from the thin targets. A schematic representation of target preparation by electro deposition

method is shown in Fig 3.18.
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Fig 3.18: Schematic representation of the target preparation by electro deposition
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3.5 Accelerator facilities

One of the most essential components of heavy ion (HI) induced studies is the accelerator
facilities that deliver energetic nuclear species in the form of beam (incident particles or
projectile). When the projectile interacts with the target nuclei, it produces many new
particles of interest at desired excitation energy (Ex) and angular momentum (J). The
experimental investigations  were carried out by carried out using 14UD BARC-TIFR
Pelletron accelerator facility at TIFR, Mumbai, India [9] and 6MV FOTIA facility at
BARC, Mumbai [6]. Brief descriptions about these facilities are given bellow.

3.5.1 The Pelletron Accelerator at TIFR

The Pelletron Accelerator of 14 million volts was installed in 1988 under a joint
collaboration project of BARC and TIFR and the facility housed at TIFR campus, Mumbai.
The layout of the accelerator facility is shown in Fig3.19. The source for the charge
particles is located at the top of the accelerator tower. A cesium sputter ion source (SNICS)
generates [10] negative ion which are initially accelerated to low energies (150-250 keV) in
a short horizontal section. The low energy negative ions are then bent through 90°using an
injector magnet into the vertical accelerating column. In the first stage, the acceleration
results from the electrostatic attraction of the negative ions by the positively charged high
voltage terminal situated at the center of the column. The high electric potential at the
terminal is achieved by a continuous transfer of charge to the terminal by means of chain of
steel pellets and hence gained the name Pelletron Accelerator. The main component of the
machine is the accelerating tube, which is made up of eighty-four short sections and housed
in an insulating column. The column itself consists of fourteen modules, each capable of
withstanding a high voltage up to 1 MV. The whole assembly of the column and tube is
located inside a large pressure tank. The pressure throughout the accelerating tube is
maintained at an extremely low value, down to ~ 10 '°Torr, with the help of the highly
insulating sulfur hexafluoride (SFs) gas at a high pressure of about 6-7 bar. This is
necessary to prevent electrical discharge of the high voltage terminal. Inside the terminal,

the ions pass through thin carbon foils or a small volume of a gas, where they lose electrons
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and become positively charged. The average charge on the ions depends upon the type of
ion and the terminal voltage. The resulting positive ions now enter the second or high
energy stage of acceleration where the positive voltage of the terminal acts repulsively on

the positive ions, in this way the final energy of the ion that has acquired a positive charge

INJECTOR -
MAGNET/ A0M

ION SOURCE
CHOFPPER DECK

BUNCHER w1
BUNCHER w2

s=f==_ s5m

Fig 3.19: Pelletron accelerator situated at TIFR with different parts shown in red letter. At
the top SNICS ion source is present. Red strips in center are the 14 number of modules
assembly having withstanding voltage of each up to IMV.

with (+n) unit will be (n+1)V , where V is the terminal voltage (maximum 14 MV).
Different parts of the accelerator are shown in Fig3.19. Finally at the bottom of the
machine, the beam is bent again through 90%and led to the experimental area with the help
of another magnet which acts also as an analyzer. The magnet selects and delivers the
desired accelerated ions with a particular charge state and energy for the purpose of
experiments. The energy (MeV) of the analyzed ions of mass A and charge state q,
neglecting relativistic effects, is related to the magnetic field (B is in Gauss) of the

analyzing magnet by the relation [11] B = M.
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The analyzed beam of ion with high energy resolution (AE~2 keV) is then switched to
various experimental beam lines and transported to the experimental set up area (where
experiments are performed) using a switching magnet. There are five beam lines (along
with the types of experiments being done) in the pelletron accelerator facility and is shown

in Fig 3.20a. The 0° beam line consists of a general purpose scattering chamber (used for

LINAC HALL USER BEAM HALL 3.20b

J|

3.20a

Fig 3.20a: Different beam lines after the 90° bending magnet and switching magnet, the
right side of the 90" bending magnet leads to the LINAC beam, hall which has been
developed recently and shown in Fig 3.20b.

angular distribution, cross section measurement and various types of nuclear reaction
measurements). The30° north beam line is used for irradiation of targets and other samples
that are used for the study of material science, radiation biology, etc. The 15° north beam
line is dedicated for gamma and charge particles spectrum measurements. 15° south beam
line is dedicated for recoil mass spectrometer. 30° south beam line used for y— rays, charge
particles and also atomic physics experiments. In Fig 3.20b new LINAC beam hall is
shown. Measurements presented in this thesis are carried out in 0° degree (general purpose
Scattering chamber) for target thickness measurement and 30° north beam line for
irradiation of targets. The schematic diagram of the online irradiation chamber is shown in
Fig 3.21. Different beam lines are shown in Fig 3.20 with a schematic representation of
the beam line which was used during experiments (general purpose scattering chamber (0°
is shown in Fig 3.22). Each elements of the beam line required careful alignment by means
of Theodolite to minimize the non-intentional beam hitting that would result unnecessary

neutron, gammas in the back ground. The coupling between the various components was
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leak proof and they were cleaned prior to obtain a good vacuum inside the scattering

chamber.

Fig 3.21: Schematic diagram of the irradiation chamber (30° N) for irradiation of targets.

Fig 3.22: Schematic diagram of the scattering chamber to study the Rutherford
back scattering for target thickness measurement.
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3.5.2 Folded Tandem lon Accelerator (FOTIA)

The working principle of this accelerator is same as the pelletron. This has been originated
from a Van-de-Graff accelerator. Out of a large number of Van-de-Graft accelerators, few
of them has been converted to folded tandem accelerator, this is one of them. Initially, it
was a single stage 5.5 MV Van-de-Graaff generators and converted to a 6 MV folded
tandem ion accelerator (FOTIA) by Nuclear Physics Division (NPD) at BARC. The layout
of FOTIA is shown in Fig 3.23. It consists of various parts. Several important components
are dipole magnets, high voltage generator, electric and magnetic focusing lens, steering
devices, vacuum system, SF¢ gas handling and computer controlled systems. Here the
negative ion beam extracted from SNICS source is shown in Fig 3.24 and is accelerated up

to 150 keV. The negative ion of the desired mass is selected using 70° dipole magnet

6 MV FOLDED TANDEM
[ON ACCELERATOR AT
TROMBAY, MUMBAI TERMINAL SHELL
——F( -4
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Fig 3.23: Schematic diagram of the 6 MV folded tandem lon accelerator.
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for injection into the low energy accelerating section. An electrostatic quadruple triplet and
an einzel lens are used to focus and match the beam parameter to the acceptance of the low
energy tube. The electrons of the negative ion then get stripped off at the stripper and a
desired charge state of positive ion thus produced is selected through 180° magnet inside
the high voltage terminal before being bent after which it enters into the high energy
acceleration tube, where further acceleration occurs. A quadruple doublet has been used to
focus the diverse beam of 180° magnet at the exit of magnet to enter the high energy tube
and then the desired beam has been bent by 90° bending magnet as shown in Fig 3.23 and
transported to different beam lines through the switching magnet. There are five beam lines
available for different experiments. Different beam lines are shown in Fig3.25. We have
measured the thickness of the targets (‘**'*’Sm) by Rutherford back scattering (RBS)
method using proton beam from FOTIA in the 0° beam line (general purpose scattering
chamber) and found that the results are consistent with the ones measured by RBS method

using '°0 beam from TIFR Pelletron Accelerator.

0. BEAM_LINE

20.1 m

i P Be
‘e @ "!_n,f -
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Fig 3.25: sketch of different beam line
Fig 3.24: SNICS source using in FOTIA present at FOTIA facility.

facility for beam ion extraction.
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3.6 Target thickness measurement and Irradiation

We measured the thickness of the targets which was prepared at RCD laboratory, BARC by

electro deposition method.
3.6.1 Target Thickness measurement

The schematic representation of the thickness measurement set up is shown in Fig3.26.
Three surface barrier (SSB) detectors have been used. One at the back angle (i.e.170%) and
another two SSB at forward angle (i.e. 30°) for beam normalization and is shown in Fig

3.26.

Fig 3.26: Schematic
representation  of  the
thickness  measurement
set up. M1, M2 are the
two SSB detectors placed
at the forward for beam
normalization.  Another
SSB placed at 170" to
S identify  the  scattered
particle from “Sm and Al
FC is the faraday cup
from which the beam flux
was calculated.

e ————————— » F C

Beam

The detector thickness was 300 um such that the scattered beam will stop in the detector
and deposited all its energies. The targets were mounted at the center of the chamber and a
beam of '°O of 40MeV [20] from TIFR Pelletron and proton (p) of 4MeV from FOTIA
facility was used [20], (Vs~ 10 MeV and ~64 MeV for p+'**'**Sm and '°0+'**'*?Sm
system respectively). The schematic of the electronic circuit diagram for the target
thickness measurement is shown in Fig 3.27. We found the consistency in the thickness

measurement using proton and oxygen beams. We kept our detector in the backward angle
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(i.e.170"% to protect the detectors from huge background of elastic in forward direction. A
typical raw spectrum acquired in RBS measurement for target thickness is shown in Fig
3.28 from the detected spectrum; we have extracted the thickness of the target by using the

following formula

Y=N; N, (do/dQ) dQ. [1]. Y is the yield under the ASm peak as shown in Fig 3.28, N, is
the number of incident projectile, which has been calculated from the current integrator
(CI) as follows,N, = CI (nC) /(Zp><1.6><10'19 C), Z, is the charge state of the incident
particle (projectile) and it was assumed that almost all the electrons will strip out after
passing through the stripper foil. dQ is the solid angle subtended by the detector. do/dQ is

the partial Rutherfoard cross section at that scattering angle.

TFA 5| CFD
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T
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Fig 3.27: Schematic representation of the electronics diagram for the target thickness
measurement. M1, M2 are the two SSB placed at the forward angle for beam normalization.
Another SSB placed at 170" to identify the scattered particle. PA, AMP, TFA,CFD are the
preamplifier, amplifier, time filter amplifier, constant fraction discriminator and ADC is the
analog to digital converter. DAQ is the data acquisition system.
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Using all the above values we have determined the thickness of the target as,

Ni= Y/( Ny(do/dQQ) dQ) in cm, by divide the N; with the density (p) of the material we will

get mass thickness of the target. Table3.2 shows the thickness (mass thickness) of the

different “Sm samples which was used for irradiation . Using Proton beam and '°O beam,

the thickness of the samples is consistent with each other.
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Fig 3.28: A4 typical raw-spectrum for the target thickness measurement
at 6MeV of proton (p) beam.

Table 3.4: The thickness of the different “Sm samples using Proton
beam and "°O beam from FOTIA and TIFR pelletron respectively.

Sample 60 Mev'®0 in unit | 6MeV proton in unit
number. | (ug/cm?) (TIFR) (ug/cm?) (FOTIA)
Samarium | '**Sm 2Sm 1'Sm 2Sm
Sm-1 614.37 603.3 608.5 551.2
Sm-2 442.45 527.6 451.3 466.4
Sm-3 585.47 577.2 578.3 552.6
Sm-4 678.53 480.8 665.2 467.8
Sm-5 596.96 591.5 576.2 514.2
Sm-6 563.32 450.3 553.5 449.8
Sm-7 477.64 486.9 475.3 508.5
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Sm-8 666.40 479.4 650.4 479.7
Sm-9 565.47 523.6 572.6 577.8
Sm-10 540.91 499.9 545.2 494.9
Sm-11 449.64 497.7 441.3 445.4
Sm-12 540.91 5194 551.8 4717.5
Sm-13 478.644 | 585.5 465.9 595.8

3.6.2 Irradiation

The sample (***'*?Sm) was loaded on the target holder in the irradiation chamber shown
previously in Fig 3.21.The target material faced the incident beam and the Al backing act
as the catcher. When Li ion interacts with Sm target giving away all its energy in collision
with the nucleons of the target nucleus. Once this has happened, the incident particle loses
its identity and becomes a part of the target nucleus. The nucleus thus formed is called the
compound nucleus (CN) Terbium which is in a highly excited state (Tb*) [20,21]. The
excited Tb* decays mostly by neutron emission and the evaporation residue (ER) goes to
Gd* isotope through electron capture and then decay by gamma emission. We have

observed the emitted gamma by off line gamma measurement procedure. The CN will
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Fig 3.29:  Schematic
representation of the
target and catcher.
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decay by the emission of either particle or gamma and try to cool down. In most of the
cases the neutron emission is more favorable as it will not see any barrier. The thickness of
the Al or catcher is such that ER will stop in the Al backing. There are two types of oft-line
gamma spectroscopy, 1) Thick target irradiation, where the CN formed due to different

channels will stop in the target itself and the emitted gamma rays from the ER will be
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counted off line. The identification is quite complex as many gamma rays will coming from
different nuclei. ii) Thin target irradiation, where after the formation of the CN due to the
recoil velocity, the CN will come out from the target and stop in very thin Al catcher foil
placed behind it, which is called the recoil range distribution (RRD) method and then same

off-line counting is to be done for different catcher.

The concept of RRD based on the momentum transfer to the target by the incident particle.
When we use a light particle ®’Li (say) and do the RRD measurements for different
channels, the difference in the momentum transfer to the target from one channel to the
other will be very small. Hence in the case of light particles, we have to use very very thin
catcher at very close precise distance and measure RRD. This leads to more uncertainty in
the results. For energy bellow the barrier there will be no fusion classically but only due to
quantum tunneling then it will be difficult to measure using RRD method. The prominent
y-rays of the standard "**Eu source have been used in the present measurements. Fig 3.2

shows a typical efficiency plot using '**Eu &'**Ba at different distance from the source.
3.6. 2. Irradiation of °Li+'**Sm [20].

