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"Time is the cruelest force of all.”

Cizin Liu, Death’s End
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Resumo

Reacgoes nucleares envolvendo ntcleos ricos em néutrons desempenham um papel
crucial no estudo da fisica nuclear, astrofisica e tecnologia nuclear. Nesta tese, investig-
amos o comportamento de nicleos ricos em néutrons em reacgoes nucleares usando algumas
ferramentas teodricas. Canais acoplados, canais de reacao acoplados e canais acoplados
discretizados em 3 e 4 corpos (CDCC) sao usados com sucesso para descrever reagoes
envolvendo um grande nimero de sistemas. Este trabalho aplica esses métodos em alguns
sistemas e, quando possivel, compara os resultados com dados experimentais.

Este trabalho analisa as secoes de choque eldstica, inelastica, de transferéncia de
um néutron (stripping e pickup), fusao completa e incompleta para o sistema ?Be+'97Au.
Dados experimentais foram relatados para todos esses mecanismos de reacao. Calculos
de canal acoplado foram usados para determinar as segoes de choque elastica, inelastica
e de transferéncia. Calculos de canal de reagao acoplada foram realizados para derivar as
secoes de remocao e captura de um néutron. Calculos de canais acoplados discretizados
em 3 corpos foram usados para determinar o efeito do canal de quebra em outros mecanis-
mos de reagao. A fusao completa e total mostraram-se suprimidas acima e incrementada
abaixo da barreira Coulombiana em comparacao com a Universal Fusion Functions.

Além disso, a influéncia dos efeitos de camada na fusao de nicleos de massa média
é explorada usando cadeias isotépicas de fons K e Ar em um alvo de oxigénio e silicio.
A secao de choque de fusao para os projéteis de camada de néutrons fechada é menor
do que para a camada de néutrons aberta. O potencial de Sao Paulo nao mostra uma
boa descricao para os dados experimentais. Para o alvo de oxigénio, o uso de densidades
mais realistas obtidos através de uma abordagem Dirac-Hartree-Bogoliubov melhora sig-
nificativamente a descricao dos dados experimentais. No entanto, para o alvo de silicio,
subestima significativamente a secao de fusao para nicleos de camada aberta.

Finalmente, para descrever a reagao envolvendo o projétil instéavel e rico em néutrons
6He e os alvos 2%8Pb e ¥7Au, é aplicado o CDCC de 4 corpos. Para discretizar o
continuo, sao usados métodos bin. Nesse tipo de discretizacao, é necessario truncar o
hiper-momento. Por causa disso, é feito um estudo sistematico da importancia do hiper-
momento maximo considerado nos observaveis. Alguns dados experimentais para a se¢ao
de choque eléstica para esse sistema sao relatados, e é observado um bom acordo entre os
dados experimentais e os célculos tedricos.



Abstract

Nuclear reactions involving neutron-rich nuclei play a crucial role in studying nu-
clear physics, astrophysics, and nuclear technology. In this thesis, we investigate the
behavior of neutron-rich nuclei in nuclear reactions using some theoretical tools. Coupled
channels, coupled reaction channels, and 3- and 4-body continuum discretized coupled
channels (CDCC) are successfully used to describe reactions involving a large number of
systems. This work applies these methods in some systems and, when possible, compare
the results with experimental data.

This work analyzes the elastic, inelastic, one-neutron transfer (pickup and strip-
ping), complete and incomplete fusion cross sections for the “Be-+'9"Au system. Exper-
imental data were reported for all these reactions mechanism. Coupled-channel calcula-
tions were used to determine the elastic, inelastic, and transfer cross sections. Coupled
reaction channel calculations were performed to derive the one-neutron stripping and
pickup cross sections. The reduced complete and total fusion were found to be hindered
above and enhanced below the Coulomb barrier compared with the universal fusion func-
tion.

Also, the influence of shell effects on the fusion of mid-mass nuclei is explored using
isotopic chains of K and Ar ions on an oxygen and silicon target. The fusion cross section
for the closed neutron shell projectiles is smaller than for the open neutron shell. The Sao
Paulo systematic does not show a good description for the experimental data. For the
oxygen target, using more realistic densities from a Dirac-Hartree-Bogoliubov approach
significantly improves the description of the experimental data. Yet, for the silicon target,
significantly underpredict the fusion cross section for open-shell nuclei.

Finally, to describe the reaction involving the unstable neutron-rich ®He projectile
and 2°Pb, and '°TAu targets it is applied the 4-body CDCC. To discretize the continuum
it is used the bin methods. In this type of discretization, it is necessary to truncate the
hypermomentum. Because of that, it is made a systematic study of the importance of the
maximum hypermomentum considered in the observables. Some experimental data for
the elastic cross section for this system are reported, and it is observed a good agreement
between the experimental data and the theoretical calculations.
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Chapter 1
Introduction

The divisibility of the matter is a subject that has fascinated humanity since an-
tiquity. Atomism was a natural philosophy that proposed that the universe is composed
of fundamental, indivisible components, the atom. This concept appeared separately in
both ancient Greek and ancient India. In India, some philosophical currents defended
the idea of atomism. For the Greeks, Democritus (546-460 B.C.) idealized a minor di-
visible part of the matter. This conception was largely diffused by natural philosophers,
mathematicians, and later physicists. However, most of the time, without any empirical
proof. Nevertheless, this concept led to a discovery even in math with the idealization of
a mathematical atom, the infinitesimal number that led to the creation of calculus [11].

