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MEASUREMENT OF THE FUSION BARRIER DISTRIBUTION FOR
THE *Kr + *®*Pb REACTION

Abstract

The main object of this work is to investigate a method of determining the total capture
cross-section without passing through separate measurements of quasi-fission, fusion-
fission and evaporation residue, using the fact that the sumn of the flux in the various final
channels is equal to the total incident flux. Thus capture is complementary to the flux

reflected from the barrier. Here we present an expeniment performed at the cyclotron
facility at iThemba LABS to determine the fusion barrier distribution for the 80Kr +

208pp reaction using the method of measuring quasi-elastic scattering proposed by Dr. N.

Rowley.
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HISTORICAL EVOLUTION

CHAPTER 1 INTRODUCTION

1.1 HISTORICAL EVOLUTION

The major part of this work was motivated by the prediction concerning the possible
existence of an “island of stability” beyond the presently known mass region of particle-
stable nuclei Extrapolations of the nuclear shell model towards larger masses indicate
that the next major shell effect is predicted to be particularly strong for nuclei with
N=184 and Z=114 [Sob94, Smo94, Mo5194]. Figure 1.1 illustrates the closed shells and
the region of superheavy elements (SHE) as the nuclear models predict, with the proton
number on the vertical, and neutron number on the horizontal axis.

Figure 1-1: The double closed shells as predicted by the nuclear models, from [Ter01].
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INTRODUCTION

Experiments to search for the doubly magic closed shell nucleus have been negative so

far. Heavy-ion reactions have been used in attempts to produce these superheavy

clements. In these reactions, two nuclei, one in a heavy-ion beam, the other in a target,

are fused together to create a compound nucleus [Ste94, Bud81, Hui81]. Using this

method elements as heavy a Z=116 have been synthesized [Hof01]. As a result of the

synthesis of these heavier elements, the upper end of the nuclear chart today is shown in

figure 1.2,
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Figure 1-2: The upper end of the nuclear chart with the known isotopes and the experimental half-

lives of the transactinides as it appears today, [Hof00].




OVERVIEW

The trouble with this approach is that the collision between the ions leaves the resulting
compound nucleus in a highly excited state, therefore it easily separates into two more or
Iess equal fragments immediately (fission). The stabilizing effect of nucleon shells also
decreases rapidly with increasing excitation energy [Fle94]. The synthesis of the
superheavy elements has motivated scientists to heavily embark on investigations of the
study of nuclear reactions. Therefore in this investigation the quasielastic cross-section
for *Kr + ***Pb has been measured as a primary step to study the complicated fusion

cross-section for superheavy elements.

12 OVERVIEW

Reactions between heavy nuclei with Z,Z, <1500 (where Z,and Z, are the atomic

numbers of the target and the projectile nuclei) are rather well understood [Ike00]. In a
very simple system like the double closed-shell system such as “Ca + *Ca the reaction is
mediated by the presence of a single Coulomb barrier [Ada(4]. As a result, flux which
does not penetrate the single barrier is elastically scattered. Flux that does penetrate the
barrier forms a nucleus that quickly loses memory of it formation, (the compound
nucleus). This compound nucleus may form a stable long-lived nucleus after particle
evaporation, (evaporation-residue) or else it may undergo fission if the combined atomic

number, Z is sufficiently large.

However, reaction systems that may result in the production of superheavy elements have

Z,Z , >1500 [Mos81]. In these reactions the processes resulting from the collision of the

two very heavy nuclei are much more complex. This is due to the huge Coulomb barrier
created because of the presence of the electrostatic force existing between the charge of

the projectile and the target.

Measurements show a diminishing production cross-section which are in order of
picobarns for the heavy system. Figure 1.3 illustrates some of the measured cross-

sections for the production of superheavies for energies above the barrier or high
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excitation energies (hot fusion) and energies below the barrier or low excitation energies

(cold fusion).
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OBJECTIVE OF THE STUDY

The ¥Kr +*"Pb reaction that we are studying in this measurement, is one of the heavy
systems which has been used in an attempt to make a superheavy element, Z=118. It
was unsuccessful because of the very small production cross-sections. Therefore it is still
a challenge to understand the production cross-section of these superheavy elements.

For light systems the fusion cross-sections are easily measured by detecting the
evaporation residues. Unfortunately, for very heavy systems the domination of fission
and quasi-fission makes it extremely difficult to measure the fusion cross-section using
the evaporation residues. Therefore the quasielastic scattering of heavy ions at large

angles has been proposed as an alternative method to measure fusion barriers [Den00].
1.3 OBJECTIVE OF THE STUDY

i.  To infer the fusion cross-section as a function of energy by measuring
quasielastic scattering for the *Kr + “*Pb system.
ii. To measure “fusion barrier distributions™ in order to examine whether

significant tunneling occurs below the barrier for very heavy systems.
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CHAPTER 2 THEORY

2.1 HEAVY ION REACTIONS

A nuclear reaction is a process whereby a nucleus is transformed from one species to
another. These reactions involve the collision of an accelerated projectile with a target
nucleus. In these reactions the imitial system is transformed into the final system,
consisting of the products of the reaction. Symbolically [Fes92];

| a+X —>Y+b

where a is the accelerated projectile, Xis the target (usually stationary in the
laboratory), ¥ and b are the reaction products. Usually, ¥ is the heavy product and bare
light particles that can be detected e.g. «-particles, <yrays, neutrons etc. [Kra88].
According to the classical picture, the projectile can induce various kinds of reactions

depending on the impact parameter or the corresponding angular momentum.

elastic scattering
direcl reactions

grazing collision

"._—compound-nucleus

bgr © . formation

-t

close collisions

dissigative collision

distant collision \O\‘

etastic (Rutherford} scattering
Coulomb excitation

Figure 2-1: Distant, grazing and close collisions in the classical picture of heavy ion collisions,
from [Gle75].
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REACTION CHARACTERISTICS

REACTION
FLOW
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uopwnauad Fuisvarou

Figure 2-2: Schematic classification of heavy-ion reactions, from [Sch84].
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For heavy systems the various reaction channels can be referred to as elastic scattering,
inelastic scattering, transfer reactions, fusion reactions, fission reactions and quasi-fission
reactions. Figure 2.1 and figure 2.2 illustrate the various nuclear reactions. The

parameters used in these figures are b_ an impact parameter for a grazing collision, R, a

target radius, R, a projectile radius and 7, an interaction radius.

2.1.1 Elastic Scattering

Elastic scattering is defined to be a collision in which the colliding particles only change
their direction. In this reaction no kinetic energy of the projectile is used to take the target

into an excited state. The projectile and the target remain in their ground states.

2.1.2 Inelastic scattering

Inelastic scattering differs from elastic scattering in that the target nucleus is raised to an

excited state as a result of the collision. Classically, the projectile only touches the target

nucleus, or it may enter the nucleus and exit at a reduced energy. When the excited target
nucleus returns to its ground state, the excess energy is released by the emission of

particles like yrays.

2.1.3 Transfer Reactions

In transfer reactions, when the projectile passes over the periphery of the target, one or
more nucleons are transferred between the projectile and the target, such as an incoming
deuteron turning into an outgoing proton or neutron, thereby adding some nucleons to the

target X to form a nucleus, Y.
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2.1.4 Quasielastic scattering

In quasielastic scattering the projectile loses a moderate amount of energy and exchanges
a few nucleons with the target nucleus. Quasielastic reactions are assumed to correspond
to collisions in which the surfaces of the two ions have just been in a grazing contact.
However, in this study, quasielastic will refer to the sum of all the elastic scattering,

inelastic scattering and transfer reactions.

2.1.5 Deep inelastic

This reaction entails substantial damping of kinetic energy and mass exchange. The
larger fragments are highly deformed and excited while retaining partial memory of
“target” and “projectile” masses and charges [Sch91a]. This process takes place at

energies above the Coulomb barrier.

2.2 THE COULOMB BARRIER

The most familiar barrier to penetrate is the Coulomb barrier, present because of the
electrostatic repulsion between the positively charged target nucleus and the positively
charged projectile. As the two partners are of comparable mass, the system is more easily
described in terms of their relative motion in the center-of-mass system. Assuming the

standard laboratory situation of a fixed target, which is bombarded with a beam of

projectile nuclei, the relation between the kinetic energy E,, as measured in the

laboratory system and the kinetic energy E_, in the center-of-mass system is given by

E 2.1

em = Elab
4 +4,

where A,and 4, represent the mass number of the projectile and target nuclei,

respectively. Electron masses and differences in binding energy per nucleon may be
ignored as a good approximation. The motion of the center-of-mass is fully determined

by the kinematics of the reaction and can be calculated from the bombarding energy and
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the nuclear masses. Quantum mechanically the nuclear binary system may be represented
by the wave function ¥(r). Using the center-of-mass parameterization, the combined
effect of the Coulomb and the nuclear force between the two nuclei can be expressed as
the interaction potential. These have been illustrated in figure 2.3.

V(D =V.(nN+V (1) 2.2

where V. are the Coulomb and V, the nuclear potential The motion of the binary system
is then described by the Schrodinger equation.

{_ W’d® | 10+Dh’

2

+V(r)—-E¥(r)=0 23
2 ,udrz 2ur- }

Potential %
\\Coulomb
\
\
“
U T ' - =
1
1
1 RB
L —>
,’ Radial distance
7/ Nuclear
7
[}
i

Figure 2-3: The illustration of the potentials that form a barrier between the participating nuclei
in a nuclear reaction.

At large distances r, the Coulomb potential V. has the form of the electrostatic potential

for two point-charges. At close approach, when the charge distributions overlap, the
point-charge has to be modified. This is often achived by replacing one of the point
charges with a homogeneously charged sphere of radius R, so that

10
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Yr for r>R.
VC(r)zsztez S
(E_ZI(%_]/RC Jor r<Rg.