We have used Samarium (‘**Sm) targets of isotopic abundance of 94% (enriched) having
thickness in the range of 450-678 pg/cm” For the fusion measurement, the target was
mounted with an additional Al backing downstream. The thickness of the Al backing was
sufficient to completely stop all the evaporation residues (ERs) produced during irradiation.
According to the half- life, each target was irradiated for 45 h by the °Li beam with energy
Ep=20-40 MeV, in steps of 2 MeV. The beam current was ~60 nA, and the beam flux
was calculated by the total charge collected in the Faraday cup placed behind the target
using a precision current integrator device. The reaction products, which were stopped in
the target and Al backing, were identified by their characteristic y rays and half life by off-
line counting using a high-purity Ge detector coupled to a multichannel analyzer as

mentioned in Table 3.5. A '

Eu source was used for the energy calibration as well as for
the efficiency measurement. The standard y source and the irradiated samples were counted
in the same geometry. The spectroscopic detail of°Li tells that there is no any bound excited

state of °Li as the breakup threshold is 1.47 MeV for (o-+d) channel. Fig 3.30 shows
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different reaction channels. In one case, the °Li has completely fused with the target called
complete fusion (CF) and in other case, the °Li has breakup and a part of the projectile has

fused ( either a or d) with the target called incomplete fusion (ICF) or break up fusion.

SLi+!'*'Sm
Breakup / Incomplete Fusion
Pe—Capturel] E)-capture .
Complete Fusion (CF)
‘He+ #8m—>143Gd*
2> 1n+4Gd

SLi+ 1445m9150mt =>2n+M45Gd d+ 1435 L6E»
20+ Tb%(~2.2min) > 1pt19gy
9:1.'[*3’:51—1)5(”]11) 9211‘1"‘“}311

= 3n+147ThE(~1.65h)

= 3n+4"Tb7(~1.83min)
>4nt+1Th

< ot+2nt+*Eu
2>p+3ntGd

2> pHant¥Gd

Fig 3.30: The different decay channels for °Li+'*'Sm system with different ER
and half-life . We have detected only the CF channel (i.e. 2n, 3n ER channel)
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HPGe Crystal Fig 3.31: Schematic diagram of
the detection process.
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A schematic diagram of the detection process is shown in Fig 3.31. After irradiation, the
sample was kept in front of HPGe detector for measuring y activity at a appropriate
distance to avoid high dead time of the detector, normally dead time was kept bellow 5% ,
during data acquisition. The cryocan was filled with liquid Nitrogen (77K) to reduce
thermal noise. At regular interval of time the performance of the detector was verified. A
typical recorded gamma (y) ray spectrum for °Li+'**Sm at 40 MeV is shown in Fig3.32.

After detection of different gamma rays emitted from the different ER channels we have
done the half-life fitting. Corresponding nuclear data, such as half-lives (71,), y -ray
energies (Ey ), and branching ratios ( Iy ), etc., were taken from the Table of Isotope and
Nuclear Wallet card [69] and are listed in Table 3.5 . The intense y lines were chosen to
evaluate the cross sections. The ER cross section has been extracted from the raw data
using the formula as shown in Eq" (62) discussed in chapter2. To check the consistency we
have compared the cross section using different gamma rays coming from the same ER
with different branching ratio and efficiency and giving the same results. To see the effect

of the breakup of loosely bound projectile °Li on fusion cross sections, the present data
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Fig 3.32: A4 tpical yray spectrum showing gamma lines of

different ERs populated via CF in the °Li+'**Sm reactions at
proiectile energv of 40 MeV
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Table 3.5: Reactions investigated and decay characteristics of evaporation
residues in the °Li+ 'Sm system for ground state (g) and meta stable state (m).

Reaction ER E, (keV) Tir J I, (%)
"Sm(°Li,3n) | 'Tb™ 1397.7 (m) | 1.83 min | 11/2° |83.2
MSm(°Li,3n) | 'Tbe 11522 (g) | 1.65h 127 72.5
Sm(°Li,2n) | “**Tb™ 631.9(m) |[22min |97 95
MSm(°Li,3n) | "**Tbe 784 (g) 1.0h 2 100

were compared with the data for other systems forming similar compound nuclei but
involving strongly bound projectiles '>C + "*'Pr [22,23] and **Ne + '**Cs [24] forming
the compound nucleus '*Tb .The CF cross section has been compared and found that the
CF induced by °Li reaction is more suppressed than the other systems mentioned above,
their by indicating the effect of break up. The detail analysis using statistical model and the

coupled channel calculations will be discussed in chapter-4.
3. 6. 2. ii Irradiation of °Li+™*Sm [21].

We have used Samarium ('°*Sm) targets of isotopic abundance of 98% (enriched) having
the thickness in the range of 450-580 mg/cm’. The targets were prepared by electro
deposition method on Al backing of thickness ~2 mg/cm?®. The thickness of the targets was
measured by Rutherford back scattering (RBS). Using 60 MeV '°0 beam as well as 6 MeV
proton beam. The targets with the Al backings were placed normal to the beam direction so
that the recoiling nuclei, which are formed during the interaction of the projectile and the
target nucleus are stopped in target + Al backing assembly. Each target was irradiated for
6-8 hours by °Li beam with energy Ej»= 2040 MeV in steps of 0.5-2.0 MeV. The beam
current was ~40—-100 nA and the beam flux was calculated by the total charge collected in
the Faraday cup placed behind the target. The reaction products stopped in the target and Al
backing were identified by their characteristic gamma rays and half life mentioned in Table
3.6 by off-line counting using HPGe detector coupled to a multichannel analyzer. The

S 132 133 -
radioactive sources viz., ~“Eu and ““Ba has been used for efficiency measurement and
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calibration of the detector (HPGe). The energy resolution of the HPGe detector was ~2.7
keV for Ey= 778 keV and ~3 keV for Ey= 1408 keV of the '**Eu source. Time to time the
calibration and the efficiency spectrum was recorded to confirm the consistence
performance of the detector. In Fig3.33 shows different reaction channels, in one case, the
SLi has completely fused with the target called complete fusion (CF) and in other case, the
SLi has breakup and a part of the projectile has fused ( either o or d) with the target called
incomplete fusion (ICF) or break up fusion. After irradiation we kept the sample in front
of HPGe detector and a typical gamma (y) ray spectrum was recorded for SLi+">?Sm
system at Ej., = 34 MeV and is shown in Fig3.34. 2n,3n,4n and 5n evaporation forming
the residual nuclei “°Tb ,'>Tb, "*Tb and "Tb either in ground state (g.s) or in
metastable state (m.s), which then decay to Gd isotopes by electron capture. Corresponding
nuclear data, such as half-lives (7,), y -ray energies (Ey ), and branching ratios ( Iy ), etc.,

are listed in Table 3.6 The intense y lines were chosen to evaluate the cross sections
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Fig 3.33:  The different decay channels for °Li+"’Sm system with different ER
and half-life .We have detected only the CF channel (i.e. 2n, 3n,4n,5n ER channel)
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Fig 3.34: Typical yray spectrum showing gamma lines of different ERs populated
via CF in the °Li+"’Sm reaction at projectile energy = 34 MeV. Different ER
channels are shown in different symbol.

Table 3.6: Reactions investigated and decay characteristics of evaporation
: ) 67 152
residues in the "Li + "“Sm system.

Reaction ER E, (keV) | Tz I, (%)
2Sm(°Li,2n) | "°Tb 534.3 5.35d 66.34
2Sm(°Li,3n) | °°Tb 180.1 5.32d 7.45
262.3 5.32d 5.3
92Sm(°Li,4n) | *Tbe 1274.4 21.5h 10.5
722.1 21.5h 7.7
2Sm(°Li,4n) | P'TH™ | 540.2 9.4h 20.0
649.6 9.4h 10.9
2Sm(°Li,4n) | P'TH™ | 346.7 22.7h 69.2
1419.8 22.7h 46.0
225.9 22.7h 26.8
28m(°Li,5n) | 'Tb 212 2.34d 31.0
170.5 2.34d 6.3
1329 m(d,3n) PEym | 841.6 9.274h 14.2
963.4 9.274h 11.67
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The extraction of the cross section for different ER channels has been done using the same
formula as discussed in chapter 2 and used for °Li+'**Sm system. The CF cross section has

extracted using the cumulative cross section of all the channels with the help of theoretical

theory

ratio R,; and the analysis using theoretical calculations are discussed in chapter-4.

3. 6. 2. iii Irradiation of "Li+"*****Sm [25].

We have used 7Li beam as incident particles and '**Sm (94% enriched) and **Sm
(98%enriched) as the targets. Targets were prepared by electro deposition method on Al
backing of thickness 2.2mg/cm”. The thickness of the targets was measured by the
Rutherford backscattering method and found in the range of 450 - 680 ,ug/cmz. For the
fusion measurement, the target was mounted with additional Al backing down stream of the
beam. The thickness of the Al backing was sufficient to completely stop all the evaporation
residues (ERs) that are produced during irradiation. According to the half life of the ERs
that were expected to be formed in significant abundance and their total cross sections,
each target was irradiated for 4 to 8 hours by "Li beam with energy E;,= 22 to 40 MeV, in
steps of 1 —2 MeV. The beam current was ~ 25-60 nA and the beam flux was calculated by
the total charge collected in the Faraday cup, placed behind the target using a precision
current integrator device. The reaction products, which were stopped in the target and Al
backing, were identified by their characteristic y-rays by off-line counting using HPGe

detector coupled to a multichannel analyzer.

52Eu source was used for the energy calibration as well as for the efficiency measurement..
A typical gamma (y) ray spectrum is recorded for "Li+'**Sm and "Li+'**Sm at 28, 30 MeV
and is shown in Fig3.35.When "Li fuses with the target nucleus, '**Sm, it will produce the
excited compound nucleus "'Tb*. After 2n evaporation, it produces the evaporation
residue (ER) '®Tb* (g.s.) with the half-life (t2 of 4.118h and '¥Tb* (m.s.) with
148

tip~4.16m. In case of 3n evaporation it produces the residues

state ("*Tb*m, t;,~2.2m) and ground state ( '**Tb*(g.s),t;»~60.0m), which decay to Gd

Tb* having meta stable

nuclei after electron capture. Similarly, for 'Li+'>’Sm reaction, the compound nucleus

9Tb* decays by 3n and 4n evaporation followed by electron capture to '*°Gd and
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Fig 3.35: Typical y-rays spectrum showing gamma lines of different ERs populated in
"Li+"™Sm reactions at projectile energy 28 MeV.
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Fig 3.36: Typical y-rays spectrum showing gamma lines of different ERs populated
in "Li+"?Sm reactions at 30 MeV.

153Gd nuclei with t;, = 5.35 d and 5.32 d respectively. Corresponding nuclear data, such as
half-lives (T ), y-ray energies (Ey), and branching ratios (Iy), for different channel etc. are

listed in Table 3.7[69]. Fig3.38 shows different reaction channels populated via complete
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fusion and breakup fusion of 'Li+'**Sm. In one case the 'Li has completely fused with the
target and in other case, the 'Li has breakup (into o & t) and a part of the projectile has
fused ( either o or t) with the target. Intensities of the gamma lines with proper branching
ratio corresponding to both ground and meta stable states of different ERs together give the
cross sections for different ER channels. The intense gamma lines were chosen to evaluate
the cross sections. The other gamma lines corresponding to the same ERs were also used to

cross check the measured cross sections.

I ?Li1144Sm'
Breakup / Incomplete Fusion
a—Capture t—Capture
Complete Fusion (CF)
‘He+ #gm—>143Gd*
L < > 10+%Gd
'Lit HSm>BITb* >2n+14Gd 3 + g m=> Mg *

=22n+14°Tb (~2.2min, 4hr)

30+ Tb (~60 min, 2.2 min) o
>4n+147Th

2 a+n+14Eu

—>p+H2n+9Gd

2>p+H3n+147Gd

Fig 3.37: The different decay channels of ERs through CF and ICF for "Li+"*'Sm system
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v v

a—Capture t—Capture

r
Complete Fusion (CF)

He+ 1528m->156Gd*
TLi+ 1528m > 159Th* > 1n+153Gd (~5)
e 4154 3t + 152 155 1%
>30+15Th(~5.35d,5.3h) >20+4Gd(~s) Ct+ F2Sm>Eu

24n+15Th(~5.32d) 921‘1—1:3Eu(-s)v
= 2n+57Th(~71Y) >3n+1Eu(13Y)

2 a+2n+153Eu
2>p+H3nt+133Gd
2pHn+134Gd

Fig 3.38: The different types of ERs through CF and ICF for "Li+'*Sm system
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Table 3.7: Reactions investigated and the characteristics of evaporation
residues in the "Li+"**12Sm systems.

Reaction ER E, (keV) | T JT I, (%)
7Li+144sm

MSm("Li,2n) | "TH™ 796.0 4.16 m 11727 |90
MSm("Li,2n) | "Tbe 352.2 4.118h 12" 29.3
MSm("Li,2n) | '*Tbe 853.4 4.118h 127 15.4
Sm("Li,3n) | "*TH™ 394.5 22m 9" 86
MSm("Li,3n) | "*TH™ 784.5 2.2m 9" 100
MSm("Li,3n) | "*Tbe 489.0 60m 2 19.74
Sm(’Li,3n) | 148Tbg | 784.4 60m 2 84
7Li+1528m

92Sm("Li,3n) | °°Tbe 199.2 5.35d 3" 40.9
528m("Li,3n) | 0Tbe 356.4 5.35d h 3" 13.61
92Sm("Li,3n) | °°Tbe 534.3 5.35d 3" 66.6
2Sm("Li4n) | ' Tb® 163.3 5.32d 327" 4.44
92Sm("Li,4n) | °Tbe 180.1 5.32d 327 7.45
2Sm(’Li4n) | ' Tb® 262.3 5.32d 327" 5.29
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Chapter 4

4.1 Complete Fusion Suppression in °Li + **Sm

system.