The first big step of the atom idea in physics was the discovery of radiation by Bec-
querel (1852-1908) in 1896 [12]. This discovery earned him the Nobel prize in 1903, with
the Marie Curie (1867-1934) and Pierre Curie (1859-1906). Later, J. J. Thomson (1856-
1940) showed that cathode rays were composed of negative particles called electrons [13].
That was followed by the discovery of the atom in the plum pudding model [14].

Ernest Rutherford (1871-1937) proposed that the positive charge of the nucleus is
concentrated in a small region in the center of the atom, the atom nucleus [15]. Also,
Rutherford realized the transmutation of matter [16], which can be considered the begin-
ner of nuclear physics and the death of the idea that the physical atom was indivisible.
Still, in the standard model, the concept of an atom exists, but in physics, it is called
an elementary particle. The elementary particles are particles that do not have any sub-
structure. In other words, particles are not composed of other smaller particles. However,
some researchers are still looking for substructure in the actual elementary particles, and
one famous example is the string theory.

In the last century, many discoveries have been made in nuclear physics. However,
we still need a global model that includes all the nuclear phenomena, motivating the hard
effort of many scientists to investigate that area. The vast applicability boosts investment
in nuclear physics. Since it has many applications, like the dating by radioactive isotopes,
carbon dating was used to measure the age of many objects and lead dating that was used
to determine the Earth’s age. In medicine are used for the treatment of cancer, detection
of diseases using radioactive isotopes, and others.

Another area in which nuclear physicists are interested is astrophysics. The nu-
cleosynthesis of the light nucleus is very important to understand the primordial Uni-
verse [17]. The formation of hydrogen, helium, and perhaps lithium nuclei is due to the
combination of protons and neutrons in the initial minutes of the universe when the av-
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erage thermal energy is about 1 MeV. On the other hand, the hydrogen burns inside the
stars, winning the gravity force and maintaining the star structure. This amount of en-
ergy released in the stars results from several nuclear reactions, such as the proton-proton
chains, that is, the conversion of 4 protons (and two electrons) in one alpha(a) particle,
two positrons, two neutrinos, and 26 MeV of released energy. Other chains are the CNO
and Triple-a. It is important to note that chains are composed of a few direct nuclear
reactions. The synthesis of the heavier nucleus is essential too. In this synthesis, the
unstable and weakly-bound nucleus plays an important role. In this way, this shows the
need to know the probabilities of the reactions with these nuclei.

Nevertheless, it is very difficult, or even impossible, to directly study stars and
the primordial universe. Because of that, researchers use particle accelerators that can
simulate this extremes situations. In these accelerators, when a nuclear particle beam,
the projectile, interacts with other nuclei, the targets, many processes can occur. One
example is elastic scattering. This is the most likely reaction, and it is susceptible to the
nuclear potential on the nucleus’s surface. Theoretically, nuclear physics commonly uses
this type of scattering to test the suitability of the potential. Other examples are the
fusion process which depends on the behavior of the imaginary part of the potential near
the barrier (in fact, in the internal part of it); the inelastic scattering, where the projec-
tile and target can be excited depending on other quantities like the electric transition
probabilities B(FE\); the breakup and rearrangement reactions that strongly depend on
the structure of the interacting nuclei. These examples of reactions can be used to check
the theoretical models of nuclear structure and nuclear reactions upon the convergence of
some quantities that must be truncated.

The dynamic of nuclear reactions is very complex, involving many interactions and
many degrees of freedom. Because of that, one has to apply some approximations like
to use effective interactions to obtain numerical results when allowed by computational
limitations. One of these methods is the optical potential calculations that use a complex
potential to take into account, effectively, thought polarization potentials, the reactions
that are not included explicitly. This method was a significant advance allowing calcu-
lating the elastic and reactions cross section for several systems. Another significant step
is the coupled channel(CC) method. In this method, it is possible to explicitly consider
the excited states of the nuclei in the reactions, allowing the theoretical calculation of
the inelastic cross section. However, another critical mechanism in the nuclear reaction is
the transfer. To calculate the observables related to these channels, the coupled reaction

channel (CRC) method was developed.

Some projectiles have closed structures with low binding energies. They can
breakup when they interact with a target. The continuum discretized coupled chan-
nel (CDCC) method [18,19] can be used to describe this type of reactions when the
collision of a weakly-bound nucleus populate states in the continuum, as ®8He [20, 21],
6.1 [6,22,23], 9Be [2,5-7,24-26], and ®*B [27]. The three-body CDCC has been largely
used in systems where one nucleus breaks into two fragments [28-38]. However, some of
the weakly-bound nuclei shows a Borromean structure composed of three particles where
any subsystem of two particles is unbound. In these systems, a four-body treatment needs
to be employed.
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The four-body CDCC formalism was first developed using pseudo-state meth-
ods [39-41]. However, for reactions on heavy targets and at energies around the Coulomb
barrier, convergence problems might appear, and a more detailed description of the low
continuum spectrum is mandatory. To solve this problem, the four-body CDCC formal-
ism developing the binning procedure for three-body projectiles was presented in Ref. [42].
The binning procedure was developed using the hyperspherical coordinates, making neces-
sary the truncation in the number of hyperspherical momentum K, which determines the
maximum relative orbital angular momenta included in the calculation. The convergence
with the maximum hypermomentum must be studied since it can generate inaccurate
results for some observables.