Since during the collision there occurs a large number of interactions between the

24

projectile and the target nucleons, it has not been possible to determine the nuclear
potential V, from the known two-body forces between nucleons. It is therefore common
practice to make a simple parameterization, approximating the nuclear potential with a
function which resembles the nuclear mass distribution. This results in the Woods-Saxon
potential

-,
1+explr— R, /a,)

V.(r)= 2.5

where ¥, refers to the potential depth and a,is the diffuseness of the potential. The radius

R, of the nuclear potential is given by;
R, = ro(Aé + Aﬁ) 2.6
where 7, is the radius parameter. It is worthwhile to mention that the potential parameters

V,, ayand r, are not unique. Hence they are usually adjusted by fitting experimental

data.

Figure 2.4 shows the interaction potential ¥'(r)and its components ¥, and ¥, for 'Sm +
1%0. The competition between the electrostatic and the nuclear forces gives rise to a
potential barrier at a distance R,. At its vertex the shape of the barrier may be
approximated by an inverted parabola [Tho59]. Since this is a good approximation at
energies close to the barrier height, the exact potential is often replaced by this function.
When two nuclei overcome the Coulomb barrier and reach the potential pocket they can

form a composite system and fuse.

11
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its vertex, the potential barrier may be approximated with an inverted parabola (dot-dashed). The
point charge approximation of the Coulomb potential is shown as short-dashed curve. The radial

distances R, , R, and R are defined in the text, from [Tho59].

In the opposite direction, a single nucleus can overcome the analogous but different
fission barrier to scission into two unbound fragments in the fission process [Hil92]. The

motion over the barrier can couple to internal degrees of freedom of the nuclei, which

include excitations and mass transfer.

12
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2.3 NUCLEAR FUSION

Fusion may be defined as an amalgamation of the projectile and the target to form a
compound nucleus such that the charge and mass of the compound nucleus formed can be

described by equation 2.7.

(4..Z.)= (4 + 4,2, + Z,) ' 27

In this equation the right hand side stands for a state of the system, which is completely
characterized by its total mass, charge, energy, and angular momentum and has reached

equilibrium with respect to all other internal degrees of freedom [Bas80).

Evaparation

Fusion a

b0 -9 :CD__,Sjg

Fission

Figure 2-5: The formation and the decay of a compound nucleus, from [Tim96].

In general, the compound nucleus is initially in a highly excited state due to the excitation
energy. This compound nucleus decays via particle emission [Wei37] or fission [Boh39}

and -ray emission as illustrated in figure 2.5. In light nuclei, with Z <70, the

13
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probability of fission is typically so small that all decays proceed via particle emission
[Boh39]. This particle emission is often referred to as particle evaporation. The
evaporated particles are predominantly neutrons, but also protons and a-particles. This
decay mode results in a nucleus, dubbed the evaporation residue.

2.3.1 Fission

Fission is another way that the compound nucleus can decay. When nuclear fission
occurs, the nucleus splits principally into two smaller fragments. These fragments, or
fission products, are about equal to half the original mass. Two or three neutrons are also
emitted, as illustrated in figure 2.6. The sum of the masses of these fragments is less than
the original mass. Fission can occur when a nucleus of a heavy atom captures a neutron,
or it can happen spontaneously in unstable nuclei In the decay of heavier compound

nuclei with Z_>70, fission competes with particle evaporation and dominates for very

large atomic number, Z_ even at energies below the barrier height [Lie82, Plag4].

J neutron

fission

fission

nucleus
product

9 neutron

Figure 2-6: The illustration of nuclear fission process, from [www1].

14
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Furthermore, because of the large overlap, deep-inelastic reactions with a massive loss of
energy and an exchange of many nucleons occur for heavy systems, resulting in reaction
products that may be similar to fission fragments. While deep-inelastic reactions have to
be rejected, both the evaporation residue cross-section and the fission cross-section have

to be measured in order to establish the fusion cross-section.
2.3.2 Quasi fission

Fusion does not occur easily for a heavy projectile and target. The result of the process of
rapid separation into two fragments before the compound nucleus is formed is called
quasi fission. For very heavy compound nuclei, where fission is important, it is not
necessarily straightforward to establish experimentally that an equilibrated compound
nucleus has been formed. The fission barrier may be located inside the fusion barrier, so
that a quasi-fission process of the unequilibrated composite system is observed in
addition to fission after compound nucleus formation [Lem93, Bac85]. Quasi fission is
characterized by the emergence of fission-like fragments which do not originate from the
fission decay of a compound nucleus formed by fusion, but rather from the fission break
up of a short lived intermediate complex. Quast fission can be described as the second
class of fusion, since the equilibration occurred for energy charge symmetry, but not for
mass asymmetry [Lef76]. It has been argued [Hid95] that in investigations of the fusion
barrier problem the fission cross-section must include quasi-fission reactions, since for

quasi-fission to occur the system has to overcome the fusion barrier.

2.3.3 Fusion Hindrance

Fusion mechanisms of massive nuclei are still not well understood, though it is known
that fusion is hindered in systems with Z,Z, >1500[Bas77]. These systems do not fuse
even with incident energies being well above the expected barrier. The so-called “extra-
push™ energy is necessary in addition to the barrier height. This could be interpreted as a
friction force acting between two colliding nuclei in the approaching phase as well as by

a dissipation of the collective motion that leads to the formation of the compound nucleus
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[Oga75]. The difference in barrier height, dubbed ‘extra-push’, can be used to explain
this phenomenon of apparent fusion hindrance. The extra-push increases with the product

of Z,Z ,. 1t is therefore roughly a function of the size of the system. With increasing size

the number of degrees of freedom of the system rises dramatically. In particular the
number of transfer channels increases [Rei94]. Thus fusion may be preceded by the
massive exchange of nucleons. This would have several consequences. Firstly, the
potential energy is affected because of the redistribution of nucleons between projectile
and target nucleus [Mos80), e.g. more symmetric charge distributions result in higher
fusion barriers. Secondly, the potential energy of the system is also modified by the
presence of nuclear matter between the reactants, which is often referred as a neck-
formation. Thirdly, the system has to dissipate kinetic energy to open the various reaction
channels. The observation of fusion hindrance has been interpreted as a signature of
these effects and models have been developed which treat fusion as a multi-dimensional
potential energy surface as a function of distance, mass-asymmetry, neck formation and
energy dissipation [Swi81, Blo86].

2.3.4 Barrier penetration

At a bombarding energy below the Coulomb barrier, fusion is classically forbidden
[Bas80], but can nevertheless occur due to quantum-mechanical barrier penetration
[Jor86]. The probability of penetration can be described with a transmission coefficient,
T(E) and a reflection coefficient, R(E}. The transmission coefficient measures the
penetration probability and the reflection coefficient measures the probability that the
barrier reflects the flux. Because the incident flux is either reflected or transmitted, the
conservation of flux can be expressed as;

T(EY+R(E)=1 2.8

The transmission coefficient T(E) through a one-dimensional barrier can be calculated
using the Wentezel-Krammer-Brillouin method [Kem36, Fro65], in which case it is given

by [HH153].
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T(E) =(1+expRK(£)]) 29
with K(E) is given by

K(E)=i~f J%}V(;—)—E[dr 2.10

where r; and r, refer to the inner and outer points of the barrier.
The minus and plus signs in front of the integral in equation 2.10 correspond to energies
E above the barrier or below B, respectively. A barrier shape which is of interest

because of its mathematical simplicity is that of an inverted parabola [Won73]. It may be

expressed as

V(r)=B, —"’;’3 (r—~R, ) 2.11

where R, is the barrier position and w,, is the eigen-frequency of the harmonic oscillator
potential V(). The transmission coefficient for this special case is given by equation
2.12 [Hil53].

2 -1
T(E):[1+cxp{h L (B, ——E)D 2.12

o

o

When the energy equals the barrier height B, the transmission coefficient is 0.5,

whereas at energies below B, it can still be considerably larger than zero.

2.3.5 Fusion excitation functions

By extending the theoretical description to three spatial dimensions it has to be taken into

account that the interaction potential ¥;(#) depends on the orbital angular momentum /A
with

Vi(r) =V (r}+V g (r,]) 2.13

Where V{r) is the sum of the Coulomb (¥ (r)) and nuclear potential (¥,(r)) and

V. (7.1) is the centrifugal term with
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2

[}
Vcem(r’l) = 2[11'2

I(I+1) 2.14

where [ and p are the relative angular momentum and the reduced mass of the system
respectively. As illustrated in the figure 2.7, the centrifugal potential increases the barrier
height and shifts the barrier position to smaller radii with increasing orbital angular
momentum, For large angular momentum (/) it eventually fills in the attractive pocket
and thus restricts fusion to small angular momenta. For an angular momentum dependent

potential the transmission function becomes also angular momentum dependent with
T(E)=T;(E) and for each Ithe fusion probability can be expressed as the differential

cross section

of“(E) = s (2 +UT,(E) 2.15

where X = LA is the reduced de Broglie wavelength associated with the relative motion.
r

By summing over all angular momenta, the total fusion cross-section is obtained as

o/ (E) =i1r7c2(21+1)1’}(E) 2.16
=0

This energy dependent function is generally referred to as the fusion excitation function
[Rho84]. The transmission coefficient for partial wave ! at energy £ can be expressed as

-1
2
I}(E)=(l+exp[(§—£)[3—£+%l—(ﬂ%zl)}ﬂ 2.17
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Figure 2-7: The interaction potential ¥,(r) for '*Sm+'°0 as a function of angular momentum
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I. R, indicates the position of the barrier for / = 0, from [Rho84].