4.1.1 Introduction

The effect of the breakup of weakly bound (stable or radioactive) nuclei on the fusion
process is a subject of current experimental and theoretical interest [1,2]. Although sub-
barrier fusion involving strongly bound stable nuclei is well understood, there are
contradictory results and predictions about the enhancement or suppression of the fusion
cross section oy, over predictions of the single fusion barrier around the Coulomb barrier,
when one of the collision partners is a weakly bound nucleus. Experimental investigations
of the fusion process have been made with stable weakly bound ®’Li [3, 4] and °Be [5, 6]
nuclei, however, they have different conclusions about fusion enhancement/suppression,
when compared with strongly bound stable isotopes [7] and/or coupled-channel
calculations [8,9]. There are theoretical calculations that predict either suppression of the
complete fusion (CF) cross sections [10, 11] due to breakup of loosely bound nucleus or
enhancement [12,13] of the same due to coupling of the relative motion of the colliding
nuclei to the breakup channel. Hagino et al. [14] performed an improved coupled-channel
calculation that predicts the enhancement of fusion at sub-barrier energies and reduction at
above barrier energies. An understanding of breakup and fusion is directly relevant for
producing nuclei near the drip line and possibly super heavy nuclei. Experimentally such
studies are limited because of the low intensities of unstable beams currently available.
Light nuclei such as °Li, which breaks up into a + d with a breakup threshold of only 1.48
MeV, has a large breakup probability. Fusion with such a nucleus is ideal for the
quantitative testing of theoretical models and for use as a comparator for fusion

measurements with other unstable beams. In this section we present precise excitation
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function measurements for the complete fusion of °Li with '**Sm by activation method, at
energies ranging from 20 to 40MeV in steps of 2 MeV, i.e., 0.75 to 1.5 times the Coulomb
barrier (Vg =~ 26.2 MeV). The target nucleus Sm (Z = 62, N = 82) was chosen because it
is a spherical nucleus, which minimizes the target effect on fusion, and that makes the
effect of projectile breakup more evident. Coupled-channel calculations are presented to
find the influence of breakup on fusion cross sections. The present data have been
compared with those involving strongly bound projectiles ( '*C + "*'Pr and *’Ne + '**Cs)
forming similar compound nuclei [25]. The existing data from the literature [3, 15,16] for
two more systems ( 'Li + 'Ho and 'Li + "°°Tb) involving loosely bound projectiles have
also been reanalyzed to look for any systematic behavior on the suppression of fusion cross

sections.

4.1.2 Analysis of experimental results

The experimental detail has been given in Chapter-3 with some experimental gamma
spectrum. Here only the analysis and the physics output will be discussed. The intense y-
lines were chosen to evaluate the cross sections. After 2n evaporation of the compound
nucleus, the residue nucleus '**Tb can be populated either in the ground state (g.s.) or the
metastable state (m.s.) and then decay into '**Gd by electron capture with half-lives of 60
min and 2.2 min, respectively. Similarly for 3z evaporation, '*’Tb decays to '’Gd with
half-lives of 1.7 h (g.s.) and1.83 min (m.s.). Intensities of the y lines with proper branching
ratios corresponding to both ground and metastable states of '*Tb (**'Tb) together give the
cross sections of the 2n (3n) channel. The excitation functions for individual ER channels
are shown in Fig 4.1. Statistical model (SM) calculations were performed using the code
PACE2 [17] with default potential parameters. For energies below the Coulomb barrier, the
SM calculations were carried out by feeding the /-distribution obtained from external
coupled-channel calculations. The results of PACE2 calculations for the ratio of 63, to o2,
with level density ( p) equal to A/10 (solid line) are shown in Fig 4.1(c), which provides a
good description of the present experimental data. The value of 63,/02, Was found to be less

sensitive to the level density parameter (for p = A/10, A/9 and A/8). Calculated cross
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sections for 2n and 37 channels are plotted as solid lines in Fig 4.1(a) and 4.1(b). The ratio,

Rtheory

. = (oxto3n) /oF, of the combined cross section has been used to extract the

complete fusion (ocr ) calculated at each energy using the same parameters in PACE2 in
the entire energy range (20—40 MeV) of our measurement which is shown in Fig 4.1(c).
The complete fusion Gfeli(sp ' was determined by dividing the cumulative cross sections of

eory

the two measured channels (2n & 3n) by the ratio Rf,h and listed in Table 4.1. Further,

. . . t .
to check the consistency in SM results for different channels, 0'1?1);5 was given as

Table 4.1: Experimental cross sections for 2n-ER, 3n-ER, and
total fusion with Rf,heory from PACE? calculations.

E 1 (MeV) G;ﬁpt + ogﬁpt(mb) Rgheory Opy *(mb)
20 0.034+0.01 0.8571 | 0.04+0.01
22 0.54+0.06 0.9211 | 0.59+0.08
24 8.2+0.8 0.8979 | 9.13+£1.10
26 49+4.9 0.8302 | 59.0+£6.0
28 11612 0.8263 | 140+15
30 192+12 0.8152 | 236+15
32 270+13 0.8055 | 335+18
34 331+16 0.7933 | 41727
36 378+19 0.7530 | 502+30
38 40721 0.6709 | 60731
40 374420 0.5551 | 674+33

input to PACE2 and its output for o5, , 63, and their ratio are plotted as dashed lines in Fig

expt

4.1, which are found to be reasonably close to the experimental data. The errors in Oy, ¢

include the errors in ERs as well as the uncertainty in the SM calculations. The measured
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excitation function for complete fusion and the corresponding barrier distribution are

shown in Fig 4.2.
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The distribution of fusion barriers D(B) was calculated by [dz((feXpt Ecm.) /dE* ] using the

fus
measured Gfil{f t which is shown in Fig 4.2(b). In the problem of heavy-ion fusion

reaction, the experimental observable is not penetrability, but fusion cross section, and thus
if one intends to discuss the effects of channel-coupling on fusion in terms of the first
derivative of penetrability, one has to convert fusion cross sections to penetrability of the s-
wave scattering. The Wong formula given in chapter 2, suggests one prescription for this,
i.e. it suggests that the first derivative of the product of fusion cross section ¢ and the center
of mass energy E with respect to the energy, d(Ec)/dE, is proportional to the penetrability

of the s-wave scattering

4.1.3 Coupled-Channel (CC) calculations

Coupled-channel calculations using the CCFULL code [18] are performed with the
potential parameters that reproduce the average fusion barrier (Vg = 25.1 + 0.3 MeV) of the
experimental D(B). The value of Vg was obtained following the procedure adopted in Ref.
[7]. Parameters for the Akyuz-Winther (AW) potential and modified potential used for
coupled-channel (CC) calculations, and the corresponding uncoupled barrier heights Vg
and radii Rg and curvatures ho, derived for the present system as well as several other
systems, are given in Table 4.2. The projectile ground state (1) with spectroscopic
quadrupole moment, Q = —0.082 fm?, and the unbound first excited state (3", 2.186 MeV)
are coupled. A value of ( BE;, 17 — 37) =21.8 ¢ fm” is used for the 3" rotational excitation
[4]. The target excitation state (3 , 1.81MeV) is coupled as a vibrational state. Coupling of
the breakup channel is not considered. The results of the coupled-channel calculations are
shown in Fig 4. 2. It can be seen from Fig 4. 2(a) that at energies below the barrier, there is
a large enhancement of fusion cross section with coupling (dashed line) compared to the
uncoupled values (dotted lines). But the coupled results over predict the measured fusion
data over the entire energy range. However, it was interesting to see that the measured
fusion cross section agrees very well with the calculated ones when multiplied by a factor

of 0.68 (solid line) over the entire energy range. This implies that there is an overall
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suppression of ~ 32% of the fusion cross section in the entire energy range compared to the
ones predicted by CCFULL. An uncertainty of +5% in suppression factor is estimated from
the uncertainties in Vg and or. The normalized barrier distribution obtained from the
calculated fusion cross sections. Fig 4. 2(b) shows that the experimental D(B) agrees
reasonably well with the coupled (solid line) one, which is very different from the
uncoupled (dotted line) distribution. To see the effect of the breakup of loosely bound
projectile °Li on fusion cross sections, the present data were compared with the data for
other systems forming similar compound nuclei but involving strongly bound projectiles

[19,20]. Fig 4.3 shows the comparison of the reduced cross
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Fig 4.2.. (a) Complete fusion cross section (filled circles) and (b) corresponding
normalized barrier distribution (filled circles) for °Li + '*Sm compared with coupled
(dashed lines) and uncoupled (dotted lines) results from CCFULL [18] calculations. Solid

lines are obtained by multiplying the coupled results by a factor of 0.68.
100



Chapter 4: Complete fusion suppression on °Li + '**Sm

Table 4.2: Parameters for AW and CC potential, along with Vs, R and ho.

System Potential Vo ro a Vg R; hiw
(MeV) (fm) (fm) (MeV) (fm) (MeV)
oLi+ 4Sm AW 42.33 1.158 0.63 24.65 10.2 4.85
cc 47.00 1.100 0.63 25.55 9.78 5.04
2C 4+ #py AW 54.71 1.177 0.63 45.07 10.6 4.55
Ne 4+ s AW 63.40 1.187 0.63 68.20 10.9 4.33
TLi+ 65Ho AW 45.61 1.160 0.63 25.44 10.7 4.50
CC 170.00 0.950 0.95 23.78 11.12 3.50
12¢ 4+ 190Gd AW 55.38 1.180 0.63 4775 10.9 4.61
TLi+ 5Tb AW 45.48 1.165 0.63 24.84 10.6 4.45
cc 132.00 0.980 0.85 24.17 10.68 3.81
*He + "Dy AW 35.18 1.470 0.63 17.48 10.2 4.11
°Li + "*Sm, Fusion
®  Present Data
05 4 {'Ne-»'-‘-‘cs [Plasil ef al.] 4
¢ “C+"'pr[Plasil er al.] 3
04 F B Pepy [Kossakowski et al ] A
’ [ == Coupled channels (CC) E ‘—Ir - § -
o [ —— 0.68%CC -
o T
b’-:
08 10 12 14 16 18 20 22 24
Ec.m./VB

Fig 4.3: Reduced cross sections (O'qu/TL'Ré ) as a function of E.,./Vp for the present system
(filled circles) along with two other reactions °C + "' Pr (filled diamonds [19], filled
squares [20]) and *’°Ne + '3Cs (filled triangles [20]). Dashed line is the result of
coupled-channel calculation. Solid line is obtained by multiplying the coupled results by
a factor of 0.68.
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sections (csfus/nR]Zg) as a function of E,./Vp for the present system along with two other
systems 2C + "Ppr 19,201 and **Ne + *°Cs [20] forming the compound nucleus 5Th. 1t
is interesting to see that the reduced fusion cross sections involving strongly bound
projectiles ("*C + "*'Pr and **Ne +'**Cs) are much larger than those for the present system,
and they agree very well with the results of coupled-channel calculations using CCFULL
without any suppression factor. This confirms that the complete fusion for °Li + "**Sm is
suppressed by 32 + 5% compared to those with the stable projectiles as well as those
predicted by the fusion model adopted in CCFULL. Any model dependence on calculated
fusion at sub-barrier energies, where couplings are important, can be singled out by having
more fusion data for the systems involving tightly bound projectiles. The suppression in
fusion cross section may be a direct consequence of the loss of incident flux due to the
projectile breakup, which seems to be independent of energy over the measured energy
range. The above observation on fusion suppression is quite different from what Tripathi et
al. [3] concluded for "Li +'Ho, "Li + ""*Tb [15], and *Be + *®Pb [5] systems. To find
whether their conclusions remain valid, the data for 'Li + '*Ho and 'Li + "’Tb [15,16]
were reanalyzed in the same line as above. The advantages and/or differences in the present
analysis compared with the earlier one are (i) comparison of the fusion data with a system
involving tightly bound projectile forming the same compound nucleus, (ii) use of an
improved version of the coupled-channel code to take care of nonlinear couplings of all
orders, and (iii) comparison of fusion data with coupled results (instead of uncoupled ones)
to estimate the suppression. The reduced fusion cross sections for the above two systems
have been compared with those of '>C + '°Gd [21] and “He + '®*Dy [15], respectively,
forming the same compound nuclei, as shown in Fig. 4.4. The parameters for the potential
barrier used in CC calculations for these systems are given in Table 4.2. CC potentials are
chosen to reproduce the average fusion barrier of the barrier distribution derived from the
fusion data. For 'Li + '®Ho, the effect of deformation was calculated by coupling to the
ground state rotational band (with B, =0.285 and B4 = 0.024, Ex = 0.077 MeV) of the
deformed target nucleus, following the method of Ref. [16]. Projectile deformation could
not be included, as CCFULL cannot handle both the deformed target and deformed

projectile. For the pair transfer coupling, the channel '*Ho ("Li, *He), with a positive O
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Fig 4.4: Reduced cross sections (o/mR3) as a function of E.../Vp for (a)
‘Li + "“Ho (filled circles [3]) along with °C + 'Gd (filled diamonds
[21]) and (b) 'Li + ’Tb (filled circles [16]) along with *“He + '’ Dy (filled
diamonds [15]). Dashed lines are the result of coupled-channel
calculation. Solid lines are obtained by multiplying the coupled results by
a factor of (a) 0.82 and (b) 0.74.
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value of 10.5MeV, whose cross section was measured to be maximum [3], was included. A
form factor of 0.85 was used, which reproduces the fusion data well. Coupling parameters
of CCFULL calculations for "Li+'*’Tb were same as those of Ref. [16]. It is interesting to
find that the fusion for 'Li-induced reactions is suppressed by about 18% and 26%,
respectively, compared to those involving strongly bound projectiles of '>C or “He forming
the same compound nuclei. These results are quite different from the conclusions drawn in
Ref. [3].Similar suppression in complete fusion cross sections has been observed in several
other reactions involving loosely bound nuclei but forming different compound nuclei. The
results are summarized in Table 4.3. It is observed that the suppression has a clear
dependence on two main factors, i.e., (i) breakup threshold of the projectile and (ii) charge
of the target nucleus. For a particular projectile, the suppression increases with the increase
in the Z of the target. Similarly, for a particular target, the suppression increases with a
decrease in the breakup threshold. Thus, it indicates that the reduction in the complete
fusion cross section is mainly due to the breakup of the projectile in the Coulomb field of

the target nucleus.