Although several nuclei have already been studied, those far from the stability line
present unknown features from the experimental and theoretical points of view. In this
way, the reaction involving neutron-rich nuclei can be fascinating. The light ones can
show peculiar structures. This call for a more sophisticated theoretical approach. One
example is the ®He, where the four-body CDCC should be used. In other cases, the
neutron-rich nuclei present the shell quenching [43], where the ground-state structure is
modified, leading to new magic numbers [44].

The present thesis is devoted to the study of the reaction mechanisms involving
light neutron-rich projectiles and the static and dynamic effect of its low-binding energy
on other reaction mechanisms. Firstly, we are going to study in detail the reaction involv-
ing the neutron-rich *Be projectile colliding with 1°7Au targets. Although the *Be nucleus
is stable, it is weakly bound, easily breaking in the presence of an external potential. The
9Be can breakup into n + 2« with a separation energy of 1.665 MeV, which is comparable
with the energy of the first excited state at 1.68 MeV, or into a+°He with a separation
energy of 2.47 MeV. Therefore, in reactions involving this beryllium isotope, the breakup
channel must be treated carefully, mainly when one wants to analyze the transfer reac-
tions because the formation of a final nucleus can occur by the stripping process or by the
breakup followed by fusion. The breakup might also affect the elastic cross section, most
commonly suppressing the rainbow peak [45,46].

We also perform a systematic study of the fusion in the mid-mass neutron-rich nu-
clei. We are going to discuss the impact of realistic charge and matter density on the fusion
cross section, and the relevance of the coupling with the transfer channel. To this, the the-
oretical calculations are compared with the experimental data for 39414547 3644 Ay 16()

and 39414547 3644 Ay 4 28Gj gystems.

Another objective of this work is to study the He4-28Pb,17 Au reactions by means
of four-body CDCC calculations. The ®He projectile is considered a system formed by
an inert alpha particle plus two neutrons in this work. As discussed in the sec 6, the
SH projectile has a single bound state with a binding energy of 0.973 MeV, total angular
momentum J™ = 0", and a narrow resonance at 1.792 MeV over the ground state, with a
width of 0.113 MeV, and total angular momentum J* = 2. The reaction *He+2"*Pb has
already been studied in the literature, and the four-body CDCC method has shown to be
a powerful tool to describe the elastic angular cross sections [42]. Also, the three-body
CDCC has been successfully used to describe the °He as an alpha particle plus a dineu-
tron [47,48]. Nevertheless, the accuracy of the present calculations to describe other than
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elastic scattering quantities has not been tested. This will be done in the present thesis.

For the treatment of the breakup, some methods are developed to discretize the
continuum as the bin method [42,49] or pseudostate (PS) method [40,41]. The CDCC
using the PS method shows good results for treating breakup processes for two-body pro-
jectiles. In these cases, the PS method has two advantages: no need for the exact wave
function for the projectile and easy calculations of the Gaussian bases [39]. The three-
body projectiles using the PS method has been used with a reasonably good description of
the elastic scattering data [50,51]. However, some convergence problems arise in reactions
involving strong Coulomb interactions [42]. The CDCC using energy-bin technique can
be an alternative for these cases.

In the CDCC calculations, the dynamics of the nuclear reactions is described with
a significant number of degrees of freedom. Any coupled channel calculation method
truncates the model space for numerical reasons, and the consideration of effective poten-
tials is required. In the CDCC calculations, using the energy-bin method, this occurs in
the truncation of the maximum hypermomentum and in consideration of potentials that
describe the interaction of the projectiles- fragments with the target. For these reasons,
comparing the theory with some observables is necessary.

Some of these observables are hard to measure experimentally. One example, is the
reaction between “Be and '*”Au when the residual nucleus *®Au is measured. The forma-
tion of 1% Au can occur through a transfer process or by the breakup of ?Be into two « plus
one neutron and then the absorption of the neutron. From the experimental point of view,
these two different processes led to the formation of the *®Au. However, these processes
are very different. Some theoretical techniques have been developed to overcome this is-
sue, such as the Ishimura-Austern-Vicent (IAV) model [52], based on the spectator model.

How with the availability of different theoretical methods to describe observables
and due to the difficulties of measuring these observables, it is interesting to check upon
the validity of these models. It is also interesting to determine the accuracy of these
models to predict cross sections. In some reactions, including more detailed models shows
a better description of the reaction mechanism [48]. Nevertheless, some of these methods
can not be implemented in any reaction. The 4-body CDCC is used in the reaction involv-
ing a weakly bound nucleus that breaks into three fragments. If more than one fragment
has a charge, the solutions of the intrinsic wave functions become more complex, and the
discretize bins methods become more difficult to implement. However, the bin methods
can better describe the reaction for simpler cases, such as the ®He and ''Li. In the case
where more than one fragment has a charge, as in the ?Be case, the transformed harmonic
oscillator (THO) method to discretize the continuum can be a good solution to account
for the structure of the nucleus.



Chapter 2
Coupled channels and Coupled reaction channels

2.1 Nuclear scattering

When dealing with quantum systems, comparing the theoretical predictions and
the real behavior of nature is quite complicated. In quantum theory, not all quantities can
be directly measured. One example is wave functions. In general, they are related to the
dynamics of the quantum system, yet it is not an observable. In other words, measuring
the wave function in nature is impossible. However, other quantities of the states of the
quantum systems, such as energy or parity, can be measured.

Even if the quantity is an observable, this does not mean it is easy to measure. So,
one question remains: how to measure the observables of a quantum system? The most
straightforward answer to this question is with some interactions. In this sense, one of
the observables that nuclear physicists are concerned about are the cross sections.