The relationship between the incident flux and the scattered flux can be expressed in a
form of a matrix named a scattering matrix [Sch68]. The scattering matrix relates the
final and the initial states of the target. It may be defined as unitary matrix connecting the
asymptotic particle states [Sch68]. The Scattering matrix is closely related to the
transition probability amplitude and the cross section of various interactions. The
transmission coefficient can be written in terms of scattering matrix as;

T(E)=1-|5,’ 2.18

where S, is the scattering matrix. Substituting equation 2.18 in equation 2.16 it can be

shown that the total fusion cross-section [Hod83] can be given by

o/ (E) =iqr7tz(21+1)(l—-[S,|2) 2.19
=0
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2.4 SINGLE BARRIER MODEL

At high energies, heavy-ion fusion cross sections o™ behave in a rather classical
manner. Fusion seems to occur if the energy E is sufficient for the ions to pass over the
potential barrier between them. Therefore, classically in the one-dimension barrer
penetration model, the fusion cross section ¢ at energy E is given by a summation

over all partial waves up to / =1, [Row90], where /, is the grazing angular momentum.

If the grazing angular momentum is defined to be that for which the total barrier height is
equal to E then
1,0, +1)
2uR?
where B is the barrier height, and classically all the partial waves up to /, will fuse.

E=B+ 2.20

Approximating the summation in equation 2.16 as an integral, gives

fs _ TH _wh g,
o ~ZE-J‘:(2I+1)T,d1_2—FEJ: @1 +1)!

2
%lg(lg +1)

= sz(l —EJ 221
E

where the parameter R, Fand B are the position of the barrier, beam energy and barrier
height respectively. It is well known that in the absence of coupling the fusion cross-
section is described by the classical expression in equation 2.21 [Das98].

Classically, for E < B, the product 0E =0 while for E2> B, Eo = mR*(E - B), from

which we obtain
d(oE) =0 for E<B and ii-(—I@=7ch for £z B, thus
dE dE
1 d*(Eo)
- =8(E-B 2.22
R’ dE? ( )
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oF = 1R% (E - B)
af

—— > E
B

Figure 2-8: The plot of 0F as a function of energy E, The plot clearly shows that
classically, fusion cannot occur at energies below the barrier B .

A

72 il I

d(oE)
dE

»E

B
Figure 2-9: The first derivative of the plot is a constant, 7R above the barrier.

The second derivative of equation 2.21 results in a & -function, which represents the
barrier position and height as shown in figure 2.10.

A
2 2
d*(aE) 1 d (aE)_a(E_B)
2 2 2
dE wR® dE
» K

B
Figure 2-10: The second derivative showing the barrier position.
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2.5 EXPERIMENTAL EVIDENCE FOR DISTRIBUTION OF
BARRIERS

In the fusion of heavy nuclei, there may be rﬁore than one fusion barrier or a distribution
of barriers, to overcome. For example, in the case of statically deformed nuclei,
experimental data show that different physical configurations of tﬁe colliding nuclei
corresponds different fusion barrier energies. This is illustrated in figure 2.11, which
shows the data for '°0 + W02 11 these isotopes of ASm, the deformation
increases with the neutron number. A distribution of barriers can be understood
classically in the case of deformed nuclei, where different orientations of the deformed
nuclei with respect to the incident projectile result in fusion barriers at different radii and
thus energy [Lei95]. Compared with the spherical problem, the Coulomb barrier is low
when the projectile approaches the pole of a deformed Sm target and is higher when it
approaches the equator. This has been seen in the fusion of ASm with *O; the fusion
cross-section for "**Sm decreases rapidily than the other Sm isotopes. Taking into
account all the possible orientations produces a continous distribution of barrier heights,
some of which are lower and some are higher than the single barrier. The lower barrier
gives larger than expected cross-sections at energies below the original barrier.
Therefore it is now well established that in the fusion of heavy nﬁclei, there is not a single

barrier, but a distribution of fusion barriers [Das83].
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Figure 2-11: A collection of fusion data for **0 on “Sm. The inset shows the orientations for
which fusion is most inhibited and enhanced, from [Sto80].

2.5.1 Calculated and obtained experimental barrier distribution

The geometrical model predicts that for reactions involving rotational nuclei the one-
dimensional Coulomb barrier is replaced by a continuous distribution of fusion barriers
which correspond to the different mutual ornientations of the projectile and the target
nucleus. In this case the total fusion cross section is given by an integral over a

continuous distribution of barriers D(B), t.e.
o(E) = [o(E, B)D(B)dB 2.23
where ¢, (E,B)is the fusion excitation function for the barrier B. The distribution

D(B) is a weighting function with the integral of the weights summing to unity.
J;“ D(B)dB=1 2.24

Therefore the barrier distribution is given by equation 2.25
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1 d*(Eo)
————"%= |G(E,B)D(B)dB 225
gz~ |G B)D(B)
In the classical limit this gives the barrier distribution formula
1 d*(Ea)
——=D(E 2.26
mR®  dE? )

That is the quantity on the left hand side of this equation directly reproduces the barrier
distribution D(E). In the quantum mechanical treatment, which includes tunneling, the
barrier distribution is smeared out by the Gaussian function G(E, B), is symmetric about
that point and has unit area. The only difference is its finite width. This concept can be
extended by assuming that the coupling to internal degrees of freedom of the binary
system generally gives rise to a multiple of fusion channels which correspond to a
distribution of fusion barmriers D(B) [Ste88].

Precise experimental measurements of the excitation functions have allowed the
extraction of the distribution of barriers D(F) by taking the second derivative of the
measured fusion cross-section using the point difference method, where the barrier
distribution D{E) defined as the probability of encountering a barrier of energy E, and

can be determined directly from experimental fusion cross-sections [Row91, Lie95].

By measuring excitation functions, and by twice differentiating the excitation function
multiplied by energy, experimental barrier distributions shown in figure 2.12 have been
extracted. It can be seen from the experimentally measured barrier distribution that the
“0Ca +*Ca shows a single barrier due to the double closed-shell nature of the target and
the projectile [Das98]. The barrier distribution for 0 + W and '°0 + *15*Sm shows
the expected continuous barrier distribution for deformed targets. The three-barrier

barrier structure in **Ni + ®Nj are due to the surface vibration in this reaction.
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Figure 2-12: Experimental fusion barrier distribution for six different systems, from [Das98).
2.5.2 Extracting the barrier distribution from quasielastic scattering

In a purely classical picture in which projectiles incident on a target can only be
elastically scattered or fused, there is a direct relationship between the fusion cross

section and the elastic-scattering differential cross-sections, since any loss from the

elastic channel contributes directly to fusion [Tim94]. For a single potential barrier B, ,

and head-on collisions, for instance at the scattering angle 8 =180°, there is a direct

relationship between the differential fusion cross-section do/(E) and the quasielastic

scattering differential cross-section do® (E) [Tim04]. Flux conservation is given by

equation 2.8. The reflected coefficient R(E)1s equal to the ratio of the differential cross-
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section for quasielastic and Rutherford scattering do?(E)/do®(E), and the
transmission coefficient may be written as the first denvative of the product of energy

and total fusion cross-section Eo/ with respect to energy as explained by Balantekin et
al., [Bal86]. i.c.

do_qe[
R(E)= E,0 =180° 227
B="" )
d T(E)= Eo™(E 228
a0 1(8) = loo (2)
Where R, is the inter-nuclear separation “fusion radius”. The differentiation of T(E)
with respect to energy yields
9L & [poms(py)=D(E.By) 229
dE TR} dE

The function D(E, B, ) is the barrier distribution of the system, which for a single barrier

is a & -function at the barrier height B, . Combining the equations 2.8, 2.27,2.28 and 2.29

it follows that
qel
D(E,B) =L - R 17 (5o 150°) 230
dE dE  dE| do*

Thus, classically for a single barrier, the barrier distribution D(£, B,) can be obtained by

with respect to energy. Quantum mechanically:

ﬁ“(E)— [Eoﬁ‘s(E)] TR2G™(E,B,) 231

which is the representative of the barrier distribution D(E,B,), because G™(E,B,)
which is narrow peak function can also be 2.30, therefore it follows that;

el
qug(E) z_i d(}"'?
do®

E.0=180"})i= G*(E,B 2.32
s )] (E.B)

Using this equation the barrier distribution can be extracted from the quasielastic

scattering at backward angles.
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2.6 COUPLED-CHANNEL EFFECTS

When two nuclei approach each other they may interact in several ways. In the first
approximation they may be regarded as a cluster of nucleons and their primary
interaction results from the imter-nuclear two body-force. Nevertheless one or more
rearrangement processes may occur during the time in which the reacting nuclei are
together during collision. Inelastic excitations may occur, for example one or both of the
reacting nuclei may be excited to higher energy states before fusion takes place [Tam65].
Rotaticnal and vibrational excitations must be considered, and when the particle in one of
the nuclei is excited during the reaction from its initial state to another state, single
particle excitation may occur. Nucleons may also transfer from one nucleus to the other,
either singly or as the simultaneous transfer of two or more nucleons. These processes are
called multi-step reactions [Fes92]. The single step processes have been described by the
Distorted Wave Bormn Approximation (DWBA), but in order to predict the effects of
multi-step reactions, the coupled-channels formalism has been developed.

It has been found that coupling can greatly affect the fusion cross section [Das83]. It
might be expected that the competition with other reaction channels would decrease the
fusion cross-section, but one invariably finds an increase at energies below the barrier
[Den00a). These couplings result in a distribution of Coulomb barriers, whose energy
spread increases with the coupling strengths. This in tum, generally leads to
enhancements of the barrier crossing probability at low energies below the unperturbed

Coulomb barrier.