Table 4.3: Fusion suppression factor for different systems.

Projectile Breakup Target | Suppression
threshold (MeV) factor
SLi Sea=1.48 “PBi | 36%
SLi Sea=1.48 “®pp | 34%
SLi Sea=1.48 Sm | 32%
’Be Seon=1.57 “®pp | 32%
’Be Seon=1.57 Sm | 10%
Li So=2.45 PBi | 26%
Li So=2.45 "“Ho | 18%
Li So=2.45 T | 26%
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4.1.4 Summary

The complete fusion excitation function for the °Li + '**Sm reaction has been measured at
energies near and above the Coulomb barrier. An activation technique was used to
determine the cross sections of 2n and 3n evaporation channels, which were the most
dominating channels of decay of the compound nucleus formed by the complete fusion
process in the measured energy range. Statistical model calculations were performed using
PACE2 to estimate the relative contributions of other residue channels in order to
determine the experimental cross sections for the complete fusion. Coupled-channel
calculations using CCFULL show an enhancement in fusion at energies below the barrier
compared to the predictions given by the single barrier penetration model. However, the
experimental results suggest that there is an overall suppression of the fusion cross section,
particularly at energies above the barrier, for the present reaction as compared to CCFULL
calculations with full couplings. A comparison of the results for the present system with
other systems involving strongly bound stable projectiles such as '*C + "*'Pr and *’Ne +
33Cs forming similar compound nuclei, clearly shows that fusion cross sections for the
present system are systematically lower. From these two comparisons, fusion suppression
was estimated to be 32 + 5%. This suppression may be ascribed to the low breakup
threshold energy of °Li, which allows it to break up prior to fusion. A similar procedure
was applied to reanalyze the fusion data from the literature for 'Li + '*Ho and "Li + *°Tb,
and it was found that the cross sections are suppressed by about 18%and 26% compared to
those with ?C + '°Gd [21] and *He +'*Dy [15] systems, respectively, forming the same
compound nuclei. Most importantly, these results are different from the earlier conclusions
of Tripathi et al. [3].A systematic comparison of fusion excitation functions for several
reactions involving loosely bound stable projectiles shows that the suppression in fusion is
a common phenomenon, and it increases with (i) the increase in the target atomic number
Zr and (i1) the decrease of the projectile breakup threshold Ey. To obtain an empirical
expression for the suppression as a function of Zr and Ey, the fusion data for a large

number of reactions involving loosely bound projectiles is necessary.
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Chapter 5

5.1 Complete fusion in °Li +"“Sm: Role of target

deformation versus projectile breakup.

5.1.1 Introduction

In the previous chapter, we have studied the fusion measurement involving a weakly bound
projectiles [1-7] and a spherical target, i.e., °Li+'*Sm system [3].We have observed in the
previous chapter that there is a suppression of complete fusion (CF) cross section compared
to the coupled channels calculations, particularly at above barrier energies. The reduction in
the CF cross section was attributed to the loss of incident flux due to the projectile breakup.
The target ('**Sm) being spherical, its static effects on fusion cross section was negligible.
However, if the target is deformed it is expected to play a significant role in governing the
fusion process [8-18]. To determine the effect of deformation in addition to the effect of
projectile breakup on fusion requires experimental data with good precision at low
bombarding energies, where penetrability effects are important. Barrier distribution
extracted from these fusion excitation functions can provide additional information on the
structure of the target/projectile [19,20].The effect of target deformation on fusion cross
section is expected to differ depending on whether it is static or dynamically induced [21-
22]. When averaged over all orientations of a deformed nucleus [10,21], the fusion cross
section becomes larger compared to a spherical nucleus. However, the dynamical effects
such as excitation of the vibrational states or the rotation of the deformed nucleus during
the collision can sometimes lead to reduction in fusion cross section [13,21,22]. The static
deformation effects could be very important and they may show up partly through
absorption below the barrier [11]. There are reports [12-14] that the fusion cross sections
involving a much deformed '**Sm target nucleus are considerably larger than a less

deformed '**Sm nucleus with strongly bound projectile '°O at sub-barrier energies. Similar
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effects are also observed for two more projectiles *>S and *°Ar [14,23]. While most of the
studies on the effect of target deformation on fusion cross section involving strongly bound
projectiles such as '°O, **S etc., the studies involving loosely bound nuclei (°Li, "Li, *Be)
with deformed targets are scarce. Fusion reactions involving loosely bound projectiles
would be more revealing towards the dominance of the effects of projectile breakup or
target deformation, especially at sub-barrier energies. It would be interesting to see if the
sub-barrier fusion enhancement due to deformation gets further magnified with the breakup
coupling or it is neutralized by the suppression of fusion cross section due to loss of
incident flux caused by projectile breakup. It has also been observed that although the
effect of couplings of the target inelastic states (e.g., 27, 3~ vibrational states of **Pb) on
elastic scattering or fusion in the systems involving tightly bound projectiles (**C + ***Pb,
29Bi) are significant [24,25], it is negligible for the systems involving weakly bound
projectiles (*’Li+***Pb,**’Bi) [26,27], where the effect of projectile breakup is dominated.
So, it would be interesting to investigate whether similar scenario is observed for a system
with a target ("**Sm) having rotational inelastic states. In this section we present excitation
function measurements for complete fusion of °Li with'>*Sm (deformed) target by recoil
catcher technique followed by off-line gamma-ray spectrometry around Coulomb barrier
energies. Fusion cross sections are compared with our previously measured data for °Li +

44Sm [3] to investigate the isotopic target dependence.

5.1.2 Analysis of experimental results

The Experimental detail and a typical raw spectrum recorded by HPGe detector has been
shown in previous Chapter-3 for °Li+'>’Sm reaction. The excited compound nucleus
formed by complete fusion decays predominantly by 2n, 3n,4n and 5n evaporation forming
the residual nuclei *°Tb, '>Tb, "**Tb and '*Tb either in ground state (g.s.) or in meta
stable state (m.s.), which then decay to Gd isotopes by electron capture(EC). The respective
half-lives of Tb isotopes are 5.35 d, 5.32 d, 21.5 h and 2.34 d respectively. The **Tb may
also decay to '**Gd from any of its two metastable states (m.s.) with half-lives of 9.4 h and

22.7 h. The half-lives of all the ERs of our interest are confirmed by following their
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activities as a function of time. Various gamma lines corresponding to the same ER having
different branching ratios, Iy(%)were also used for confirmation of estimated channel cross
section. The ER cross section (ogr) at a particular beam energy Ej,,(MeV)was obtained by
the formula which we have discussed in the Chapter-2. Since an ER can be populated
either in its ground or in metastable states, the cross section of the corresponding channel is
equal to the sum of the contributions from both of these states. Fig5.1 shows the ER cross
sections for 4n channels. Total cross sections for 4n-ER (filled circles) were obtained from
the sum of the ground state of "**Tb® (hollow diamonds), 1% meta stable state of **Tb™ (
hollow squares) and second metastable state of **Tb™ (hollow triangles). The gamma line
(534.3 keV) corresponding to 2n channel has the contamination from 5n channel (533.08
keV). At low energies, the contribution from 5n channel is expected to be negligible

because of its low cross section as well as low branching ratio, but at high energies where
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Fig 5.1: Total cross sections for 4n evaporation (filled circles) are obtained from the
sum of 'T® (hollow diamonds), ’Tb™ (hollow squares) and "’Tb™ (hollow
triangles).

the cross section for 5n channel is very high its contribution is significant and needs

correction. This was done by fitting the gamma (534.3 keV) activity curve with two half-
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lives (5.35 d for2n and 2.34 d for 5n channels). Cross sections for 5n channel were obtained
from independent gamma lines (212 keV and 170.5 keV) and they were used as constraints
in the above fit to extract the ER cross section for the 2n channel only for few high energy
data points. The measured excitation functions for individual ER channels thus obtained are
shown in Fig. 5.2. The ER data for 2n, 3n, 4n and 5n channels are represented by triangles,
stars, diamonds and squares respectively. To study the relative contributions of different
ER channels to the CF, statistical model (SM) calculations were performed using the code
PACE [28]. The optical model potentials of Perey and Perey [29] are used for neutron and
proton, while that of Huizenga and Igo [30] for alpha particle emission. For sub-barrier
energies, the (-distributions obtained from coupled-channels calculations were used as
input. Two important parameters in the statistical model calculations are (i) transmission
co-efficient of the outgoing particles and (ii) level density of the residual nuclei. The
transmission coefficients are calculated by Hill-Wheeler formula [31]. The level density
parameter is ‘a’ = A/K MeV ', where A is the mass number of the residual nucleus and K
is a free parameter. The ER cross sections for 2n, 3n, 4n and 5n channels predicted by SM
calculations with three different level density parameters are shown in Fig 5.2(a). The ratio

of present experimental data of 64, to G3, is shown in Fig 5.2(b). The ER cross sections

obtained from both theory (O'EECE) and experiment (O'E)I}pt) in terms of percentage

fraction of the complete fusion cross section (O gE\CE) are shown in Fig5.2(c). Results for
each ER are shown by dash—dot—dot, medium dashed and solid lines corresponding to a =
A/9 MeV™', A/10 MeV ™' and A/11 MeV ™! respectively. It can be seen that the SM results
with K = 10 MeV provide the best description of the ratio of present experimental data of
onto o3n0ver the entire energy range. The dominant channels for most of the energy range

were found to be 3n and 4n ERs except few points at extreme low energies where the
contribution from 2n channel is significant of the order of = 10%. From PACE calculations

(with K = 10 MeV), it was found that the sum of the measured ER cross sections
corresponding to 2n, 3n, 4n and 5n channels (i.e., 624+ O34+ Gant Gsy)accounts for about 97—
100% of the complete fusion (ocr) in the entire energy range of our interest. Thus the

contribution from the missing channels (e.g., the charged particles like p and o evaporation
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channels) that have not been measured is found to be negligible (= 3%). The complete

fusion cross sections (Gg)l:pt) are determined by dividing the cumulative

Table 5.1: Complete fusion data are included in the 5" column of this table as a result of
a combination of experimental data —4™ column — a sum of ER cross sections for 2n, 3n,
4n and 5n evaporation channels, and the ratio R, from PACE calculations included in the

3 column.
E b (MeV) | Ecm (MeV) | Rs (Fan3nsanssn) T (mb) | gE¥P¢ (mb)
20.0 19.2 1.00 0.26+0.05 0.26+0.05
21.0 20.2 1.00 1.07+0.22 1.07+0.22
21.5 20.7 1.00 1.77+£0.34 1.77+0.34
22.0 21.2 1.00 3.57+£.0.45 3.57+0.45
22.5 21.6 1.00 6.74+0.65 6.74+0.65
23.0 22.1 1.00 9.62+0.80 9.64+0.80
23.5 22.6 1.00 17.3£1.5 17.3+1.5
24.0 23.1 1.00 25.7+£2.1 25.8+2.1
24.5 23.6 0.99 39.4+3.2 39.7£3.2
25.0 24.1 0.99 53.44+4.3 53.7+4.3
25.5 24.5 0.99 76.2+6.1 76.8+6.1
26.0 25.0 0.99 96.4+5.7 97.0+£5.7
27.0 26.0 0.99 150£7.0 151+£7.0
28.0 26.9 0.99 196+9.0 198+9.0
30.0 28.9 0.99 301+10 304+10
32.0 30.8 0.99 413+£12 418+12
34.0 32.7 0.99 555+15 563+15
36.0 34.6 0.98 626+16 637+16
38.0 36.6 0.97 682+18 705+19
40.0 38.5 0.93 739+18 797+20
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Fig 5.2: Measured ER cross sections for *Tb — 2n-channel (triangles), ' Tb — 3n-channel
(stars), "*Th (g+m) —4n-channel (diamonds) and 13— 5n-channel (squares). Results of SM
calculations corresponding to the level densities of a = A/9MeV~", 4/10 MeV ™" and A/11 MeV™’
are shown as dash—dot—dot, medium-dashed and solid lines respectively for each of the above
channels. Open circles represent the experimental fusion cross sections data. (b) Comparison of
the ratio of osto os,obtained from PACE using different level densities with the experimental
data. (c) Normalized ER cross sections from the measurement and SM calculations (with
different level densities) showing the percentage contribution to CF cross section.
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experimental cross section of four channels (i.e., Gggpﬁ Gg)r(lthr O'g,lgthr Gg)r(lpt) by the

ratio Rgheoryfollowing the procedure of Ref. [3]. The value of O'S)l:pt are tabulated in