In the simplest way, the cross section is related to the probability that a given
particle is detected in relation to other particles. For example, the Rutherford elastic
cross section is related to the probability that an atomic nucleus will be deflected to a
given angle during a Coulomb interaction with another nucleus. However, a good nuclear
scattering theory is necessary to determine the cross section of some processes in a nuclear
reaction. This section purports to provide the basis for this scattering theory.

To start describing the nuclear reaction, we want needs to solve the usual task,
find eigenstates and eigenvalues of a Hamiltonian. For this purpose, we will look at the
time-independent Schrédinger equation with a spherically symmetric and finite potential.
The sphericity assumption rises that we expect that the nucleus is spherical. This is not
true for a large number of nuclei. However, it is a good first-order approximation. The
finitude of the potential is expected for the nuclear potential as a short-range potential.
However, the Coulomb potential has a long-range interaction. This implies a specific
boundary condition to the wave functions. The Schrodinger equation for this problem
can be written as,

[T+ V — EJW(R,0,6) =0, (2.1)

where T is the kinetic energy operator, F is the energy of the relative motion in the center
of mass system, and V' is the potential. The kinetic energy operator can be writen in the
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L2 is the square of the angular momentum operator,
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If the beam direction is along the z-axis, the equation does not depend on the ¢ coordi-
nates. That is, the eigensolution of the z components of the angular momentum operator
is zero, showing a cylindrical symmetry. Furthermore, as the potential was considered
spherical, the Hamiltonian commutes with the momentum vector operator. Thus only
the polar (#) components matters in the wave functions ¥(R, 0, ¢) — ¥(R,60). Now the
problem is,

[T LV - E} W(R,0) = 0. (2.4)

The wave function can be expanded using the following linear combinations

where u;(k, R) is the modified radial wave function, Y, is the usual spherical harmonic,
and Cj,, is an appropriate normalization factor. Using these expansion in the eq. 2.4 we
have,

h? ~ (K, R)
[_—v —i—V—E}A%C&mYZm(R) 5B

—>/dQY// qu{ gv LV E} LR)MER) g o

kR
1+ 1)
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This equation corresponds to a one-dimensional Schrédinger equation with a repulsive po-
tential with infinite strength at negative R-values plus the effective L-dependent potential.
Also, it is possible to write the wave function in the form:

¥(k,R) = ¢(k,R) + ¥*(k, R). (2.7)

Using the Ricatti-Bessel function, jl(k’r), the first term is the free particle state wave
function and can be written as:

¢(k,R) = 3/2247r i R)”lgi). (2.8)



And in the limit where R — oo,

Z_+5 7., (2.9)

with

A~

Z_ = 2”{;2471' I‘% lm R)

Zy = ﬂ DAY, (R)Yim(R).
Im

In the asymptotic limit, the free particle state wave function corresponds to the superpo-
sition of an incoming spherical wave with amplitude Z_ and an outgoing spherical wave
with amplitude 7.

(2.10)

The asymptotic limit of the scattered wave has the form

1 eikR
The scattering wave function in the asymptotic limit, can be written as
—ikR oihR
vk R) & =2+ 2. (2.12)

It is important to note that the outgoing amplitude has contribution from the ¢ and ¢.
However, the ingoing wave has only the contribution from ¢. Because of that, only the
outgoing amplitude should be modified,

Zy =Zy + f(6)
1 . ~
g Y Vi (R). (213)

Also is possible to write the scattering amplitude in terms of the S-matrix,

Zy = MZM R)Yim(R)S). (2.14)

Setting the two forms of the scattering amplitude we get:

= o Z ATY (R) (S, —1). (2.15)

It is known the following property:

4 . /n A
Picost) = 5 > Vi (R)Yim(R). (2.16)

That is true if 6 is defined as 6 = cos™ (& - f{) S0, eq. 2.15 can be written as

F(0) = 5 321+ D) R(cost) (S~ 1). 2.17)



With the scattering amplitude we can find the elastic differential cross section,

o(6) = g—g _ 51]{ ;@z +1)P(cosb) (S, — 1)| . (2.18)

It is important to remember that to calculate the scattering amplitude, we pur-
posely hide some indices. This index and quantum number are related to the angular
momentum and projection of the angular momentum. We must sum over all the indices
to find the elastic differential cross section. The cross section will be discussed for others
reactions, such as transfer and fusion, in the following sections.

2.2 The S-Matrix

One important ingredient of scattering is the reflection coefficient. The S-matrix
is a matrix related to the reflection coefficient between the initial and final state. It is
possible to describe the S-matrix elements by the phase shift of the outgoing wave with
the respect of the incoming wave due the effect of the potential, oy,

Sy = %ot (2.19)

It is important to note that the |S L|2 is the survival probability. If the potential is real,
IS.|? = 1, and the phase shift is real. If the potential is complex, |S.|* < 1, and the phase
shift is complex. Also, the phase shift can give us information about the potential. When
the real part of the phase shift is positive, the potential is attractive, when negative, the
potential is repulsive, and, for the phase shift equals zero, there is no potential.