2.6.1 Solution of the coupled equations

Consider a system comprising a beam and a target nucleus. The total Hamiltonian is

given by

H =2£2-+V(r)+i(h,. (o) +v,(r, ;) 2.33
m s

i=0
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2

where —zp— represents the kinetic energy of the two nuclei and ¥(r) the barrier between
m

them. The #; represent the Hamiltonian of the internal degrees of freedom of these nuclei
and v;(r,c) are the couplings between them. The nuclear coupling Hamiltonian is given
by:
Yy
Fay
I+exp (r—R—O)/a

VN (?',O) = 2.34

where O can be a rotational or a vibrational coupling operator. E.g. the virational
coupling operator is given by:

0= p (@, +ay) 235

e

where A is the multipolarity of the vibrational mode [Hag99)] and a;;(a,,) creation
(annihilation) operator of the phonon. Then if X; satisfies the Schrodinger equation

[h,- —e,-]xi =0 and form a complete orthonormal set of states with

[ xie)=s; 2.36
we can expand the solution, ¥, of the Schrédinger equation HY = EY as
Y=Y )x(re) 2.37

Inserting the wave function ¥ and the Hamiltonian equation into the Schrodinger
equation yields the coupled equations

3 2
Z{_L_‘iiz+y(r)+v;°"?(r,ac‘.)+ILEI-H)——E+ef}¢l(r)xi(r,a,-)=0 238

ol 2mdr mr*
where ¢, is the excitation energies of the internal degrees of freedom.
If equation 2.38 is multiplied by x; (a;)and integrated over o for all i, the

orthogonality property of equation 2.36 of the eigen-functions can be applied [Lin84].
One obtains the following system of coupled equations
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[ +V (N -E+e}p;(r) = —iM A ) 2.39
_ i=0

where M, (r) = [X; (e, V™ (r,00) X, (@ )de €8 2.40

In the isocentrifugal approximation, the kinetic energy operator 7; depends on the
channel angular momentum /; through the centrifugal term {Das98]. This results in only
a small discrepancy in an average angular momentum /; such that 7; can be

approximated to T;. It has been explained that for heavy system such as **Kr +2**Pb this

is a good approximation due to the fact that there is a large mass and barrier radius
[Smi83]. Further using an adiabatic approximation the excitation energies of the intemal

degree of freedom, ¢; may be neglected [Tim94] and M ; =0, F(r)

0+ V)£ )= -2 M B0 241

i

Choosing the unitary transformation U ; , to diagonalize the coupling matrix T'; gives
U}'ﬁI'ﬁ (N, = Agliyg 242

In order to de-couple equation 2.41, the radial wave function ¢)j may be expressed as
() =U 5 $5(r) 243

where Einstein’s convention, that repeated indices imply a summation, is used. The

inverse of equation 2.43 is

é’ﬂ(r) = UE;'¢’j (r) 2.44

Substituting equation 2.43 into 2.39 yields
(L +V(r)—EY 53 05(r) =T (" F(r)U;, d,(r) 245

Multiply both sides by U Ej , where U ng 8 =1, equation 2.45 becomes

[y +¥ () - Elpy =U sl i(DF (U 0 b, (r) 2.46
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Using equation 2.42, the coupled equation 2.41, decouples to yield a system of decoupled

Schrédinger equations for the wave functions ;!‘)5 ()

[To +V(r) —E+A3F(r)](})5(r) =0 2.47

The de-coupled equation 2.47 can be solved for the eigen—functidns &3 (r) which
correspond to the eigen-channels B=0,1,...,n. This eigen-function follows the

boundary conditions that for large distances the incoming wave function is a plane-wave
and the outgoing wave function is a radial-wave.

The elements of the scattering matrix for the physical reaction are then:
ngys = UiaUga ‘§ o 248 -
The total fusion cross section is given by
T
of =FZ(21+1)1} (E) 2.49
Hence in the case of only clastic scattering, the cross-section can be expressed as;

o _—_%2(214-1)(1—-!3}' lz) 2.50

Dropping the / superscript

~

YIS =35 5=Y S~+UMU;;U@U};, S, 2.51
=Y S U8,U% S, 252

2

S, 2.53

=Ykl

S,

2
. 2.54

Where W, = lU(,kl2 are the weights with which the various eigen-channels contribute to

oﬁ"=fz-2(21+1{1-m

the fusion cross section. It is worth mentioning that the sum of all the weight is unity.
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SN A 2.55

As the adiabatic approximation was used to obtain the cross-section, therefore if the

energy of the excited state is taken into consideration equation 2.54 becomes incorrect.
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CHAPTER 3 THE EXPERIMENT

3.1 EXPERIMENTAL ADVANTAGES OF MEASURING
QUASIELASTIC SCATTERING

The quasiclastic scattering of heavy ions at large angles has been proposed as an
alternative method to extract the fusion barrier distribution [Tim95]. It has been studied
both experimentally [Pia02] and theoretically. There are certain experimental advantages
to this method. That is, one does not need to be concerned about the complex processes
which may occur once the barrier has been crossed since it measures the flux scattered
back from the barrier. An advantage of measuring quasielastic scattering is that it requires
simple detectors since great resolution in mass, charge or energy is not needed. This has
been exploited by Piaseck et al., [Pia02] for relatively light systems using PIN diodes. A
further advantage of this method is that the use of detectors at different angles allows one

to study the reaction at different effective energies without changing the beam energy.

In the semi classical approximation, each scattering angle corresponds to scattering at a
certain angular momentum. To some extent the effective angular momentum can be
corrected by shifting the energy by an amount equal to the centrifugal potential as shown
in figure 3.1. Estimating the centrifugal potential at the Coulomb turning point R, the

effective energy may be expressed as:

2
Ey=E— A 2 3.1
2mR,,
Where I, (8) =qcot(6/2) 3.2
Where 6 is the scattered angle as shown in figure 3.2, and 7 is the Sommerfield [Fes92]
or Rutherford parameter given by
Z,7,e
n=—t"— 33
4me iy
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In this equation Z,, Z, are the charges of the target and the projectile respectively, and

e is the unit of charge.

V(r)

BI l\
- >
r
Figure 3-1: The Sharp cut off approximation estimated by Wong.

The scattering angle and the impact parameter directly affect both the fusion cross-

section and the effective energy of the system.

TN,
N

Figure 3-2: Mlustration of the scattered particle with the impact parameter b at an angle 8.

Substituting the Sommerfield parameter, equation 3.3 and the angular momentum
equation 3.2 in equation 3.1 yield;
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2

Z,7,e 2

Egy =E—| 2~ [—1—) —l—h%otz(a/z) 3.4
dme R, | \hv ) 2m

Since the mapping of inferest is the one where the effective energy is equal to the barrier,

Egq;=8B 35
where E g is the effective energyand B is the barrier.

Therefore equation 3.1 becomes

€

E
=E-—% cot?(9/2 :
Eg g o (6/2) 3.6

Which simplifies to the formula of the effective energy

Ea = 1+co§eEc(9/2) 37

Before the experiment was done, this formula was used to predict the most effective and
efficient way of performing the experiment. This was done by calculating the effective
energies for the entire scattering angle range between 140°and 180°. The effective

energies were computed in mapping steps of about 0.2 MeV as shown in figure 3.3.

This not only improves the efficiency of the experiment but also allows the use of a
cyclotron accelerator where the relatively small energy steps required for barrier
distribution experiment cannot be obtained from the cyclotron itself. The Barrier

distribution was in the past obtained by second derivative as a function of energy
d*(Eo) / dE? [Row91]. However, when measuring quasielastic excitation functions
the barrier distribution is given by

d(0gg /0)

D(E )=~
dE,
ef

3.8

where Esis the effective energy given by equation 3.7. Andres et al., [And88]

suggested this altemative method to determine fusion barrier distribution. This needs less
accuracy in the data since the first derivative gives the barrier distribution rather than the

second derivative.
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EXPERIMENTAL ADVANTAGES OF MEASURING QUASIELASTIC
SCATTERING
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Figure 3-3: The illustration of the conversion of the beam energy to the effective energy as a
function of the angle of the arm.
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3.2 DESIGN OF THE EXPERIMENT

The experiment to study the fusion barrier distribution for 8Kr + *®Pb reaction was
carried out at the cyclotron facility at iThemba LABS, South Africa. In the experiment a
beam of **Kr was accelerated and directed onto a 2®Pb target foil in which the nuclear
reactions took place. It has been pointed out in the literature that fusion probability
between heavy nuclei at low excitation is also sensitive to the nuclear structure of the
target and the projectile [Qui93]. The number of valence nucleons in the outer most shell
strongly affects the fusion probability by increasing the extra push as the number of these
valence nucleons increases [Sch91b]. These have made scientists draw the conclusion
that closed shell projectile and target are favorable candidates for synthesizing

superheavies [Ria00]. For these reasons a 38Kt beam was choosen.
3.2.1 Beam Requirement

Four different **Kr beam energies were used namely, 396 MeV, 410 MeV, 438 MeV and
450 MeV, which spanned the classical Coulomb barrier at 420 MeV. Each beam energy
was used for 56 hours (one weekend). We started with the 396 McV energy, where the

high count rate made it easy to setup the detectors.

In this measurement, the accelerator operator maintained a focused beam spot at the
center of the target with the aid of viewing a ruby (Al,O3) target in the scattering chamber
with a closed-circuit television camera. The ruby gives a visual indication of halo due its
scintillating characteristics. It has a 3 mm diameter hole at its center, which allows, the

beam spot size to be defined to less than 3mm in diameter.
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3.3 TARGETS

Various self-supporting target foils were used during the course of this work. The target
used and the target thicknesses are summarized in table 3.1. Figure 3.4 illustrates the

dimensions of the aluminum target ladder, which can hold five aluminum target frames.

© @ | @ © @] ©] 3 3
o o L < c@b

®© @le 6|l @l 3

234

Figure 3-4: Top view of the horizontal representation of the target ladder
illustrating the two different target holders mounted at five target positions.

The dimensions are in mm and the drawing scale is 1:2.

Target | Thickness in pgem™
Mpp |50

208 pr, 100

Empty

AL0, | 100

Au 100

Table 3-1: The targets used in this experiment.