Table 5.1 and the experimental CF cross section O g,lfpt plotted in Fig 5.2(a) with different

ER channel. Only for the lowest three energies i.e., Epp= 20, 21 and 21.5 MeV, directly
from the errors attributed to the measured ER cross sections. It can be observed that the
errors are minimum (~2.5%) for the highest beam energies and they increase slowly as one
goes down in energy to a maximum of ~20% at the lowest energy. The errors are mainly
due to the statistical uncertainties but having small contributions from systematic

uncertainties. Since the contributions of the charged particle evaporation channels to CF are
small (=3% for Ep= 20-38 MeV), the uncertainties on the estimation of these missing

cross sections are negligible. Care has been taken to limit the systematic uncertainties that
could arise from different sources such as (i) current integrator reading, (ii) target thickness
(ii1) detector efficiency, (iv) estimation of gamma yield, etc. The current integrator reading
has been calibrated using standard Keithley current source. The target thicknesses have
been crosschecked by two measurements using different ion beams (proton and '°O) for
elastic scattering measurements at backward angles. The absolute energy dependent
detector efficiency has been measured every ten to twelve hours during off-line gamma
counting using standard radioactive sources of '“*Eu and '*’Ba and found to remain
invariant with time during the whole experiment shown in Fig 3.2, Fig 3.4 in Chapter
3.However, the uncertainty (~1%) in the fitting parameters of the efficiency curve has been
taken into account in the final error of the ERs. So, most of the errors on ER cross sections
are due to the uncertainties on gamma yield extraction and gamma statistics. For lowest

three beam energies, the contribution from 2nER channel to CF is substantial and the large
uncertainties onos,lead to large errors in O'S)lzpt.To see the isotopic target dependence if

any, the experimental CF cross sections obtained forthe present system have been

compared with those of °Li+'**Sm [3]. The reduced fusion cross sections
“Gg)l:pt/(Al/3p+A” S )2” as a function of reduced energy “Ec.m./[ZpZr /(A” 3P+A'/ 3 )]”for

the two systems are shown in Fig. 5.3(a). The above normalization was made following the

prescription by Gomes et al. [32] to remove the geometrical dependence. The solid and
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dashed lines correspond to the CC calculations with only target inelastic couplings for °Li +
92Sm and’Li + '"*Sm systems respectively. Details of the calculations are given in the
following section and Ref. [3]. To emphasize the low energy enhancement for the present
system, the ratio of the CF cross sections of the present system to those for °Li + '**Sm is
plotted in Fig 5.3(b) both experimental as well as the calculated values. The calculated ratio
represented by the dash—dot line shows similar trend as that of the data. These comparisons
reveal that although the CF cross sections at above-barrier energies are of similar order,
they are much enhanced for the present system at sub-barrier energies as expected from the
influence of the deformed °*Sm target nucleus compared to that of spherical '**Smnucleus.
Similar effects have also been observed for the systems involving different isotopes of Sm
but  with  strongly bound projectiles e.g., CO+HPOBEAGH [12,13],
WAr+144198.199m114,45] and *?S + "“*15%Sm [23]. This implies that the qualitative effect of
the target deformation on sub-barrier fusion, i.e., enhancement is independent of whether
the projectile is weakly or strongly bound. The barrier distributions derived from the above
experimental fusion cross sections for two systems are also compared as shown in
Fig5.3(c). There is no major difference found in the main peaks of the two barrier
distributions. However, the shoulder structure at high energy region looks to be more
prominent for the °Li + '">Sm compared to the one for °Li + '**Sm. Due to the large error
bars on the barrier distribution in this energy region, no conclusion can be drawn on

whether this difference is due to the effect of target deformation.
5.1.3 Coupled-channel (CC) calculations

Coupled-channels calculations were performed using the modified version of CCFULL
[46] that can include the effect of projectile ground state spin and the projectile excitation.
To make a sensible coupled-channel calculation it is important to choose a proper set of
potential parameters. The best way to do this is to find some experimental quantity that will
constrain these parameters. In the present measurement, there could be two constraints: the
experimental fusion excitation function at high energies or the average experimental fusion

barrier. Since the barrier distribution is more sensitive to the structure of the interacting
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nuclei compared to the fusion excitation function, in the present calculations we have used
the average experimental fusion barrier as the constraint. The weighted average of the
experimental barrier distribution was found to be 25.1 + 0.2 MeV. For CC calculations, the
initial potential parameters chosen are obtained from the parameterization of Broglia and
Winther (BW) [33] and their values in Woods—Saxon form are equal to Vo= 42.6 MeV, ry=
1.02 fm, and ap= 0.65 fm. To reproduce the experimental barrier of Vg= 25.1 MeV and
remove the oscillatory states. The target ('”>Sm) being a deformed nucleus in its ground
state, both quadrupole (27,0.122 MeV) and hexadecapole (4+) rotational states with
behavior of fusion cross section at high energies, the depth of the real potential was
increased. The final parameters that are used in the present CC calculations are: Vo= 131
MeV, rp= 1.01 fm, and ap= 0.64 fm. Once the potential parameters are fixed, one needs to
find the possible channels along with their coupling parameters that are to be coupled.CC
calculations were made first with only target inelastic deformation parameters .= 0.26 and
Bs= 0.05 [34] are coupled. The results of the CC calculations with no couplings and only
target couplings are shown in Fig. 5.4 (a) as dotted and dash—dot lines respectively. It can
be seen that at energies below the barrier, there is a large enhancement in the fusion cross
sections calculated with only target couplings compared to the uncoupled values. However,
at above-barrier energies, it can be seen that the coupled results over predict the measured
fusion data. The barrier distribution, dz(o?lfﬂptEc.m.)/dEz, obtained from both the
experimental and the calculated fusion cross sections are shown in Fig5.4 (b).To improve
the shape of the calculated barrier distribution, the projectile couplings were also included.
In addition to the reorientation of the projectile ground state (1) with spectroscopic
quadrupole moment, Q=—0.082 fm?, the unbound 1Ist excited state (37, 2.186 MeV) was
also included as done in Refs. [3,47]. This however is a considerable simplification and
does not reflect the realistic breakup couplings. A value of B(E;; 17—3") = 21.8 ¢’fm* was
used for the 37(2.18MeV) unbound excited state (same as in Ref. [17]). The parameters for
the projectile couplings that were used in the CCFULL calculations are: Boo (i.€., B2 for the

ground State reorientation) =—0.079, Bo; (i.e., B, for the transition between the ground and
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Barrier distributions derived from the fusion cross sections of (a).
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target couplings (dash—dot lines), projectile + target couplings (dashed lines) results from

CCFULL [46] calculations. Solid lines are obtained by multiplying the CCFULL results with
full couplings by a factor of 0.72.
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the first excite states) = 1.51 and By (i.e., B> for the reorientation of the Ist excited state) =
1.51. Inclusion of both target as well as projectile couplings (dashed line) further enhances
the fusion cross sections at sub-barrier energies. However, the fusion cross sections at
above-barrier energies were found to be insensitive to the projectile couplings. It should be
emphasized that the measured fusion cross sections at above-barrier energies agree very
well with the calculated ones when multiplied by a factor of 0.72 (solid line), implying that
there is an overall suppression of ~28% of the fusion cross section in this energy range
compared to the ones predicted by CCFULL. An uncertainty of +4% in the suppression
factor is estimated from the uncertainties in Vg and ocr. It was also interesting to find that
the barrier distribution derived from the calculated fusion with full couplings when
normalized by a factor of 0.72 (solid line) agrees quite well with the experimental

distribution (filled circles).

5.1.4 Fusion using proximity potential

CF cross sections for the present system were compared to those predicted using the
“Proximity potentials” [35,36]. These potentials are parameterized from the existing fusion
data in the literature for many systems mostly with strongly bound projectiles. Fusion
barrier parameters ,i.e., barrier height and barrier radius, can be obtained by adding the
Coulomb potential with the proximity potentials as done by Dutt et al. [37] and they can be
used to predict the fusion cross section. The original version of this potential (Proximity
1977) was described by Blocki et al.[35], which was later modified and renamed as
“Proximity 1988 by Reisdorf [36] to incorporate more refined mass formula of Moller and
Nix [38,39]. Myers and Swiatecki [40], using their concept of droplet model, have updated
the values of nuclear radii and nuclear surface tension coefficients in the latest version of
the above potential and named as “Proximity 2000”. Using 1977, 1988 and 2000 forms of
proximity potentials and corresponding expressions for the fusion barrier parameters, the
barrier heights were calculated to be 25.0 MeV, 24.5 MeV and 24.9 MeV, and barrier radii
as 9.91 fm, 10.18 fm and 9.98 fm respectively. Using the above parameters in simplified

Wong’s formula, the fusion cross sections were calculated and the results are shown as
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Short-dashed, dotted and long dashed lines respectively in Fig 5.5. It was observed that the
fusion cross sections provided by proximity potentials are required to be scaled down by
factor of 0.74 (dash—dot line), 0.68 (solid line) and 0.72 (dash—dot—dot line) respectively to
reproduce the experimental data (filled circles) at above barrier energies. This implies that
the measured fusion cross sections at higher energies are suppressed by ~26-32%
compared to the calculations using proximity potentials, which are consistent with our
conclusions on fusion suppression that we obtained from the CC analysis. These
observations indicate that projectile breakup may be playing a crucial role in reducing the
flux from the entrance channel and leading to the suppression of complete fusion cross
section. Comparison with tightly bound projectiles has shown in Fig 5.6, the CF cross
sections for the present system are compared with those for two other systems '*C + '*'Pr
[19] and *°Ne + °Cs [48] forming nearly same compound nucleus 3Tb. Since CCFULL
does not have the provision to include the realistic breakup coupling in the CC calculations,

one can use FRESCO [41] to understand the effect of projectile breakup on fusion. To see
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I I I 1 Fig 5.6: Reduced fusion cross
30 F T T section as a function of reduced
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the effect of both projectile breakup as well as target excitations together in an approximate
way as done in Ref. [27], one can first calculate the polarization potential due to breakup
coupling using FRESCO and then use the effective (bare+polarization) potential as an input
to the FRESCO where only target excitations are coupled. Since we already know about the
effect of the target deformation from the CC calculations using CCFULL, it would be
interesting to see the effect of projectile breakup employing FRESCO and find whether the
results qualitatively agree with the conclusion of ‘CF suppression due to projectile
breakup’. However, FRESCO calculations using cluster-folded potential with long range
imaginary part for the entrance channel interaction do not provide the CF cross section.
Instead, the cumulative absorption cross section by the long range imaginary potential
equals to the sum of the cross sections for CF, ICF, transfer and target inelastic reactions.
In a second method, fusion is calculated by the barrier penetration model (BPM) as done by
Rusek et al. [6]. But the BPM fusion too may not explain the CF data as mentioned by
Keeley et al. [2] and also observed recently by Santra et al.for’Li + *®Bi [27]. Thus, one
can obtain a reasonable cross section for CF only when the information on the cross
sections for the remaining reaction channels are available. Despite these difficulties one can

still perform the FRESCO calculations including only the projectile excitations in the
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continuum and find the effect of breakup on fusion to see whether it is consistent with the
present experimental observations. So, the continuum discretized coupled channels
(CDCC) calculations are performed using FRESCO- version 2.8 to understand the effect of
projectile breakup coupling on fusion. The projectile (°Li) is assumed to be a cluster of
and d with a breakup threshold of 1.48 MeV. The projectile excited states in the continuum
up to 7 MeV above the breakup threshold are coupled. Each discretized state is assigned
with L= 0, 1 and 2, where L is the relative angular momentum between the two breakup
fragments (o and d). Both resonant and non-resonant states in the continuum are included.
For s- and p-waves, the continuum was discretized into 14 bins of equal width in the
momentum of a, d relative motion. In the presence of resonances for d-waves, the
discretization of the continuum was slightly modified in order to avoid double counting.
Three resonant states, with widths corresponding to 0.1MeV, 2.0 MeV and 3.0MeV,
respectively, were also treated as momentum bins, but with finer steps. Reorientation
coupling is also included. The target is assumed to be in the ground state. The cluster-
folded potential obtained from the two fragment-target potentials (Vo+1528m andVg+1528m) was
used for the entrance channel interaction potential (Veri+1s2sm). The potential parameters
used for Vi1sosm (Var1s2sm) are taken from Ref. [42,43], and the values arely= 60.5 (91.82)
MeV, ry=1.107 (1.013) fm, ap= 0.607 (0.938)fm for real part and W =18.72 (21.04) MeV,
rw=1.035 (1.116) fm, aw = 0.735 (0.581) fm for the imaginary part. The radius parameter
used for the Coulomb term is 0.964 (1.011) fm. The o+d binding potentials are same as
those used in Ref. [44]. Two separate potentials were used for (i) ground state and s-wave
continuum and (ii) p- and d-wave continuum. These potentials were chosen as they
reproduce the resonances (energies and widths) correctly [49].The dynamic polarization
potential generated due to the breakup coupling in the CDCC calculations was found to be
repulsive around the nuclear surface region for all the beam energies of our interest, similar
to that observed in our recent study for °Li + **’Bi [27]. The effective (bare + polarization)
potential reduces the absorption/penetration of the flux from the entrance channel into the
attractive potential well. The Fusion cross sections obtained by cumulative absorption and
barrier penetration model from the CDCC calculations are shown in Fig 5.7. The uncoupled
(coupled) results for the above two methods are represented by dotted and dash—dot—dotted

(solid and long-dashed) lines respectively. It can be observed that the fusion cross sections
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with breakup coupling obtained by both the methods are systematically lower than the
uncoupled ones at energies above the Coulomb barrier. Thus, these results qualitatively

agree with our earlier conclusion on the fusion suppression due to projectile breakup.