Furthermore, one can write the d; as a sum of a Coulomb,o(n), and a Coulomb-
distorted nuclear phase shift, 47. The S-matrix can be written as:

S, = e?ormgly. (2.20)
Using the follow relation one can rewrite the scattering amplitude,
621'6L 1= (62iaL(77) . 1) + 621'0'L(77) (622'52 . 1) ’
— f(0) = fc(0) + fu(0),

S fo(0) = glk S(2L + 1) Py (cost) (270 — 1) (2.21)

1 A
— fu(0) = 5k Z(QL + 1) Py (cosf)e®or™ (87 — 1) .
L

In this way, the cross section is,

o(0) = f(O = [ fc(0) + fu(0)’ (2.22)

The contribution of the Coulomb scattering diverges for small angles, since

772

~ 4k%sin (0/2) (2.23)

URuth(@)



it is commom define a observable that becomes unity at small angles:
_ fe®) + f(O)
|fo(9)”

This observable is one for small angles, because the particles scattered in this angle did
not pass close to the nucleus and not suffer the action of the nuclear potential.

0(0)/orun(0) (2.24)

2.3 Optical Potential formalism

Although elastic scattering is expected to be the most important reaction in nuclear
interaction, others channels can be relevant in some cases. Even when ones to estimate
only the elastic cross section, the coupling with these other reaction channels can dras-
tically change it. A large number of reactions: inelastic, fusion, transfer, and others,
are difficult to take into account either by computational problems or lack of satisfactory
theoretical models. These mechanisms created a headache for the nuclear physicist trying
to describe the dynamics of nuclear scattering.

Consider a nuclear potential U(r) describing the interaction between the projectile
and the target. When these projectiles interact with the target, many channels can be
accessed. If the model wave function considers the expansion in some of the basis states
of the intrinsic Hamiltonian, an effective potential that considers the truncated channels
is mandatory. In this way comes the analogy with refraction, when the waves pass from
one medium to another. When refraction is treated realistically, the refraction index for
this interaction treated with an effective potential U(r) has to be a complex number. The
real part of the index describes how the light is transmitted and the imaginary how it is
absorbed by the medium. In this sense, the effective optical potential has to be complex.
The real part of the potential deals with the scattering of the projectile. The second one
is related with the absorption of flux.

The optical formalism can simplify the large number of reaction using a complex
potential in the form:

U(r) =V(r) —iW(r), (2.25)

The V(r) is the real part of the potential and W (r) the imaginary part. In this way,
the Hamiltonian is not Hermitian, that is, if the W(r) < 0 that the potential absorbs
flux. Inserting this potential in the Schrédinger equation, one can derive the continuity
equation:

0 2
a Y — W, 2.26
Vej g = W (2:26)
Above, j is the probability flux, and v is the wave function. Also, it is possible to see

explicitly that W (r) < 0 is taking away particles. Assuming that |@/}|2 is constant in time,
the number of absorbed particles can be calculated as:

2 2 3 _2
No= 3 [ WP ¢ =3 @lW). (2.27)
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We can calculate the absorption cross section by dividing the number of absorbed particles
by the incident flux,

70 = 2 (W1 19, 2.25)

where, 2/hv = k/E. This shows that this method has a good theoretical ground, although
it is essential to remind that the optical model is concerned with effective interaction. In
some cases only the elastic scattering is retained and effectively all the other channels is
accounted by the optical potential. This one-channel calculation is usually recognized as
optical model approach. When the inelastic channels are included, it is called the gener-
alized optical model, and it is used in the Coupled channels calculations. Nevertheless,
the nuclear potential’s final form is unknown, so one must consider effective potentials to
describe the reactions dynamics.

The Woods-Saxon form for the nuclear potential has been largely used in the
literature for the real and imaginary parts. For the imaginary part, it is common to
use a surface potential (the derivative of the Woods-Saxon potential) to consider direct
reactions because they are concentrated at the surface. The Woods-Saxon potential can
be written as:

Vo

Vi) = 1+e~8/a’

(2.29)
where V5, R, and a stand for the depth, radius, and diffuseness of the potential, respec-
tively. R = T0<A11;/ A / %), with 7o is the reduced radius, and A, and A, are the mass
number of the projectile and target. Although widely used in the literature, the Woods-
Saxon potential has some ambiguities due to the six free parameters (three in either real
and imaginary part of the potential) that must be adjusted to describe the cross sec-
tion. A few attempts to relate its parameters to more fundamental quantities have been
done. For protons and neutrons scattering on ions, Koning et al. [53] have proposed a
global parametrization with a smooth dependence on energy of the depth and on the mass
number for the geometrical parameters. Others models attempt to describe the energy
dependence of the ion-ion potentials, and the Sao Paulo potential is one of them [54].

2.3.1 Folding potentials

One way to consider the microscopic structure of each nucleus is through a po-
tential that considers the interaction between two nucleons of each nucleus. This can be
realized if the interaction between the nucleons is known. If one of the interacting nuclei
is considered structureless (considering it as a close core, this is a good approximation
for a double-magic nucleus), this potential is known as the single-folding potential. If the
structure of both nuclei is considered, the potential is called double-folding.