The edge of the target frame where the %8

Pb target was mounted was attached with small
magnets to ensure that electrons were deflected away from the detectors, since electrons
could harm the silicon surface barrier detector and photovoltaic cells, detectors that were

used in this experiment. First a 100ggem™ self supporting Pb target was used but due to
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the low melting point of 2%*Pb, this target did not last long, it broke with only 0.143pnA
of **Kr beam on the very same weekend. As a result, the target used in this measurement
was made of a sandwich of 50 pem™ of *®Pb between 50 pem™ and 10pcm™ of 2C. The
energy lost in the target was 3.6 MeV. Since the *®®Pb is very easy to melt, a Gold (Au)
target was used to set up the electronics, since it has a higher melting point, is a very
good conductor, and is not easy to melt during the testing process. The main purpose of

the empty target was to measure the detector and electronic noise with the beam on.
3.4 SCATTERING CHAMBER

The experiment was performed in the 1.5 m diameter scattering chamber which is located
in the A—-line at iThemba LABS. The chamber has two independently movable detector
arms to which the detectors, preamplifiers etc can be attached. The target mechanism at
the center of the scattering chamber makes provisions for a target ladder, which holds
five different targets vertically aligned above one another. By remotely chang{ng the
height of the ladder, any of the five targets can be positioned in the beam. The target
ladder can also be rotated about its own vertical axis to select the target angle with
respect to the beam direction. The wall of the scattering chamber is well equipped with
several ports, which are used for various purposes. One port situated just above the beam
entrance is fitted with a perspex window to allow a closed-circuit television camera to
monitor the beam spot, which is produced by a scintillating target i.e. ruby Al;Os. The
other ports provide feed throughs for 50Q and 93Q2 BNC cables; high voltage (SHV)
cables and power supply cables used for the preamplifiers and detectors, which are
mounted in the chamber. Some of the ports, which accommodate BNC and SHC cables,
are located in the lid of the chamber. All the movable components inside the chamber, for
example, detectors arms and target ladder holder, can be moved to different angles with
respect to beam direction, using remote controls which are located both inside the
chamber vault and in the data room.
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Figure 3-5: Side ¢levation of the movable set-up inside the scattering chamber
that includes the vertically adjustable and rotatable target holder in the center and
both detector arms with one detector stand for display. The dimensions are in mm

and the drawing scale is 1:10,

A patch panel situated next to the scattering chamber, which is connected to a similar
panel in the data acquisition room, provides separate insulated 502 BNC, 93Q2 BNC and
SHV connections. Cable input to, and output from, the scattering chamber are connected
via the patch panel. Before any measurement can be done the scattering chamber had to
be pumped down to 10 mbar. This vacuum can be obtained by using three different
types of pumps. It is important to make certain that the O-ring is clean and is sealed
properly if the lid has been open. Initially, a rotary pump was used to pump the chamber

down to 10 mbar, followed by a turbo molecular pump that took it down to a pressure
10 mbar. Lastly, the Cryogenic pump was used to pump the scattering chamber down to
the required pressure of 107 mbar. The operating temperature for the Cryogenic pump is
specified to be less than 24K. Before the experiment, the pumping down took about 1.5
hrs. Afier all the measurements were completed the vacuum in the scattering chamber
was found to be 80x10™ mbar. Whenever the scattering chamber had to be opened (for
example to check if the target was still in good condition or to change the target) dry
Nitrogen gas had to be used to break the vacuum, which helped to speed up the pump

down process.
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3.5 DETECTORS

The photovoltaic cells and a silicon surface-barrier detector were the only detectors
which were used in this experiment. The twenty-five photovoltaic cells were arranged in

the detector holder as shown in figure 3.6.
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Figure 3-6: The twenty-five photovoltaic cells in the detector holder illustrating the geometric

layout of the photovoltaic cells relative to the beam direction.

In the middle of the detector holder, there is a hole, which was made to allow the beam to
pass through to the target. On top of the hole there were fourteen photovoltaic cells and
there were eleven photovoltaic cells below. The detector holder was designed such that
the eleven photovoltaic cells on bottom of the hole are symmetric to the first eleven
photovoltaic cells from the hole to the top, with respect to beam direction. The detector

holder with twenty-five photovoltaic cells was attached to the upper arm at the backward
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angle at a distance of 150 mm away from the target. Each photovoltaic cell was 9x10
mm’ in active area, resulting in a solid angle of 6.6 msr.

Figure 3-7: The experimental layout inside the 1.5m diameter scattering chamber illustrating the
twenty-five photovoltaic cells in the detector holder which was shielded on the upper arm, the
preamplifiers and the silicon detector inside the colliminator.

One reason for the photovoltaic cell arrangement was to acquire more data points;
therefore, for each beam energy the angle 6 of the upper arm was changed to different
angles namely 140°, 155°, 160°, 170°, and 180°. The photovoltaic cells were placed such
that they were at angles of 5° from each other. Therefore the angle of each photovoltaic
relative to the beam direction was given by

® = cos ! (cosf cosy) 3.8
where @ is the angle of an arm and y is an angle of an individual photovoltaic cell out of
the plane defined by the beam and the centre of the photovoltaic array. On the other arm
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there was a silicon-surface barrier monitor detector, which was inside a 1.38 cm diameter
colliminator, located at 272.62 mm away from the target. Therefore the silicon-surface

barrier detector subtended a solid angle of 2,02 msr to the target.

3.5.1 Photovottaic cells

When an energetic ion passes through a material it predominately deposits energy via the
Coulomb interaction with the material’s electrons, therefore it looses some of its energy
to electrons [Bra00]. The energy losses per unit path length in this process in the case of a
heavy ion is approximated by the Bethe-Bloch equation

% o Zz* 3.9

where Z is the atomic number of absorbing material and z the charge of the incident
particle in unit of ¢. The Bethe-Bloch equation shows that more energy can be lost by an
ion per unit distance if the atomic number is large; hence more electrons are liberated 1f a
heavy ion passes through the material. The photovoltaic cells are semiconductors, to

understand their operation, we begin by reviewing the physics of semiconductors.

In solid material elecirons fill different bands with different energy. The last filled band
is called the valence band and the next highest band is called the conductidn band. The
electrons that play a role in conduction, i.e. charge carriers, occupy the conduction band.
Electrons in a filled band cannot move, but they can jump to the next higher band if they
experience an appropriate energy. In a partially filled band electrons can move to occupy
the free states. In an insulator the valence band is filled, and the gap between the
conduction band and the valence band is big. The valence band in a semiconductor is
partially filted and the gap between the valence and the conduction band is very small. In
conductor materials the valence band is partially filled and the conduction band overlaps
the valence band. Because of the small separation between conduction band and valence
band in semiconductors, they behave like an insulator at low temperature T = 0K, since

there is no energy to raise electrons to the conduction band, but at high temperature
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T >0K they behave like conductors, since some of the electrons are raised by thermal
energy into the conduction band. This behavior makes the semiconductor a suitable
candidate in making photovoltaic cells. Semiconductors mainly have four electrons per

atom in their valence band. They can be classified into n-type or p-type and n-p junctions.

DR

| +1+ 1 +I+IF
S R R b L

P substrate

<

Figure 3-8:The illusiration of the process that takes place when an ion passes through the
depletion region of the photovoltaic cell. '

The n-type material is the semiconductor that is doped with an impurity element that has
five valence electrons, where four bond with other atoms from the semiconductor i.e
silicon and the other electron remains unbound in the material and plays a role in
conducting. The p-type is the one doped with an irhpurity element with only three
valence electrons, which bond with other three leaving one free hole which acts as a

charge carrier.

An n-p junction is formed when n-type and p-type materials are placed together. In the n-
p junction the electrons moves from the n-type to the p-type and the holes move from the
p-type to the n-type through the process of diffusion. The electrons that move across the
boundary combine with the hole and the depletion region (DR) is formed as shown in
figure 3.8.
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Since they are designed for detecting photons, the depletion region is very thin. An
energetic heavy ion will pass through the depletion region. The redistribution of charge
caused by the ion track creates a “funnel” [Bra00] through which electrons flow into the
depletion region to produce signal. The energy loss per unit path is proportional to the
atomic number of the ion, hence there is more funneling for heavier ions since more hole-
electron pairs would be created and collected by funneling. After the carriers in the
funnel have been collected the depletion region retums fo its stable state. Thus the
photovoltaic cell is sensitive to heavy ions and fission fragments since they have high

atomic number.

3.5.2 Silicon surface barrier detector

The silicon surface barrier detector was obtained formm the Qak Ridge Technical
Enterprises Corporation (ORTEC). In this detector, the center electrode of the connector
is supplied with a positive bias potential and provides a negative output signal. The

characteristics of the silicon-surface barrier detector are given below.

Active | Shaping | Noise Sensitive Electrode thickness | Sensitive Bias

area | time width Thickness | (ug.cm®) Depth Voltage

(mm’) | Constant | keV (pm) Aun | Al (min) pm | (V)
(ps) (FWHM)

300 0.5 9.1 27.6 40 40 31.2 20

Table 3-2: Properties of the silicon surface barrier detector.

Silicon surface barrier detectors rely on the junction formed between a semiconductor
and certain metals, usually n-type silicon with gold or p-type with aluminium. The one
used here was the one made of n-type silicon with gold. Because of the different Fermi
levels in these materials, a contact emf arises when two are placed together. This cause a

lowering of the band levels in the semiconductor as illustrated in figure 3.9.
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Figure 3-9: Formation of a Schottky barrier junction, and the schematic diagram of a surface
barrier detector {from Ortec), from [Leo87].

This situation is similar to the np- junction and a depletion zone extending entirely into
the semiconductor 1s formed. These junctions are also known as Schottky barriers and
possess many of the characteristics of pn-junctions. The depletion depth in a surface

barrier detector can be calculated using

1
2
d=1x, =(2£V°J 3.15

eNp
where € is the diclectric constant, e is the charge of the electron, N, is the donor

impurity and ¥ is the pontential.

With current high resistivity silicon, depths of ~ 5mm can be attained. Surface barrier

detectors can be made with varying thickness and depletion zone regions.

If the detector is not too thick, a fully depleted detector is possible. In that case the
depletion zone extends through the entire thickness of the silicon wafer. Furthermore by

increasing bias on fully depleted detectors, a gain in the collection times of the charges
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can be obtained resulting in a faster signal risetime. Like the photovoltaic cells, the
silicon surface barrier is sensitive to light. The thick gold covering is insufficient to stop
ambient light. Therefore, it was necessary to ensure that the inside of the scattering
chamber was kept free of light.