5.1.5 Incomplete fusion

Incomplete fusion cross sections due to the capture of any of the breakup fragments, i.e., a

or d by the target were investigated. Since the ERs formed after a-capture, e.g. >>Gd (In-
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Fig 5.7: Shows the results of FRESCO calculations for the fusion cross sections
obtained by cumulative absorption and barrier penetration with and without breakup
counline.

ER) and'>*Gd (2n-ER) are all stable, it was not possible to measure their formation cross
section by offline gamma-ray spectrometry. However, for d-capture there are few ER
channels with measurable half-lives. The dominant channels of d-capture are expected to

be In and 2n ERs as per PACE predictions at deuteron energies equal to one-third of the
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beam (°Li) energies. Since the residue after In evaporation following d-capture is stable, its
cross section could not be measured. For 2n channel there could be contributions from the
decay of 'Eut, "*Eu™ and '"*Eu™ states with half-lives of 13.542 y, 9.274 h and 96 m
respectively. Here m1 and m2 correspond to two metastable states and g corresponds to
ground state of "*?Eu. Since the half-life of **Eué is very large, the contributions from its
meta stable states were only possible to measure. Out of the two meta stable states, only the
first meta stable state with half-life of 9.274 hr has clearly been identified and the cross
sections are extracted and shown as hollow diamonds in Fig. 5.8. The cross section for
second meta stable state (t;»= 96 m) could not be extracted accurately because of the
contamination of its characteristic gamma line (89.85 KeV) with 88.97 keV gamma of
T corresponding to 2n-ER of CF. The experimental cross section for d-capture has been

estimated from experimental 2n-ER ("**Eu™') channel cross section by scaling with PACE

predicted fusion for d + 1528m reaction at energies £ = Ej,/3. Results are shown as filled

]()2ll]llll]ll'l'llll'l(ll

I!t

9y T
Fig 5.8: ICF cross sections (filled
circles) contributed by d-capture
which are estimated from the
formation cross section of ?Eu™
i.e., meta stable state of 2n-ER
channel (hollow diamonds).
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circles in Fig. 5.8. Since d-capture is only part of the ICF the above cross sections are
considered to be as lower limits of the ICF. The above ICF channel that we have discussed
so far may also get populated via deuteron transfer i.e., **Sm(°Li, o) reaction. It is difficult

to distinguish between these two contributions from present measurement. However, one
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can conclude that a significant cross section of ICF observed is probably due to breakup.
Further theoretical and experimental investigations will be required to pin down this point

definitively.

5.1.6 Summary

The complete fusion cross sections for °Li + '**Sm reaction have been measured at energies
near and above the Coulomb barrier. The decay of the compound nucleus formed by the
complete fusion process was dominated by neutron evaporation channels. Combined ER
cross sections for2n, 3n, 4n and 5n contribute to more than 97% of CF for most of the beam
energies. ER cross sections were measured by recoil catcher technique followed by off-line
gamma-ray spectrometry. Statistical model calculations were performed using PACE to
quantitatively understand the ER cross sections, and estimate the contribution from the
missing channels so as to obtain the experimental complete fusion cross sections. A
comparison of the experimental data with °Li + '**Sm [3] showed that at above-barrier
energies the CF cross sections are comparable but at sub-barrier energies they are largely
enhanced for the present system. This implies that the effect of target deformation on sub-
barrier fusion, i.e., enhancement is independent of whether the projectile is weakly- or
strongly-bound. Coupled-channels calculations using CCFULL were performed to
understand the measured CF data. At sub-barrier energies, the coupling of target
deformation shows enhancements in CF cross sections and explains the data. However, at
above barrier energies there is a suppression of 284+4% in the CF data compared to the CC
calculations. The low energy threshold of the projectile seems to allow it to break up prior
to fusion, leading to loss of flux from the entrance channel. It can therefore be concluded
that the complete fusion cross section at energies above the barrier is suppressed due to
projectile breakup. Thus the effects of both the target deformation as well as the projectile
breakup are present, and their influence on each other seems to be negligible.

CF cross sections for the present system at above-barrier energies are found to be smaller
by a factor of ~28-32% than those calculated by Wong’s formula using proximity

potential, which is consistent with the above conclusion on fusion suppression. Comparison
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with the other systems involving strongly bound stable projectiles such as '*C+'*'Pr and
*Ne+'*Cs forming similar compound nucleus also shows that CF cross sections for the
present system at above-barrier energies are systematically lower compared to those with
strongly bound projectiles, which further supports the above mentioned suppression and
since the CF cross sections at sub-barrier energies are slightly higher than those predicted
by CC calculations, it may be assumed that the net effect of breakup (i.e., suppression due
to loss of flux plus enhancement due to breakup coupling) is a small enhancement in fusion
at this region. CDCC calculations with projectile breakup channels reveal that the dynamic
polarization potential generated due to breakup coupling is repulsive which leads to
reduction in absorption cross section. Fusion cross sections obtained by both the
cumulative absorption and BPM methods are found to be smaller compared to the ones
with no breakup coupling, supporting the above conclusions on the effect of projectile
breakup. Present experimental data provide important input to the future realistic models
of fusion with weakly bound projectiles to predict both qualitative and quantitative effects
of projectile breakup at energies below as well as above Coulomb barrier energies, and how
these effects get modified in the presence of large target deformation specially at sub-

barrier energies where the deformation plays a significant role.
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Chapter 6

6.1 Effect of Projectile breakup threshold in the

complete fusion of ®'Li+***?Sm.

6.1.1 Introduction

Further we have used the same targets (i.e., '**'*>Sm) but "Li as the projectile which has
more breakup threshold of 2.45 MeV compared to °Li (i.e, 1.48 MeV). Different
explanations exist regarding the enhancement or suppression of the fusion cross section G
compared to single barrier fusion model, around the Coulomb barrier [1-4]. It has been
observed that, at energies above the Coulomb barrier, the complete fusion (CF) cross
sections for the reactions involving heavy mass or medium mass targets are suppressed by
various degrees compared to the one dimensional barrier penetration model predictions.
However, there was no fusion suppression observed for the reactions involving light mass
and light medium mass targets e.g., *Be+°*Zn [5], ®'Li+*°Co[6], *Bet+'’F,”’AL>Si [7],
"Li+'2C [8], etc. Fusion cross sections for °Li+"**!**Sm reactions, that we have measured
recently [9,10] and discussed in chapter 4 & 5, were found to be enhanced compared to the
uncoupled results at sub-barrier energies, but at above barrier energies they were
suppressed by 32 +4% and 28 +5% respectively. Systematics of the fusion cross sections
for the systems involving loosely bound projectiles [9] with medium mass and heavy mass
targets showed that the fusion suppression factor on an average increases with the Z of the
target (Zr) and decreases with the breakup threshold of the projectile (E;). With the
availability of more and more fusion data involving weakly bound projectiles in the
literature, several systematic studies on CF suppression factor (1-Fcr) have been made in
order to find out the effect of breakup threshold of the projectile (Ey) on fusion cross
section. , L. R. Gasques et al. [16] and M. Dasgupta et al[11] have shown that the
suppression factor is independent of target charge particularly for the reactions involving

heavy targets (e.g., ***Pb, **’Bi) and projectiles like ®'Li, *Be, '*''B. Systematics made by

128



Chapter 6: Effect of Projectile breakup ....

V. V. Parkar et al. included the results of the fusion measurements for °Li+'**Sm [9] and
’Be+'#*Sn[12] reactions where it was observed that the fusion suppression factors for
reactions involving medium mass targets are not very different from the ones involving
heavy mass targets. Later, CF cross sections were measured for a reaction involving
slightly lighter mass target i.e., ‘Bet+" Y reaction by C. Palshetkar et al.[13] where it was
observed that cross sections at above barrier energies were suppressed by ~ 20%. Thus it
would be great interest to measure the suppression factors for as many reactions involving
different targets and study its dependence on target mass or charge starting from light to
heavy targets. Similarly, the study of the suppression factor dependence on projectile
breakup threshold is even more exciting. The alpha separation energies for the ®’Li and *Be
nuclei are S =1.48, 2.45 and 1.57 MeV, respectively, and it has been shown[14] that the
break-up effects on the fusion for the 'Li induced reactions are much less important than
for °Li and °Be. it would be interesting to study the fusion reaction involving 'Li as a
projectile with the above two targets (i.e. '**'**Sm) , i.e., for 'Li+"**'**Sm and compare
with our earlier measurements to test the suppression factor dependence on breakup
threshold. Since 'Li has a higher breakup threshold than °Li,it is expected that the complete
fusion (CF) suppression factor for the above reactions would be less compared to
SLi+'**152Sm. Secondly it would be interesting to study the role of target deformation
versus projectile breakup and their dominance over each other by comparing the fusion
cross sections involving two isotopes of Sm i.e., **!°°Sm, having different deformation
parameters as studied in previous sections[10] but with a different projectile ('Li). In this
chapter we present precise excitation function measurements for the complete fusion of 'Li
with "**1°2Sm by activation method at energies ranging from 20 to 40 MeV, i.e. from 0.75
to 1.5 times the Coulomb barrier (Vz ~ 26 MeV), in steps of 1-2 MeV. Fusion excitation
function for present systems are compared with each other as well as with the ones
previously measured by our group to find the target and projectile dependence. Coupled-
channels calculations to understand the measured data and find the influence of projectile
breakup and target deformation on fusion are presented. The detail experimental procedure

has been discussed in Chapter-3.
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6.1.2 Analysis of experimental results

When 'Li fuses with the target nucleus (‘**Sm), it produces the excited compound nucleus
ITh*. After 2n evaporation, it produces the evaporation residue (ER) '*Tb* (g.s.) with
the half-life (t;,) of 4.118h and 149Tb"‘(m.s.) with t;, ~ 4.16m. In case of 3n evaporation it
produces the residues '**Tb* having meta stable state (‘**Tb”, ¢,/ ~ 2.2m) and ground state
( "Tb%, #,, ~ 60.0m), which decay to Gd nuclei after electron capture. Similarly, for
"Li+"*Sm reaction, the compound nucleus "“’Tb* decays by 3z and 4n evaporation
followed by electron capture to *°Gd and '*Gd nuclei with £, = 5.35 d and 5.32 d
respectively. Intensities of the p-lines with proper branching ratios corresponding to both
ground and metastable states of ERs together give the cross sections of different ER

channels. The intense y-lines were chosen to evaluate the cross sections. The other y-lines
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Fig 6.1: ER cross sections for "**Tb (t;,,~60 min) obtained from two different gamma
lines i.e., 489.0 and 784.4 keV coming from same nuclei at 26 MeV. From the figure it
is clear that in both the cases the ER cross section is same indicating the stability of
analysis procedure.

corresponding to the same ERs were also used to cross check the accepted cross sections in
addition with the half-life fitting of the ER. One example is shown in Fig. 6.1 and Fig. 6.2.
In Fig 6.1 two y— lines having different efficiency ‘eff’ , only after the correction of ‘eff’
and branching ratio ‘br’ the cross section will be the same using two independent y rays of

different energy coming from same ER. The ‘eff” has been discussed in chapter-3. The
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intense y-lines were chosen to evaluate the cross sections. The other y-lines corresponding
to the same ERs were also used to cross check the accepted cross sections in addition with
the half-life fitting of the ER and are shown in Fig 6.2.The excitation function of individual
ER channels corresponding to 'Li+'*Sm and "Li+'**Sm reactions is respectively shown in
Fig. 6.3(a) and (b). The ratios of two dominant ER channels i.e., o3, /o2, in 'Li+'**Sm

reaction and 64,/03, in 'Li+'**Sm reaction are also shown in Fig. 6.3(c) and (d) respectively.
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Fig 6.2: Half-life fitting of the
ER cross sections for "*Tb (3n
channel) from two different
R gamma lines 489.0 & 784.4 keV
[A] coming from same nuclei. The t,
0.0 0?5 1?0 115 210 25 for 3n Channel in 7Ll + 144Sﬂ’l
T(hr) reaction is 60 min. Dotted line is
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Fig 6.3: ER cross sections for (a) 'Tb (hollow circles) and "**Tb (solid circles)
produced in "Li+'*Sm reaction and (b) °°Tb (hollow stars) and "’ Tb (solid stars)
produced in "Li+"Sm reaction. Ratio of two dominant ER channels i.e.cos,to
oan(solid squares) in Ist reaction and oyto os,(hollow squares) in 2nd reaction at
different beam energies are shown in (c) and (d) respectively. Lines are
calculations from Statistical model (see text for details).