The idea of the double-folding potentials is based on the reaction between two
nuclei at sufficiently high energies. In this high-energy regime, the nucleons are expected
to act almost like they were free particles. So the interaction between the nucleus can be
reduced to the free nucleon-nucleon interaction. In this arrangement, the real part of the
optical potential to describe this reaction is approximately the averaged interaction, V%

nn’
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Figure 2.1: Representation of the nucleon-nucleon interaction between two nuclei.

over the distribution of nucleons in the two colliding nuclei:

V= <¢ > Vi ¢> : (2.30)

ij
where 7 and j are the label of each nucleon in the target and projectile, respectively. At
low energies it is expected that the behavior of this interaction do not change drastically.
Thus, it is expected that this form is a good approximation. In the local approximation
the interaction can be writen as V9 — Vj,,,(r;;), this becomes

V(R) = //pl(rl)pg(rz)vm(\R — 1y +ra|) dry dro (2.31)

where p;(r1) and pa(ra) are the ground state density distribution of each nucleus. rjs is the
relative distance vector between the two interacting nucleons. R is the distance between
the center of mass of the two interact nuclei (see Fig. 2.1). Because the integration rounds
on two variables, this potential is called double-folding potential. When the nucleus 1 is
a single nucleon or is treated as a inert core, p;(r1) = d(ry), the potential is called single-
folding and can be write as

V(R) = /pg(rz)V,mﬂR + I'2|> drz. (232)

In the momentum space, the double-folding is a product of three Fourier transform, while
the single-folding is a product of two. Depending on the chosen interaction, an analytic
form can be found for this potentials. The complexity of the folding potential’s final form
depends on the density and the nucleon-nucleon interaction used.

2.3.2 Sao Paulo Potential

The Sao Paulo potential (SPP) is an effective double-folded potential that consid-
ers the Pauli nonlocality [54]. This potential was idealized firstly to describe the elastic
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scattering of a-particles projectiles by several targets in a wide energies range. Later it
was extend for heavier projectile. This potential has been widely used to describe heavy
ion scattering, as it can be employed with a systematic that eliminates ambiguities [55].

The first step in conceiving this potential is to describe the nuclear densities. In
the SPP systematic, the two-parameter Fermi(2pF) distribution is used to describe the
density of protons, neutrons, nucleons, charge, and matter. The systematic parameters
of 2pF distribution extracted from electron scattering experiments and Dirac-Hartree-
Bogoliubov microscopic calculations shows a good result when used for the charge and
matter densities, and has the form

Po

p(r) = —— = 2.33
1+e aRO ( )

The py, a, and Ry parameters can be found by the normalization condition

47T/ p(r)ridr = X, (2.34)
0

where X is the number of protons, neutrons, or nucleons. The systematic of the 2pF
for matter and charge densities results in a good description of the densities when the
nucleus is close to the stability line. However, it has been shown recently that the matter
densities of neutron-rich nuclei (far from the stability line) do not follow SPP systematic.
For these nuclei, Dirac-Hartree-Bogoliubov has been recently reported [56].

The main ingredient of this potential is the effective nucleon-nucleon interaction
Vin(r12). In the SPP, the interaction is consistent with the Pauli nonlocality. The non-
locality is implicity taken into account by some energy dependency, consistent with the
dispersion relation, therefore V,,,,(r12) — Vig(r12, E') (the LE comes from local-equivalent).
It is expected that the effect of the Pauli nonlocality to be negligible for energies close to
the barrier and vary smooth with the energy. In this way, a good approximation is

Vig(r, E) & Vy,(r)e /¢, (2.35)

where v is the projectile’s velocity and c¢ is the light’s speed. Moreover, the V,,(R) is
some nucleon-nucleon interaction that not depends on energy. It is easy to see that the
local equivalent interaction, eq. 2.35, smoothly depends on energy, and for energies close
to the barrier, v?/c* tends to zero. Finally, the nucleon-nucleon interaction was found
with a folding-type

27TV o0 r4ry
Van(r) = . 0/0 7100 (71) (/ T2pn(T2) drz) dr. (2.36)

r—ri|

The Vo = —456Mev fm?® and the p,(r) has the form

pu(r) = poe”/m, (2.37)

where py and a,, are found by the same way than Eq. 2.34. The integration has analytical
form,

v 2
Vin(r) = e (14 2w ) (2.3%)
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The double-folding Sao Paulo Potential (SPP) was used in most of this work. The
real part of the potential can be found by the follow equation:

V(R, E) = /pl(rl)pg(rZ)Vnn(v, |R — Iy + I'2|) dI‘l dI‘Q. (239)

The p;(r1) and po(ra) are the two-parameter Fermi distributions, HP+RO), that de-
ex’ —_—

scribe the nucleon densities. The V,,(v,R — r; + ra) is the effective nucleon-nucleon

interaction, that depends of the velocity, v and can be written as:

12

21V, o mzt
Vi (0, 712) = 0@_41)2/82/0 r’lpm(r’l)/| T pm(15) dry drl. (2.40)

!/
r12—T]

The matter density, p,,, in the SPP is taken as a Dirac’s delta shape.

The SPP has been very often used to describe reactions involving heavy ions.
In studying the energy dependence of the optical potential one-channel calculations are
usually used, assuming that the imaginary part of the optical potential has the same form
factor as the real part. Two strength coefficients are used in this one-channel calculation
to describe the elastic scattering cross sections. The main objective is to study the energy
dependence of the optical potential. In this way, the breakup threshold anomaly, instead
of the usual threshold anomaly observed in reactions induced by tightly bound nuclei [57],
was obtained in reactions induced by weakly-bound nuclei [58]. Also, the SPP is commonly
used in the CC calculations when other reaction channels are included in the coupling
scheme. If the relevant couplings to the elastic channel are included in the coupling
scheme, the strength factor of the real part is NV, = 1.0. Also, a short range (acting inside
the Coulomb barrier) imaginary potential to account for absorption to fusion is considered
(Wo= 50 MeV r,, = 1.06 fm a,, = 0.2 fm). When only couplings with the most important
channels are considered, the imaginary part is multiplied by N; = 0.60 [59].