3.6 ELECTRONICS AND DATA ACQUISITION

This section deals with the electronic setup used in this measurement. The output of the
twenty-five photovoltaic cells and silicon monitor detector were each connected to their
own preamplifier. The function of the preamplifier is to provide an interface between the
detector and the pulse processing electronics; it serves as an impedance matcher by
providing a high impedance to the detectors while providing a low impedance output to
drive succeeding components, to amplify weak signals from the photovoltaic cells and to
shape the subsequent output puises. In order to reduce electronic noise, the preamplifiers
were placed inside the scattering chamber, strapped to the upper arm, on which the
detector holder with the twenty-five photovoltaic cells was mounted. Likewise in the

lower arm the preamplifier was placed close to the Silicon surface barrier detector.

The linear output signals from the silicon preamplifier were fed to a 572 amplifier then to
a linear gate and stretcher (LGS, Ortec model 542) then to the input of the 8077 NIM
Analogue to Digital Converters (ADC), (Canberra model 8077) (see figure 3.10). In order
to obtain a logic signal from the silicon detector, a second output from the preamplifier
was fed into the input of the timing filter amplifier (TFA 474), and then followed by a
constant fraction discriminator (CFD 934), which produced a fast logic pulse (see figure
3.11).

The output signal from each of the twenty-five photovoltaic cell preamplifier was fed to
sixteen channel CAEN N568 amplifiers which were used to supply both energy and
timing signals. The energy signal would be subsequently measured in the Silena 4418
ADC (seé figure 3.12); the timing signals were intended for gating of the ADC’s and
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‘dead time corrections. However, the photovoltaic cells proved to be vulnerable to pick up
of high frequency noise, evidently generated by the turbo molecular pumps, and it proved
to be impossible to use constant fraction timing. This did not affect the linear signals,
which could use a large shaping time to integrate the noise out. Instead, the linear signals

were also used to generate timing signals to gate the ADC’s.

Silicon Detactor Preampliifier Amplifier
572
Linear gate & stretcher TN
ADC
gate
8077

Figure 3-10: The electronic diagram for linear signals from the stlicon surface-barrier detector.
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Silicon Preampliier Timing Filter
Detector Amplifier
474
Contant Fraction Delay
Disctiminator
334
356AL —-'ITiﬂsi:Ig;ﬂ:gf?Ed K Linear Gate and Strefcher
From FAN O
Velo l AND Gate-and-Delay ; gate
~ generator

linear signal from 572 Amplifier

ADC
a0r7

Figure 3-11: The simplified electronic diagram for timing signal from the silicon surface-barrier

detector.

25 Photavaltaic cells

Preamplifier

CAEN M568
Amplifier

Silena
4418

ADC

Figure 3-12: The electronic diagram for linear signals of the twenty-five photovoltaic cells.
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25 Photovoltaic cells Preamplifier Amplifier
N568
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Discriminator Dual Gate Generator Silena
711 222 4284 A 4418
Veto - ADC
FAN IN - Trigger Moduia
4ggs ~ Mmaster L ) FAN OUT
gate event tringer
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Figure 3-13: The simplified electronic diagram for timing signal from the twenty-five

photovoltaic cells.
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Figure 3-14: The separate circuitry for the current integrator and pulsers.

The twenty-five timing signals were fanned in to produce a trigger signal at the 711
Discriminator. This signal gated the Silena 4418 ADC, and was then fanned in together
with the gating signal from the silicon monitor detector to produce a master gate that
activated the trigger module. The trigger module would initiate CAMAC and NIM read
out of the ADC’s. At the same time, the computer busy signal would inhibit further

acquisition by fanming out to veto inputs of the 711 discriminator (photovoltaic) and the

linear gate of the silicon detector (figure 3.11).

50



ELECTRONICS AND DATA ACQUISITION

Dead time correction was made by injecting pulser signals, scaled by the beam current,
into the photovoltaic and the silicon surface barrier detector preamplifiers, as shown in
figure 3.14. The function of the scalar is to count the number of events. One of these
scalars was inhibited by the computer busy signal as shown in figure 3.13. The
uninhibited scalar was linked directly to the electronic clock. By comparing the
uninhibited and the inhibited scalar readings during data acquisition, an estimate of the
dead time could be made. The dead time of individual detectors could be estimated by

comparing the number of pulser events recorded in the detector spectra with the scaler.

However because of the poor timing of the photovoltaic logic signals, the veto could
arrive at the wrong time at the linear gate, which resulted in errors in the scalers and in
dead time correction. This issue is further addressed in section 4.6.2. The purpose of the
pattern module (figure 3.13) was to register the type of event (e.g. the origin of a specific
event), for example whether it is an event from the photovoltaic cell or it is a pulser or a

non-pulser event.

3.6.1 Data Handling

The VME is the interface to the VAX data computer and this VAX did the online data
handling analysis. More details about the VME has been explained by John Pilcher in
[Pil96] and N.R Yoder in [Yod94]. All the software used to control the data is from the
XSYS system, which runs on the VAX VMS operating system. In XSYS, two program
files are run to handle data, namely the COM file and the EVAL file. The COM file
creates all the necessary data areas for the data to be stored (this includes data areas of
graphs). The EVAL code uses these data areas to sort and analyze the raw data from the
buffers. These raw data are stored to disk in data files and can be played back with
various software and offline sorting routines at a later stage to analyze the data, by using
the same COM and EVAL files. The EVAL file also does verification and analyzing of
the events. The EVAL files for this experiment were written by Dr. S8.V. Fortsch.
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CHAPTER 4 DATA ANALYSIS

4.1 DATA ANALYSIS

The count rate of the photovoltaic cells was decreasing with increasing scattering angle
relative to the beam direction. A véry clean spectrum was obtained at 396 MeV, which is
20 MeV below the Coulomb barrier of **Kr and *®®Pb. This was an indication of pure
Rutherford scattering. Figure 4.1 shows some examples of spectra obtained from a
photovoltaic cell which at different angles and energies. Since the eleven photovoltaic
cells below the plane were symmetric to the other eleven above, as it was explained in
section 3.5, detectors which were at the same angles were expected to count at the same
rate, as shown in figure 4.2. However, it was found for many runs that there were
unexpected discrepancies between the top and bottom photovoltaic cell counts, as shown
in figure 4.3. It was deduced that the discrepancies were caused by the beam being not
well aligned, disrupting the symmetry. Furthermore, the first three top photovoltaic cells,
which were not symmetric, were counting at an unexpected count rate. It was suspected
that they were shadowed by the small magnets on the target frame, as this was more
pronounced at low angles (for instance if the angle of the arm was at 140°). Therefore
these three photovoltaic cells were not considered during the analysis; hence the analysis

was done only with the twenty-two symmetric photovoltaic cells.
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Figure 4-1: The spectra from photovoltaic cell obtained at different beamn energies in the
Laboratory system.
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Figure 4-2: The illustration of the count rate of the photovoltaic cells, showing the approximately
equal count rate in symmmetric photovoltaic cells. The red and black data points are for the bottom
and top photovoltaic cells respectively.
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Figure 4-3: The illustration of the count rate of the photavoltaic cells, showing the discrepancy in
count rate in the symmetric photovoltaic cells. The red and black data points are for the bottom
and top photovoltaic cells respectively.
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For every run there was one spectrum obtained from the silicon surface-barrier detector.

Three peaks were observed in the spectrum obtained with the silicon detector, which was

at a forward angle.

Using the program called KINAMAT it was deduced that these peaks

correspond to the recoil Carbon, recoil Lead and the scattered Krypton, where the Kr is

the peak at highest channel; Pb is the middle and carbon at the lowest channel. The

carbon was due to the fact the target used was sputtered with carbon as explained in

section 3.3. The Kr peak was used for the normalization, which was the main purpose for

placing the silicon monitor detector at 40° in the forward angles.
26000 126000
- The spectra frem Si detector
E=410 MeV Angle=40°
22000 {22000
18000 118000
s
T
0
Q
10000 110000
6000 16000
2000 r‘/\ /\ J 12000
50 B0 20 . 0 a0 50
channel

Figure 4-4: The spectrum obtained from the silicon surface barrier detector,

The spectrum from the silicon detector was the same for all energies, except that there

was a difference in counts, which was increasing with increasing beam current. A

spectrum from the

silicon surface barrier is illustrated in figure 4.4.
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4.2 ANGULAR DISTRIBUTION

As the monitor detector was placed in the forward angles for the purpose of monitoring
the Rutherford scattering, it was then changed to different angles in order to check the
scattering variation with angles. Figure 4.5 shows the spectra obtained when the angular
distribution was done. It is clear that at large angles the scattering is diminishing, while at
very forward angles the peak showed a tail, indicating a contribution from inelastic
scattering. Therefore the monitor was placed at 40°, which is very close to the grazing
angle, 82.1° for the ¥Kr + 2%%pp, system, while still providing a high count rate to obtain

enough statistics for normalization purposes.
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Figure 4-5: The illustration of the unnormalized spectra when the silicon monitor detector was

placed in different angles, as indicated in each spectrum at a beam energy of 438 MeV,
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4.3 SOLID ANGLE RATIO

There is a difference in the surface area exposed by the detector in the laboratory frame
from that in the center-of-mass frame. This discrepancy is corrected by a factor named
solid angle ratio. Figure 4.6 illustrates the kinematics of nuclear reactions and scattering.

In the figures 4.6 Y and 4 are the lab angles and center-of-mass angle of the scattered

particles respectively, and {, ¢ are lab angle and center-of-mass angle of the recoil

respectively.
Scattered
o
Incideat $=n-0=2

Figure 4-6: illustration of the kinematics of nuclear reactions and scattering, from [Mar68].