6.1.3 Statistical model analysis

Statistical Model (SM) calculations were performed using the code PACE2 [15] with
default potential parameters to study the relative contributions of different ER channels and

estimate the contributions from missing channels. For energies below the Coulomb barrier,
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the SM calculations were carried out by feeding the {-distribution obtained from coupled
channel calculations. The results of PACE2 calculations for the ratio of o3, to oy,for
"Li+'"**Sm and O4nt0 O3 for "Li+">2Sm are shown in Fig. 6.3(c) and (d) using level density
parameters (p) equal to A/9 (dashed line), A/10 (dash-dot line) and A/11 (solid line). The
calculation with p=A/11 provide a good description of the present experimental data for ER
as well as their ratios. The combined cross-sections of two dominating channels i.e.,
Gont03n1I0 "Li+'"**Sm reaction and O3nT04pln "Li+">2Sm reaction were calculated at each
energy using the same parameters in PACE2 for all energies. The cross section for
independent ER has been tabulated in Table 6.1 and Table 6.2 for "Li+"*¥'*2Sm system.
The contributions from the missing channels were accounted from the SM calculations and

added to the dominating channels to obtain the experimental complete fusion cross section

Ggﬁ) * which are Tabulated in Table 6.3 and shown in Fig. 6.4. The errors in Gfel)ff ¢

includes the experimental errors in ERs as well as the uncertainty in the SM calculations.

xpt

Further, to check the consistency in SM results for different channels, G?us was given as

input to PACE2 and its output for dominating ERs (0243, for "Li+'**Sm and O3n:4n for
"Li+"*2Sm) channels using different level densities A/9, A/10 and A/11 are performed and
with level density of A/11 (solid lines) it is found to be in reasonable agreement with the
data. Experimental CF excitation functions for the two reactions’Li+'**'**Sm are plotted in
Fig. 6.4. It can be observed that at energies near and below the barrier the CF cross sections
for 'Li+">*Sm (open circles) are much higher than those of 'Li+'**Sm (filled circles). The
projectile being the same, this enhancement in CF cross section is certainly due to the
deformed '*2Sm target compared to the spherical '**Sm target involving °Li projectile and
above targets [10]. Next we compared the CF cross sections involving same target but two
different projectiles (*’Li) with different breakup threshold as shown in Fig. 6.4(b) and (c).
It was observed that the CF cross sections for 'Li induced reactions at above-barrier
energies are larger than those for °Li. It can be concluded that the breakup threshold for °Li
being less than 'Li, the loss of incident flux is more for the reactions induced by the former
compared to the latter. Thus the CF cross sections for the former are more suppressed due
to breakup and this observation is consistent with the systematics made in our earlier paper
[9].
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Table6.1: different ER cross sections (2n channel'”Th, 3n
channel'**Tb) for "Li+'*Sm reaction.

Ews(MeV) | 2n ("**Tb) (mb) | error(mb) | 3n (“*Tb) (mb) | error(mb)
22.00 0.80 0.20 - -
23.00 4.00 1.00 - -
24.00 10.00 1.41 1.31 0.50
25.00 21.37 3.16 7.00 1.02
26.00 31.40 4.12 24.50 2.82
27.00 43.00 3.60 53.03 5.65
28.00 45.00 5.20 98.85 6.00
29.00 41.50 4.12 155.26 7.07
30.00 32.00 4.12 215.84 11.66
32.00 18.00 2.23 331.00 11.53
34.00 9.00 1.41 410.00 10.77
36.00 4.20 1.42 430.80 20.22
38.00 1.80 0.20 382.20 20.09
40.00 - - 281.00 20.22

Table6.2: different ER cross sections (3n channel "°Th, 4n
channel "’ Th) for "Li+">Sm reaction.

Ep(MeV) | 3n (P°Tb) | error(mb) | 4n(*>"Tb) | error(mb)
(mb) (mb)

20.00 0.18 0.07 - -

21.00 0.88 0.24 - -

22.00 3.62 0.40 - -

23.00 10.33 1.20 - -

24.00 29.43 1.10 - -

25.00 60.98 1.06 - -

26.00 102.19 2.20 - -

27.00 137.45 0.70 20.00 2.79
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28.00 165.00 0.90 45.00 3.75
29.00 205.40 1.00 80.00 5.71
30.00 204.00 4.00 138.00 5.49
32.00 180.00 1.78 281.00 8.56
34.00 143.00 3.00 460.00 10.26
36.00 85.00 3.00 588.00 9.19
38.00 58.00 2.00 669.00 10.06
40.00 39.00 1.00 668.43 9.93

Table 6.3: Measured complete fusion cross sections for 'Li+"**Sm
& "Li+"?Sm svstems.

Ecm(MeV) | 6cp(mb) | Error(mb) | Ecn(MeV) | oop(mb) | error(mb)
TLi+ 1% m TLi+1528m

20.98 0.85 0.21 19.11 0.25 0.10
21.93 4.72 1.18 20.07 1.10 0.30
22.88 13.65 1.81 21.03 4.10 0.50
23.84 35.60 4.17 21.98 11.20 1.30
24.79 70.33 6.29 22.94 31.00 1.20
25.74 120.49 | 8.41 23.89 63.20 1.50
26.70 180.46 | 10.00 24.85 107.00 | 2.00
27.65 24545 | 10.21 25.81 164.00 | 3.00
28.60 310.65 | 15.50 26.76 218.00 | 4.00
30.51 445.53 | 15.00 27.72 295.00 | 6.00
32.42 550.74 | 14.27 28.67 353.00 | 7.00
34.33 640.30 | 29.84 30.59 475.00 |9.00
36.23 750.01 | 39.26 32.50 620.00 11.00
38.14 803.77 | 57.84 34.41 696.00 10.00
- - - 36.32 779.00 11.00
- - - 38.23 850.00 12.00
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Fig 6.4: (a) Measured complete fusion cross sections for 'Li+'*Sm (filled circles) and
‘Li+"?Sm  (open circles). (b) Comparison of CF cross sections involving different
projectiles i.e., °Li (filled stars) and "Li (filled circles) but same target (***Sm), showing the
effect of projectile breakup threshold. (c) Same as (b) but involving a different target

2Sm).
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6.1.4 Barrier distribution and CC analysis

b

Barrier distributions were calculated by the formula “dz(GfusEc;m)/dE2c_m’ using the
measured excitation functions for complete fusion oy as a function of E..,, for the above
two reactions. Experimental fusion cross section for 'Li+'**Sm and "Li+'*?Sm reactions are
shown in Fig. 6.5(a) and (b) respectively and they are represented by filled and hollow
circles. Corresponding barrier distributions are shown in Fig. 6.5(c) and (d). The average
fusion barriers obtained from the experimental barrier distributions are found to be V=
24.9 + 0.3MeV and 24.5+0.3 MeV for "Li+'**'*2Sm respectively. The value of Vgwas
obtained following the procedure adopted in Ref. [16]. Coupled-channels calculations using
CCFULL code [17] are performed with the potential parameters that reproduced the
average experimental fusion barriers. Potential parameters used for the coupled-channels
(CC) calculations and corresponding uncoupled barrier heights Vg and radii Rg and
curvatures ~ho, derived for the present systems, are given in Table 6.4. The full couplings
included the coupling of the projectile ground state (3/27) and first excited state (1/2°,0.4776
MeV) with Boo ( B2 for the ground state reorientation) = 1.189, Bo; ( B2 for the transition
between the ground and the first excited states ) =f;; ( B> for the reorientation of the Ist
excited state ) =1.24. Regarding target couplings, the vibrational state (3, f,=0.23, E,=1.81
MeV) was included for '**Sm. The effect of 2°(B,=0.11, Ex=1.61 MeV) of '**Sm was
found to be less important compared to 3 state. In the second reaction, since '*>Sm is a
deformed nucleus in its ground state, both quadrupole (2", 0.122 MeV) and hexadecapole
(4") rotational states with deformation parameters B,=0.26 and B, = 0.05 are coupled.
Coupling to the breakup channel was not included. It was observed that the calculated
values of CF with full couplings are higher than the measured ones at above barrier
energies, and they are under predicted at sub-barrier energies. It was also observed that at
sub-barrier energies, the calculated fusion cross-sections with only target couplings as well
as with target+projectile couplings (dashed lines) are enhanced compared to the uncoupled
values (dash-dot-dot line). However, at above-barrier energies, the calculated values of CF

with or without full couplings are higher than the measured ones. Since the effect of
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coupling on fusion at energies above the barrier is negligible, these calculations are
independent of the number of channels that are coupled. Interestingly, the calculated CF
cross sections for'Li+'**'*2Sm when normalized by 0.76 and 0.75 respectively reproduce
the experimental fusion as well as barrier distribution data at higher energies very well.
Thus, one can conclude that the CF cross sections in this region for the above two reactions
are suppressed by ~ 24+4% and 25+4% respectively compared to the ones predicted by
CCFULL calculations. The uncertainty of + 4% in suppression factor was estimated from

the uncertainties in Vg and o Thus the suppression factors for the two reactions are found

O, (mb)

10° ¢

800 ¢

(cE)/dE? (MeV)!

-

d

Fig. 6.5: (a,b) Measured complete fusion cross-sections for 'Li+'*Sm (filled circles) and
‘Li+"2Sm (open circles)and (c,d) their corresponding barrier distributions. Dash-dot-dot and
dashed lines represent the results of coupled-channels calculations for no-coupling case and
with full couplings respectively. Solid lines are obtained by normalizing the coupled results by
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Table6.4: Parameters for CC potential used in CCFULL Calculations along
with barrier parameters Vg, Rgand hw

System Vo 0 a Ve Hg hiw
(MeV)| (fm) | (fm) [{(MeVi]| (fm) | {MeV)
Li+ "'Sm| 141.0 [1.0Z|0.63| 24.9 [10.08] 4.71
"Li4+1%28m| 150.0 [1.02]|0.63 | 24.54 [10.24| 4.64

to be similar but smaller than the ones involving °Li as a projectile (i.e. °Li+'**'*2Sm,
where the suppression factors were + 32% and 28% respectively [9,10]). These
observations are consistent with the systematics made in our earlier work based on
projectile breakup threshold and target atomic number [9]. It also shows that the CF at sub-
barrier energies is enhanced due to both target deformation as well as projectile excitation.
However, the calculated CF for 'Li+">*Sm is still under-predicted compared to the
experimental data. Similar observation was also made for SLi+'*Sm reaction [10]. This
may imply that, at sub-barrier energies, there is coherence in the effects of projectile break

up and target deformation.

6.1.5 Fusion cross sections using proximity potential

The measured CF cross sections data for the present systems were compared to those
predicted using the “Proximity potentials™ [18,19]. These potentials are parameterized from
the existing fusion data in the literature for many systems involving mostly the tightly
bound projectiles. Fusion barrier parameters, i.e., barrier height and barrier radius, can be
obtained by adding the Coulomb potential with the proximity potentials as done by Dutt et
al.[20] and they can be used to predict the fusion cross section. The original version of this
potential(Proximity 1977) was described by J. Blocki et al .[18], which was later modified
and renamed as “Proximity1988” by W. Reisdorf [19] and then to incorporate more
refined mass formula of Moller and Nix [21,22]. Myers and Swiatecki [23], using their

concept of droplet model, further updated the values of nuclear radii and nuclear surface
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tension coefficients in the latest version of the above potential and named as “Proximity
2000”. In the present work, fusion cross sections are calculated using the updated version
’2000” of proximity potential. Using the corresponding expressions for the fusion barrier
parameters for "Li+'**Sm ('Li+'**Sm) reaction, the barrier height ‘Vp’, barrier radius ‘Rp’
and barrier curvature ‘~ho’ were calculated and listed in Table 6.5. The above parameters
were used in the simplified Wong’s formula (which assumes the potential barrier to be of
parabolic shape) to calculate the fusion cross sections using the wong expression. Fusion
cross sections thus obtained using the proximity potential (version 2000) are shown in Fig.
6.6 (a) and (b) as dashed lines. It can be observed that they over estimate the experimental
data at above barrier energies. To reproduce the experimental data, the calculated cross
sections for both 'Li+'**Sm as well as "Li+'**Sm reactions channel and leading to the
suppression of complete fusion cross section using *Proximity 2000’ potential and required
to be normalized by a factor of 0.78 and the results are represented by solid lines. This
implies that the experimental CF for both the reactions at above barrier energies is
suppressed by ~ 22% compared to the theoretical predictions using the Proximity potential.
This is consistent with our earlier conclusions on CF suppression factors which were
obtained by comparing the data with the predictions from the coupled-channels calculations
using CCFULL. These observations confirm that the projectile breakup is playing a crucial

role in reducing the flux from the entrance.

Table 6.5 Fusion barrier parameters Vg, Rpand hw obtained from Proximity potential.

System Ve Rp hw
(MeV)| (fm) | (MeV)
Ti+"™Sm/| 24.96 [ 9.95 | 4.52
Li+'%2Sm| 24.73 [10.06| 4.46

6.1.6 Systematics on suppression factor

To find the dependence of CF suppression factors on projectile breakup threshold and

target charge, a systematic comparison was made for several reactions, including the
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present data, involving weakly bound projectiles with a + x structures and different breakup
threshold energy ‘Ey,’ for the breakup of the projectiles into a and x. Fig. 6.7 shows the

plot of the suppression factor ’1-F¢p’ (where Fcpis complete fusion fraction) as a function
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Fig 6.6: Fusion cross sections calculated for (a) "Li+"**Sm and (b) "Li+"*Sm reactions
by wong’s model using proximity potentials “Proximity 2000 are represented by
dashed lines. The above cross sections multiplied by a factor of 0.78 and are represented
by solid lines. Filled and hollow circles correspond to the measured CF data for
77 - 144,152 . .

Li+ Sm reactions respectively.

of (a) the product of charges of the projectile and the target ‘ZpZt' and (b) projectile

breakup threshold energy. The figure shows the suppression factors for the reactions

involving (i) °Li with '**Sm[9],"**Sm[10],°**Pb[24]and **Bi as targets, (i) "Li with '**Sm

(present data), 28m (present data), 9Tb[9], '®*Ho[25] and **“Bi[24], (iii) *Be with

¥Y[131,'%*Sn[12],°®Pb[24] and*®Bi[24], (iv) '°B with '*Tb[9] and **Bi[24], and (v) ''B
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with *®Bi[11]. The symbols represent the experimental data corresponding to different
reactions as mentioned in the Figure, while a line represents the average value of
suppression factors of the reactions involving a particular projectile e.g., °Li (solid line), 'Li

(dash-dot line), *Be(dashed line), '°B (dash-dot-dot line) and ''B (dotted line). It can be
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Fig.6.7: Suppression factor (1-Fcr) as a function of (a) the product of the charges of
projectile and target (b) projectile breakup threshold for several reactions involving
57Li, °Be, """ B projectiles including the present data. Dashed line is a guide to the eye.
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observed from Fig.6.7(a) that the average value of the suppression factors for the reactions
involving a particular projectile has a dependence on breakup threshold. This aspect has
been brought out clearly in Fig. 6.7(b) where it can be seen that there is a smooth fall in the
average suppression factor with the increase of Ey. However, it should be noted that for a
particular projectile the suppression factor is not totally independent of target charge. For
example, in case of Be induced reactions, the suppression factor increases with target
charge number. For other projectiles, the above dependence is not clear. To obtain a

generalized behavior one needs to have data for a large number of reactions.