2.4 Transition probabilities

In inelastic reactions, the nucleus changes the internal energy, going from the initial
state, with ¢;, to a final state, ;. Besides energy, usually, the final state’s spin, Iy, is
different from the initial, I;. This implies that some angular momentum is transferred.
This is given by the multipolarity of the reaction, A, respecting the relationship:

L — ;| < A< I+ I, (2.41)

In the energy regime discussed in this work, only odd multipoles can change the nuclear
parity of the transitions, and the magnetic transitions are weaker than the electric. In
these processes dominated by the Coulomb forces as the inelastic transitions, the electric
transitions are stronger than magnetic. These electric transitions between the initial and

final state can be written as:
2 /2A+1
( i ) (2.42)
47

B(EA L — 1)) = (| E11)
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The electric multipole operator for a three-body system assume the form:

47
220+ 1

3
E}\M(Xlﬁh Yk) = Z quré\yku(fq)‘ (243)
qg=1

It is possible to calculate the reduced transition probabilities, B (I, — I, A), by the form:

20+ 1

B(EN). (2.44)

Also, when the rotational model is used to calculate the transition between the initial and

the final states, the reduced intrinsic matrix element within the rotational model, M(E\),
is used. The M(E\) are given

M(EN) = /(2L + 1)B (I = I;, \). (2.45)

Other important quantities are the deformation parameter, 5y, and the deformation
length in the rotational model, DEF(X). They can be calculated as,

5 _Am Mn(EXN)
T3 Z (oA (2.46)

DEF(A\) = By (roA'?),

where matrix elements are

MnEN) = P e (247

When electric transitions are considered, it is important to pay attention to the
units. The units frequently used in the literature are the Weisskopf single particle units
and the e?b* units. They are related as,

B(EX) 2 = 1.2 (3 2A2/3AB(EA) (2.48)
b 4 A+3 W

2.5 Coupled Channel and Coupled Reaction Channels

The coupled channel (CC) method is important for describing nuclear reactions
involving low-energy ions. To describe the nuclear system using the CC method, we must
solve a large number of coupled equations. These coupled equations are related to the
number of eigenstates of the system. The number of eigenstates for a reaction is infinite.
Because of that, it is impossible to account for all of them. For this reason, the total
wave function must be truncated, retaining the most relevant states. With these selected
states, it is possible to construct a model Hamiltonian for the nuclear reaction.

When only the elastic and inelastic channels are retained, the method is called CC.
However, in many systems, others non-elastic channels are very important too, like the
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Figure 2.2: Representation of the coordinates of a nuclear reaction.

rearrangement reactions. The method is called coupled reaction channel (CRC) when it
is possible to consider the transfer channels. Another essential type of reaction occurs
when the projectile breaks. The Continuum discretized coupled channel was developed
to handle these situations. In this section, we will discuss the CC and CRC method.

The first step is to write the wave function for the partition =z,

VR 660 = 0 050 ()07 (@Y (R) v (R.)

LI,Jplt
M’ pp Mp s

x (L M' I, py|J, M) (J, My Iy | .J M),
o ¢Q<R$)

The internal wave function of the projectile and target in channel «, are qbfpzp (&) and
QIiLt (&), respectively. The radial and intrinsic coordinates’ representation can be seen in
Fig. 2.2. « is not a quantum number but a set of them to represent the channel. The

Schrodinger wave function for a reaction with total energy E and a Hamiltonian operator
H

(2.49)

[H — E) v, = 0. (2.50)

The Hamiltonian can be written in terms of the intrinsic Hamiltonians of the projectile
and target, kinetic energies, and a potential term:

H = pr(ﬁp) + th(gt) + Tx(Rx) + V;c(Rx, §p, é}) (2.51)

The coupled equations can be found if we insert the eq. 2.49 in eq. 2.50 and multiply by
the left R, (¢/|:

ayZH E]|a) 1/"*]%) 0,
Va(Rz)
R

T

(2.52)
— 0.

> Ry (d|H—E|o)



16

This give a set of equations for each o' considered, the set of coupled channel equations.
The matrix elements can be written as
(o'|H=FEla) ={(d| Hpp+ Hy + T + V, — F|)
= (] €xp + €ut + Tor + Vo — Ela)
= (/| Ty + Vi — Eq |)
— (/| Tt + Vi — Eu )

(2.53)

This show that has two way to write the matrix elements, the prior, (/| T, + V, —
E, |a), and the post, (/| T,y + V» — Ey |a). Both representations give the same result
when considering all terms of the coupled equations. Manipulating the radial term, we
can get

1 1
Ry 0| H = Ea) 7= = Ror (/| Ty + Vi = Eala) -,
L 1
= R, <O/|Oé> R_z [TxL - Ea] + Ry <o/| V., |O./> R_x7 (254)
— Nuw (Tou(R2) = B + VI

where T, is the radial kinetic energy operator plus the eigenvalues of the angular parts.
Using the above manipulations, one can write the following coupled equation.

[TxL(Rx) - Ea] ¢a(Rx) + Z Vprlorlpa + Z Naa’ 'L E(/m] 1/}0!’(R90’) =0.

o x#x!