From figure 4.6 it can be deduced that the lab angle of the scattered particles is given by

1’{; = MCEH(M) 4.1
sin @

And the center-of-mass angle of the scattered particle angle is given by

2

0=y+ arcsin(—glsin \,b) 42

The solid angle ratio of the scattered particles is given by
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TO RUTHERFORD SCATTERING CROSS SECTION

0(6) _sin’(Y)dy _sin®(¥)
o(y) sin’(0)dd sin’(8)

os(f —¢) 43

the lab angle of the recoil 1s given by
sin2¢

—_— 44
%} —cos2¢

tany =

hence the solid angle ratio of the recoil is given by

o(@) _sinfdf 1 45
o(¢) singdp 4cos¢ '

44 EXPERIMENTAL RATIO OF QUASIELASTIC SCATTERING CROSS-
SECTION TO RUTHERFORD SCATTERING CROSS SECTION

In order to arrive at the final experimental cross section, the number of counts in every
photovoltaic cell and the corresponding analyzed spectra from the silicon monitor had to
be converted to a relative cross-section. Since the photovoltaic cells could not identify the
particle type, the obtained cross-section is referred to as the quasielastic (the sum of the
elastic, inelastic and transfer reaction) cross-section. The quasielastic cross-section is

proportional to the number of counts, obtained from the photovoltaic cell:
N
( da) — (SAR)PV PV 4.6

dQjge  AQp Qtepy
do . . . .
Where | — |  1s the quasi-elastic cross-section
OF

Np, is the number of counts obtained from each photovoltaic cell spectrum by  taking

the peak areas.

€py is the efficiency of the photovoltaic cells

Q is the integrated beam current

t is the thickness of the target
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(SAR}py is the solid angle ratio of the photovoltaic cell

AQ ,, is the solid angle of the photovoltaic cell.

Likewise for the silicon-surface barrier detector, the cross section is given by
[ do’ ] _ (S4R)y N 47

dQ)p  AQ0Oteg :
Since the integrated beam curmrent and the thickness were common to both photovoltaic
cells and silicon detector measurements, Q¢ from equation 4.6 was substituted in equation
4.7 to obtain the quasielastic cross-section. These yield the formula used to calculate the
quasi-elastic cross-section:

do
Npy| - | AQgeq
PV[dQJR S§i©Si

() -
dQ ) oi NgAQpy€py

The ratio of the quasieclastic cross-section to the Rutherford cross-section, was obtained

mb/sr 48

through the Rutherford formula given by equation 4.9. The theoretical center-of-mass
cross-section for the Rutherford scattering is given by [Mar68].

2 2
ZZY(M, +M
(iii] =1.296] £ . _41 mb/sr 4.9
ad jp E M, sin (%5@,;)

cm

Where Z,, Z, are the charges of the projectile and the target respectively
E_,, is the energy in center of mass
M ,, M, are the masses of the projectile and the target respectively and 8, is the angle

n the center-of-mass.

Subtituting equation 4.9 into equation 4.8 yields

2 2
Z,7, Y (M, +M, 1
Npy 1296( = M 3 AQ e
a E, M, sin (lsj
QF _ [ - ! z 4.10
Oz NuAQpy€py

It was assumed that the efficiencies €, and €,, both equaled unity.
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4.5 CORRECTION OF THE MISALIGNMENT

Theoretically the ratio of the quasielastic cross-section to the Rutherford must be equal to
one, G,z /0, =1 at energics well below the barrier, and it should decrease monotonically

with increasing energy above the barrier. The lowest energy used in these experiments

was 396 MeV, which is about 20 MeV below the Coulomb barrier of 36Kr +2%pp,.

The resulting 0, / 0, is shown in figure 4.7. However, a large spread in the data points
is seen for a given energy. The data from the symmetric photovoltaic cells indicated that
the beam was not well aligned as is evident from figure 4.3. A misalignment in the
vertical direction (y) could be averaged out to first order by summing the counts in

photovoltaic cells at complementary angles. In the horizontal (x) direction, the monitor

detector was used to correct for misalignment.

x
1F ¥z 3
s emt
I ¥
¥
075 }— i% .
% 5.
© o5} = .
=
Y
Ty
025 | :
|
%70 280 ' 530 ' 300 310 ' 320

E_(MeV)

Figure 4-7: The data for the ratio of quasi elastic to the Rutherford scattering of *Kr + **Pb

before the correction of the bearn misalignment.
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Ideally one would compare the number of scattered Kr particles at +40° with those at

—4(". However since there was only one monitor detector, the number of counts in the
Pb recoil peak was used as a proxy for the number of Kr atoms scattered on the opposite
side of the beam. The exact scattering angle of the Kr was calculated from the
kinematics. In general this corresponded to about 76°. At these angles the scattering was
still Rutherford, as shown in figure 4.5. Therefore, a deviation from the Rutherford
Scattering Law would indicate a beam misalighment. If the change in scattering angle
due to a misalignment 6xin the x-direction is 88, then assuming pure Rutherford
scattering, and after correcting the number of counts, N, and Np, with their respective
solid angle ratios, we get

gk +53J

si 4[
(SAR)p, Npy _ 2

= 411
(S4R) g, Ny, . {efm +an
sm | ———

2
Where (SAR)p, and (SAR),, are the solid angle ratio of Pb and Kr respectively
82 is the angle of the Si monitor in the center-of —mass frame

8L s the angle of a Kr atom corresponding to the observed Pb recoil in the center-of -

cm

mass frame.
Equation 4.11 can be solved analytically for 60 to give

L R
Ksin—® —gin—“% :
80 =2arctan 2 2 4.12

cos—== — K cos—%
2 2
1

where K = (S4R) py Ny |* 4.13
(SAR) g, N,
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N
N

Ph

BL

BR

~76

o
ox

Figure 4-8: Ilustration of the position of the detected scattered particle and the recoils. Z is the

normal beam direction, aligned with the optical axis of the beam line, while Z ' is the actual beam
direction, due to misalignment.

Then, using the change in the scattering angle 80, the beam misalignment in the x-
direction was determined using equation 4.14, which was extracted from the geometry of

figure 4.8:
8x=R'cosa—RcosB 4.14

where the parameters R ,R,aand Srepresent the distance from the target to the silicon

detector after the deviation, the distance from the target to detector before deviation,
angles relative to the beam as shown in figure 4.8. Therefore the new angle of the silicon

detector can be determined by the product rule.

cosf =—z£- 4.15

2181

where the position vector are z =(0,0,1) and R'=(Rsin f3—8x,-0y, Rcos B)
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In the y ~direction an improved correction was then performed using the photovoltaic
cells. Figure 4.9 illustrates the position of a photovoltaic cell with respective to the beam
direction. The distance between the zand z' is the deviation in the x-direction. Before

any deviation the position vector of the photovoltaic cell was

PV =(Pcos(APV)cos(drm—90°), Psin(APV), Peos(APY )sin(Arm—90")) 4.16

f 1

P X

Figure 4-9: Illustration the position photovoltaic cell with respect to the beam direction.

After the deviation éxand 8y, the position vector of the photovoltaic cells is given by

equation 4.17

-3 .
PV ={Pcos(APV ycos(drm —90°) + &, Psin(APY) + 8y, Pcos(APY )sin(Arm —90"))
4.17

Therefore the angle between the beam direction and the photovoltaic cells can be

determined by the dot product of the position vector beam and the photovoltaic cell,

hence
-_tP-_)VI
z

cos) = 4,18
1PV
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The number of counts in symmetric photovoltaic cells was used to determine the
deviation in the y-direction. Since the number of count in each photovoltaic cell is given

by

N =2E) pna 4.19
aQ
_ do(t) -
N = one 4.20

where N"and N~ are the number of counts in the top and bottom photovoltaic cells

respectively and £, are the angles of the photovoltaic cells from the z' axis

do . . . . . . .
— is the cross section, Q is the integrated beam current, #is the thickness and AQis

the solid angle Then

+
N* _do(t,)/d 421
N~ do(£)/dQ

The cross section do(£,)/d<Q, as a first approximation, was taken as the measured cross-

section, uncorrected for the beam misalignment. Therefore

do(£)
dQ

Over small intervals, f(£) =mét +C, and equation 4.22 becomes

= f(§)ax(8) 422

N* mE, +c sin*E
N~ sin*g, mE +c

N*(sin'(g, +80))(m(5_—80)+c) _,

T, . 4 4.23
N™(sin"(£_ —80))(m((£, +80)+c)

where m is the gradient, c is the offset and 88 is the change in angle assuming that if the
beam shifts up it will move 66 towards every photovoltaic cell which was above and &6

away from all those below the reaction plane.

This equation was solved iteratively for 6¢ using a computer program from which 6y was

obtained. The original éx obtained using equation 4.12 assumed dy = 0. Using the new
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(x, y) co-ordinates for z', a new dx, dx , was obtained using equation 4.12. However,

8x did not differ significantly from &x to warrant further iterations. The resulting

Ogg /0, is shown in figure 5.1.
4.6 UNCERTAINTY ANALYSIS

4.6.1 Statistical uncertainty

The error bars on the data points in the cross-section represent the statistical error only.
According to Knoll [Kno79], if one assumes that the measurement has been drawn from a
population whose theoretical distribution function is a Gaussian distribution, one standard
deviation on the counts is equal to the square root of the total number of counts, so that

range of values N, *aor N,-iJA_Ti will contain the true number counts with 68%
probability. A Gaussian distribution was assumed for the peaks so that the error bars
represent +JN , where N is the number of counts. In order to determine the total
statistical error if x; are counts or related variables that are directly measured and for

which we know ¢, then the standard deviation for any quantity f derived from these

counts or variable can be calculated from

2
2 o 2

2 =YL | 424
d Z{.:(axj ‘ '

Where f = f(x;) represents the derived quantities. This equation is well known as the
error propagation formula and is applicable to almost every statistical error situation.
From equation 4.24 it can be shown that in the case of both multiplication and division of

counts x;to arrive to a quantify £, then the following expression for determining the
errors in £ is applicable

of =17 Z{fi) ] 4.25

X

I
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4.6.2 Systematic errors

The contributors fo the systematic error are the target thickness, beam energy, electronics
dead time and the solid angle ratio of the two types of detectors used, viz silicon and
photovoltaic cell. All the uncertainties that are assumed to contribute in the measurement

are summarized in tables 4.1 and 4.2.