6.1.7 Summary

Complete fusion (CF) excitation functions for "Li+'**!*2Sm reactions have been measured
at energies near and above the Coulomb barrier. Activation technique was used to
determine the cross sections of 2n- 3n- and 4n evaporation channels, which were the most
dominating channels of decay of the compound nucleus formed by the complete fusion
process in the measured energy range. Statistical model calculations were performed using
PACE2 to estimate the relative contributions of other residue channels in order to
determine the experimental cross sections for the complete fusion. Comparison of two
reactions show that CF cross sections for 'Li+'>’Sm at sub-barrier energies are much
enhanced compared to 'Li+'**Sm but they are similar at above barrier energies.CF cross
sections for the present reactions at above barrier energies were found to be slightly higher
compared to the reactions with the same targets using °Li as projectile [9,10]. Fusion
barrier distributions were derived from the measured fusion data and the average
experimental barriers were obtained and used as constraints in the coupled channels
calculations using CCFULL. CC results for both the reactions show an enhancement in
fusion at energies below the barrier and suppression above the barrier compared to the
predictions given by the single barrier penetration model. Coupling to the target and
projectile excitation enhances the fusion cross sections at sub barrier energies and they get
closer to the experimental data. However, the effect of coupling on fusion at energies above

the barrier was negligible. Therefore it may imply that the measured CF cross sections at
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above barrier energies are suppressed for the present reactions as compared to CCFULL
calculations with or without any couplings. Fusion cross sections were also calculated by
the Wong model using the fusion barrier parameters obtained from the parameterized
proximity potentials (version ‘Proximity2000’). A comparison with the measured CF data
shows that the predictions at above barrier energies are much higher which are consistent
with the CCFULL calculations. From these two comparisons it was found that the
experimental CF data for 'Li+'**'>Sm reactions at above barrier energies are suppressed
by ~ 24+4% compared to the theoretical predictions. The above suppression maybe
ascribed to the low breakup threshold energy of 'Li which allows it to breakup prior to
fusion. A systematic comparison of the CF suppression factors for different reactions
involving weakly bound projectiles including present data shows that the suppression
increases with the decrease of projectile breakup threshold. However, the dependence of
suppression factor on target charge is not very clear. It demands more data on different
reactions involving a particular projectile with a range of targets varying from light,

medium to heavy mass nuclei.
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Chapter 7

This chapter closes with the summary and conclusions of the work carried out in the

present investigation along with the future perspectives.

(A) Summary and Conclusions

In the present thesis, we have studied the reaction mechanism involving weakly bound
°Li and 'Li projectiles and medium mass nuclei '**Sm (spherical) and '*’Sm
(deformed) as a targets. The motivation for present work was stimulated from the rapid
developments of radioactive ion beam (RIB) facilities in the recent years. Presently, the
availability radioactive ion beam is not intense and good quality and there is a need to
develop accelerator technology to improve the reliability of these beams. In the mean time,
one can use the weakly/loosely bound stable beam such as °Li, 'Li and °Be for the study of
breakup of these nuclei using different targets in the mass region varying from low to
heavy nuclei. This will provide a strong basis for studies involving radioactive ion beam
(RIB). Apart from that in comparison with strongly bound stable nuclei, the knowledge
about the reaction mechanism of these weakly bound is limited. Keeping in view the
reaction mechanism using weakly bound projectile we have investigated following points;

(1) Complete fusion suppression involving loosely bound projectile.

(i1) Effect of target deformation in the presence of projectile breakup

(ii1))  Effect of projectile breakup threshold in complete fusion.
The experimental procedure for all the measurements was same. All the measurements on
fusion were done at BARC-TIFR Pelletron accelerator facility, Mumbai, and the target
thickness measurements were done using the above facility as well as the FOTIA facility at
BARC, Mumbai. An activation analysis technique was used to determine the cross

sections.

(i) Complete fusion suppression involving loosely bound projectile
In the first measurement, we chose the spherical 144Sm target and °Li projectile. The

. . . . . 144 .
complete fusion excitation function for °Li + '**Sm system was measured at energies near
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and above the Coulomb barrier (E;.,=20-40 MeV). An activation technique was used to
determine the cross sections of 2n and 3n evaporation channels, which were the most
dominating channels of decay of the compound nucleus formed by the complete fusion
process in the measured energy range. Statistical model calculations were performed using
PACE2 to estimate the relative contributions of other residue channels in order to
determine the experimental cross sections for the complete fusion. Coupled-channel
calculations using CCFULL shows an enhancement in fusion at energies below the
Coulomb barrier as compared to the predictions given by the single barrier penetration
model. However, the experimental results suggest that there is an overall suppression of the
fusion cross section, particularly at energies above the barrier, for the present reaction as
compared to CCFULL calculations with or without full couplings. A comparison of the
results for the present system with other systems involving strongly bound stable projectiles
such as "°C + "'Pr and **Ne + '**Cs forming similar compound nuclei, clearly shows that
fusion cross sections for the present system are systematically lower. From these two
comparisons, fusion suppression was estimated to be 32 + 5%. This suppression may be
ascribed to the low breakup threshold energy of °Li, which allows it to break up prior to
fusion. A similar procedure was applied to reanalyze the fusion data from the literature for
'Li + 'Ho and "Li + "°Tb, and it was found that the cross sections are suppressed by
about 18% and 26% compared to those with ?C + 'Gd and *He + '®Dy systems,
respectively, forming the same compound nuclei. A systematic comparison of fusion
excitation functions for several reactions involving loosely bound stable projectiles shows
that the suppression in fusion is a common phenomenon, and it increases with (i) the
increase in the target atomic number Zr and (ii) the decrease of the projectile breakup
threshold Eg. To obtain an empirical expression for the suppression as a function of Zr and
Ew, the fusion data for a large number of reactions involving loosely bound projectiles is

necessary.

(if) Effect of target deformation in the presence of projectile breakup.

The second experiment was to understand the role of target deformation versus projectile
breakup. So a deformed isotope of “Sm i.e., "°Sm was used as a target in place of the

. 1144 . . 6y : , 152 .
spherical ""Sm. The complete fusion cross sections for "Li + ~“Sm reaction were measured
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at energies near and above the Coulomb barrier. The decay of the compound nucleus
formed by the complete fusion process was dominated by neutron evaporation channels.
Combined ER cross sections for 2n, 3n, 4n and 5n contribute to more than 97% of CF for
most of the beam energies. ER cross sections were measured by recoil catcher technique
followed by off-line gamma-ray spectrometry. Statistical model calculations were
performed using PACE to quantitatively understand the ER cross sections, and estimate the
contribution from the missing channels so as to obtain the experimental complete fusion
cross sections. A comparison of the experimental data with °Li+'*'Sm showed that at
above-barrier energies the CF cross sections are comparable but at sub-barrier energies they
are largely enhanced for the present system. This implies that the effect of target
deformation on sub-barrier fusion, i.e., enhancement is independent of whether the
projectile is weakly or strongly bound. Coupled-channels calculations using CCFULL
were performed to understand the measured CF data. At sub-barrier energies, the coupling
of target deformation shows enhancement in CF cross sections and explain the data.
However, at above-barrier energies there is a suppression of 28+4% in the CF data
compared to the CC calculations. The low energy threshold of the projectile seems to allow
it to break up prior to fusion, leading to loss of flux from the entrance channel. It can
therefore be concluded that the complete fusion cross section at energies above the barrier
is suppressed due to projectile breakup. Thus the effects of both the target deformation as
well as the projectile breakup are present, and their influence on each other seems to be
negligible. CF cross sections for the present system at above-barrier energies are found to
be smaller by a factor of ~ 28—32% than those calculated by Wong’s formula using
proximity potential, which is consistent with the above conclusion on fusion suppression.
Comparison with the other systems involving strongly bound stable projectiles such as
2C+'*'Pr and *Ne+'**Cs forming similar compound nucleus also shows that CF cross-
sections for the present system at above-barrier energies are systematically lower compared
to those with strongly bound projectiles, which further supports the above mentioned
suppression. Since the CF cross sections at sub-barrier energies are slightly higher than
those predicted by CC calculations, it may be assumed that the net effect of breakup (i.e.,
suppression due to loss of flux plus enhancement due to breakup coupling) is a small

enhancement in fusion at this region. CDCC calculations with projectile breakup channels
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reveal that the dynamic polarization potential generated due to breakup coupling is
repulsive which leads to reduction in absorption cross section. Fusion cross sections
obtained by both the cumulative absorption and BPM methods are found to be smaller
compared to the ones with no breakup coupling, supporting the above conclusions on the
effect of projectile breakup. Present experimental data provide important input to the future
realistic models of fusion with weakly bound projectiles to predict both qualitative and
quantitative effects of projectile breakup at energies below as well as above Coulomb
barrier energies, and how these effects get modified in the presence of large target

deformation specially at sub-barrier energies where the deformation plays a significant role.

(iii) Effect of projectile breakup threshold in complete fusion.

In order to have a complete picture on the projectile and target dependences, the effects of
projectile breakup threshold on fusion cross section have also been investigated. To do this
another weakly bound nuclide i.e., 'Li was chosen in place of °Li. Since the projectile 'Li
breaks up into o and t with a higher breakup threshold energy (2.478 MeV) than °Li
—>a+d breakup (1.478 MeV), it is expected that the complete fusion (CF) suppression
factor for 'Li induced reactions would be less compared to that of °Li. Thus, the complete
fusion cross sections for two more reactions involving 'Li as a projectile and the same
targets as earlier (i.e. '**'**Sm) were measured. These results are compared with our earlier
measurements to test the systematics on the suppression factor and its dependence on
breakup threshold. It was found that the CF suppression in both "Li+'**'*Sm  reactions
are same (~26 %) but smaller than that of °Li+'**'*2Sm reactions (~30%). For a particular
target, it was observed that the CF cross sections at sub-barrier energies are same for the
reactions involving both the projectiles. However, at above barrier energies the CF is
larger for "Li than that of °Li induced reactions. Since the effect of inelastic or transfer
couplings at high energies are negligible, it implies that due to larger breakup threshold of
the former, the loss of incident flux by breakup is lower, and hence there is less suppression
in CF. However, at sub-barrier energies, the CF is enhanced by both target as well as
projectile excitations and possibly by breakup too.

In summary, the work described in the thesis contains a systematic study of fusion cross

sections involving weakly bound projectiles like °Li and "Li with two Sm isotopes; one
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spherical and another deformed. In this study following physical aspects have been
investigated. It describes the results and conclusions on the effect of (i) breakup of a
weakly bound projectile, (i1) target deformation and (iii) projectile breakup threshold on the
complete fusion cross section. It has been observed that complete fusion cross section for
all the systems (*’Li+'**!**Sm) that we have measured are suppressed compared to those
predicted by the coupled-channels calculations as well as those for the reactions involving
strongly bound projectiles but forming similar compound nuclei. The suppression factor for
SLi and "Li induced reactions are found to be ~30% and ~26% respectively. A systematics
on suppression factor for the above systems along with other systems found in literature
shows that the suppression increases with the decrease in breakup threshold of the
projectile and increase in target Z. It was also observed that the effect of target deformation

and the projectile deformation on fusion co-exist.

(B) Future perspectives

With the advent of radioactive ion beam (RIB) facilities around the world more and more
weakly bound projectiles will be available for nuclear reaction studies. The knowledge
acquired from the studies involving weakly bound stable projectiles from the present thesis
work will be very useful to predict and compare the results of the reactions that are planned
or studied using the present and upcoming RIB facilities respectively. For a proper
prediction we need more and more experimental data even with the same weakly bound
projectiles but different targets with good accuracy. At sub-barrier energy region where the
fusion cross sections are very low, it is a real experimental challenge to measure the cross
sections with high accuracy. Measurement of fusion cross sections at deep sub barrier
energies is another challenge. There are a few measurements which showed that the effect
of coupled channels alone cannot explain the experimental data on G?jf ‘. The low energy
fusion cross sections are very important in the context of nuclear astrophysics. A slight
change in the slope of the fusion excitation function can have disastrous effect on the
extrapolation of the fusion cross section to the low energies near the Gamow peak where
astrophysical reactions take place. Another field where the knowledge of present thesis

work will be very helpful is the formation and decay of super heavy nuclei. The study of
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reaction mechanisms involving radioactive ion beams to form super heavy nuclei would be
very interesting. The observation of complete fusion suppression in the reactions involving
weakly bound projectiles would imply that the probability of super heavy element
formation will be highly suppressed.

The future plan is to (i) measure the fusion cross sections at deep sub-barrier energy region
involving both strongly as well as weakly bound projectiles (ii) measure the fusion and
direct reaction cross sections involving radioactive ion beams and understand the effect of
breakup coupling on the measured cross sections (iii) study the reactions which are of
nuclear astrophysical interest and (iv) study the reactions that form the super heavy

elements.
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