Due to the poor timing of the phovoltaic detectors, the dead time correction became
unreliable and was therefore ignored. Because of the slow counting rate of the detectors
however, the dead time was negligible as shown below. The typical counting rate of the
photovoltaics was approximately 0.7Hz; for the Si monitor, it was about 140Hz. Each

event took 220 ps to process in the acquisition system, giving an average deadtime of
—2-2723 (0.7 x 25 + 140) = 0.39%

where 25 is the total number of photovoltaic.

Furthermore, since absolute cross-section were not measured, even this dead time would

largely cancel out in preducing the ratio ¢y / Op.

Energy spread due to: Energy in MeV
Loss in Ph 0.9

Finite solid angle in photovoltaic cell 0.8

Energy spread of the beam 1.6

Uncertainity in photovoltaic angle/ Beam 0.4
misalignment

Total (added in quadrature) 2.0MeV

Table 4-1: The uncertainity in the effective energy.
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Uncertainity in ¢, from Percent error
Silicon detector angle 0.05

Silicon detector solid angle 0.21
Photovoltaic cell solid angle 0.19
Electronic dead time 0.39

Total (added in quadrature) 0.63

Table 4-2: The uncertainity in the ratio of the quasielastic scattering to the Rutherford.

In this measurement there are two types of systematic errors, the first is the spread in
effective energy due energy loss in the target, finite solid angle in the photovoltaic cells,
energy spread of the beam and uncertainity in photovoltaic cell angle. The magnitudes of
these errors are listed in table 4.1. When added in quadrature a mean spread in energies of

2 MeV is expected.

The second is the cross-section 0 due to the silicon detector angle, photovoltaic cell

solid angle and electronic dead time. The sizes of the errors are listed in table 4.2,
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THE QUASIELASTIC RESULTS FOR 86Kr + 208Pb SYSTEM
CHAPTER 5 RESULTS AND DISCUSSION

5.1 THE QUASIELASTIC RESULTS FOR *Kr + 2®Pb SYSTEM

The data of the ratio of quasielastic scattering to the Rutherford scattering ¢ / 0 has
been analyzed. Figure 5.1 shows the data for 0, /0, after correcting for beam

misalignment. They correspond to centre-of-mass energies between 290 MeV and 320
MeV and scattering angles between 140° and 175°. As mentioned in section 4.2, it is

expected that g, / 0 =1 at energies below the barrier. There are a number of reasons

which may result in the cross-section not to be equal to the one predicted by the theory;
an overestimated of the monitor solid angle, (although this was checked); that the silicon
detector was not only measuring the Rutherford cross-section, but there is no evidence of
this in the spectra shown in figure 4.4; or that 396 MeV might not be well enough below

the barrier, and that Coulomb-nuclear interference is occurring.

The errors shown in figure 5.1 are only statistical, and are about less than one per cent. It
has been discussed in section 2.4.3, that the barrier distribution from the quasielastic
cross-section can be determined by taking the first derivative. In order to take the
derivative of the data it was necessary to smooth the ratio in energy. Before the data was
smoothed it was ordered in order of increasing effective energy Ecqs. Since the total error
was about 2 MeV the data were then smoothed over 2 MeV with a Gasusian weighting.
The Gaussian weighting is a moving average that produces a continuous function which
approximates the average curve that fits the data points. For each data points, the moving

average is generated by weighting the neighbouring points with a Gaussian:

—(exp i—exp k)?
%ai exp —
<O;>= oriom ] 5.1
D

where A is the width i.e 2 MeV.
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Figure 5-1: The data for the ratio of quasielastic to Rutherford scattering for *°Kr + **Pb.

5.2 EXPERIMENTAL BARRIER DISTRIBUTION

The data and the smoothed data are shown together in figure 5.1. The experimental

al’z)

barrier distribution was determined by taking the negative derivative, D(E, eﬁ) =~ 5
eff

of the smoothed data, and is shown in figure 5.2.
In order to understand the measured cross-section, the program CCFULL [Hag99] was

used to solve the coupled channels equations described in chapter 2. Dr Neil Rowley

performed the calculations.
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EXPERIMENTAL BARRIER DISTRIBUTION

In order to obtain the calculated barrier distribution shown in figure 5.2 the octupole-
phonon states (N, ) in the 20%py, target and the quadrupole-phonon states (N ;) in the

86Kr projectile were taken into account.
P
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1"
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Figure 5-2: Experimental and theoretical barrier distributions for *Kr + ***Pb. Also shown is the
theoretical barrier distribution smoothed over the same energy range (2 MeV) as the data. The

theoretical barrier distribution was obtained at N3 =3 and N, =2.

It was found that it was necessary to go to N, =3 and N, =2 in order to obtain

convergence of the results. The 5 state in the target was found to have a negligible

influence.
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There is a noticeable similarity in the structure of the barrier distribution obtained from
the CCFULL calculation and that from the data. The overall barrier structure from the
calculations is still similar to the barricrs obtained from data even when it smoothed over

the same energy range as the data of figure 5.1.As it has been discussed in section 2.4.2

theoretically the barrier weights should sum to unity, ED(B)dB =1. However, the sum

of the experimental barrier weights was only 0.62. In order to compare the experimental
and the theoretical curve, that is to extract the barrier weights that sum to unity, it was
necessary to renormalize the experimental barrier distribution by a factor of 1.6, the
inverse of the total experimental barrier weights. The total barrier weights of 0.62 imply
that the quasielastic cross section which was measured has included other contributions at

the highest energy. The value of o, / G, =0.38 at that energy is actually not quasielastic

scattering but 1s coming from some other process. Indeed the spectra of the photovoltaic
cells in figure 4.1 (b) start to show a contribution at high energies with an average energy
loss greatly exceeding the possible energy loss coming from the true quasielastic
channels accounted for in the renormalization calculations. The events seen in the
photovoltaic cells come from deep-inelastic collisions (DIC). Dr Neil Rowley, in his
presentation in St Petersburg, Russia proposed a theoretical method to remove these
unwanted events. Using the fact that the deep-inelastic collisions happen after the barrier
has been crossed; their cross-section should be proportional to the capture cross-section.
In attempt to effectively remove this part of the cross-section the experimental data was

manipulated as follows:

The deep-inelastic collision cross-section can be expressed in terms of the capture and the

quasielastic cross-section by equation 5.2.

o a Jor
DIC o ~C =1— 0 52
Tr Og Or

Assuming k to be the proportionality constant, equation 5.2 can be written as:

Ioic =k[ ——GQE) 53
Op Op
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The acquired experimental cross-section is given by

0, Tpic+0pg
0z Oy

54

It therefore follows that the quasielastic cross-section can be obtained by

Oor _04 9pic 5.5
O Op Op '

substituting the deep-inelastic cross-section by equation 5.3 in equation 5.5 gives

Gor _ 04 gl Z0e 5.6
Oz Op Op
which simplifies to

Yor _ 04/0x—k
g 1-k

57

Taking k& to be the lowest acquired cross-section at higher energies, k =0.38 equation
5.7 becomes

Ogr  0,/0, —0.38
Or 0.62

5.8

In this way the pure quasielastic cross-section has been extracted from the acquired cross-
section which was contaminated with the deep-inelastic collision cross-section. This yield

the quasielastic scattering cross-section shown in figure 5.3.

The width of the fall-off region of the true quasiclastic scattering is then seen to be rather
well reproduced by the CCFULL multi-phonon-coupling calculations, and possibly even
some of the detailed structures seen in figure 5.2. This interpretation is supported by the
large-angle photovoltaic cell which show the quasi-elastic peak, evident at low energies

figure 4.1 (€), being swamped by the deep-inclastic contribution at the highest energies.
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Figure 5-3: Comparison of the theoretical quasielastic cross section with the proposed theoretical

removal of DIC events and the uncoupled calculation.
5.2.1 Extracting pure quasielastic

Knowing that the events recorded on the photovoltaic cells at the higher energies are
mostly from deep inelastic reactions, an attempt was made to separate the in€lastic events
from the DI events in the photovoltaic cells spectra. First a Gaussian was fitted to the
pure elastic scattering events at energies below the barrier (EL.s=396MeV and E,,=410
MeV) for each photovoltaic cell. These determined an energy calibration, and also the
width of the quasielastic peak. Then quasielastic events at higher energies (Er.v=429
MeV, Er.,=438 MeV, EL ;=450 MeV) were obtained by fitting a Gaussian with position
fixed at that predicted by the energy calibration from the pure elastically scattered events,
at low energies. The width of the Gaussian was also fixed to the width found at energies

below the barrier. Using this method the ratio of the quasielastic to the Rutherford was
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obtained as shown in figure 5.4. This result is in excellent agreement with the cross-
section predicted assuming that the deep inelastic cross-section is proportional to the

capture cross-section.
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Figure 5-4: The figure compares the cross-section ratic obtained when using different methods of

extracting the deep-inelastic collision events from quasielastic events.
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CHAPTER 6 SUMMARY AND CONCLUSION

The work presented in this thesis is based on a measurement of fusion barrier distribution
performed at iThemba LLABS, South Africa. This is one of the attempts to obtain the
capture cross section by exploiting unitarity, that is by measuring the flux reflected from
the barrier at large angles. This is the first time that the barrier distribution has been
measured in this way for such a complicated and heavy system. It was found, however
that there are complications arising from events in the detectors coming from deep-
inelastic collisions. An approximate experimental method was proposed to unfold these
deep-inelastic collision events. These results strongly imply that deep inelastic scattering
can be understood as a process that occurs after the barrier has been crossed, and that the
remaining quasielastic channel can then be well described by coupled channels

calculations.
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