(2.55)

The method is called Coupled Channel (CC) when the other reaction occurs inside of the
same partition. Because of that, the non-orthogonality term vanishes, and we can rewrite
it in the form:

[Bao = Ton(Re) = VR Wa(Re) = > VR o (Ra). (2.56)
/750(

On the other hand, the coupled reaction channel system is obtained when nuclei can
exchange nucleons or clusters, and different partitions become available. For convenience,
we will call the set of quantum numbers of the final partition 5 (supposing that only two
partitions are available). So, one can write in the prior representation

[Fo = Tor(Re) = V] Ya(Ra) = 3 VI (R
| o7 (2.57)
=> (Vfﬁrlor + Nog [Torrr — EB]) Vs(Rar),
B
and in the post representation:
(B — Twi(Ro) = VB p(Rar) = > VES b (Ra)
s (2.58)

=Y (VA + [Tor = Ea] Noa) va(Ra).

[0}
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The equations 2.57 and 2.58 form the set of coupled channels calling the coupled
reaction channel (CRC) method. An important element in the transfer reactions is the
non-orthogonality therm, that is, the overlap

Nia = [ d€0a(€.¥)6u() = (65100) (2.59)

remember that the wave functions of different partitions are not orthogonal. Using the
parentage decomposition, it can be written as

(03l da) = AGgh vl ('), (2.60)

where, Alﬁi are the spectroscopic amplitudes or Séi = |A§3~L|2 is the spectroscopic factors,
and zb/lgi(r’ ) are the single-particle wave functions describing the motion particle relative
to the cores. The spectroscopic factor is the weight of the single particle wave function

when it is described as a + b (where b is the transferred particle).

The coupled channels and coupled reaction channels method has been widely ap-
plied for a large range of reactions, from n + « scattering [60] up to reactions involving
different projectiles and targets in a wide energy range.

2.6 Fusion Cross Section

In sec. 2.5, we handled nuclear reactions expanding the wave function in a set of
intrinsic states of the system. However, the fusion process can not be handled this way
because the formation and decay of the compound nucleus are very complex, involving
many multi-step reactions until statistical equilibrium is reached in a very highly excited
state. When weakly-bound nuclei are involved, specific fusion reaction mechanisms can
occur [46].

The fusion reaction is a very important process. As it is impossible to include
many steps in the interactions in CC calculations to reach the final fusion channel of the
fused system, one recalls some approximations to derive the fusion cross section. The
most commonly used is to introduce a short-range imaginary part into the interaction
potential to warrant that all the flux inside the Coulomb barrier is absorbed.

The fusion cross section can be obtained from one-channel calculation. Using a
short-range imaginary potential, we will obtain an absorption cross section that coin-
cides, in this case, with the reaction and fusion cross section. This situation is depicted
in Fig. 2.3. Nevertheless, this situation is not correct from the physical point of view, as
the absorption is simulated to occur exclusively from the elastic channel. In fact, if other
direct reaction channels are possible, they can also feedback on the fusion process.

As stated in previous chapters, the potential U is complex, where the imaginary
part is an effective interaction that considers the channels that are not explicitly treated in
the CC. In this way, the fusion cross section is calculated very similarly to the absorptive
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Figure 2.3: Scheme showing the expected behavior of the real and imaginary parts of the
potential for the fusion. The blue and red curves are the real and imaginary potential,
respectively. The arrows show the flux of the reaction.

cross section eq. 2.28, taking the form:

1 k ,
O = WE Z (a| Whys @) (2.61)

aa’

where Wy, is the part of the optical potential that accounts for fusion. Furthermore,
there is an alternative form to calculate the fusion cross section,

or = 15 (2 + DB (E). (2.62)
=0

The P(E) are the fusion transmission coefficients through the coulomb barrier. In
Ref. [61] more details about the determination of these transmission coefficients can be
found. These details are out of the scope of this work.

It was believed that the wave functions used to obtain the fusion cross section are
calculated using the optical method [57]. In this sense, this means that the imaginary
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part of the potential, W, go until the surface of the nuclear interaction, taking flux of
the inelastic channels. And then, the fusion cross section is calculated by the eq. 2.61
with the short-range potential, Wg,s, that accounts only for the fusion. However, new
pieces of evidence show that this is not correct. As can be seen from Fig. 2.4, the red
dashed line, is the cross section, ngt, calculated with wave functions generated using
the optical potential and then calculated with the internal potential. The internal po-
tential (short-range) and the total optical potential (long-range) are illustrated in Fig. 2.5.

On the other hand, the black soline line in Fig. 2.4, show a fusion cross section
ot where the wave functions are generated using only the short-range potential. Show-
ing that when the optical potential is used part of the flux that should go to fusion vanish.
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Figure 2.4: Comparison between the fusion cross section obtained using wave functions
calculated with a long-range potential (SPP) and a short-range potential(Wg,) in the
1TK+28Si system. The experimental cross section was taken from Ref. [1].

The suppression of the fusion cross section, when a long-range potential is used to
generate the wave functions, is induced by not absorbing back flux from reactions that
occur on the surface of the nucleus.mudar aquiThen if the short-range potential is used
to derive the fusion cross section, one will absorb flux to fusion from the elastic scattering
only. The absorption from nonelastic channels simulated by the long-range imaginary
potential is disregarded in this case.

2.6.1 Fusion functions and the Universal Fusion Function

Comparing the experimental fusion data for the different systems might be in-
teresting in some situations involving weakly bound projectiles. One way to do that is
to measure the fusion using the same target. However, this is only possible sometimes.
Another way is to make a normalization by removing the dependence on the size and



20

0 T T
- - WFus u
—— 078V,
-50 —
R - o
>
(9}
E -100 — —
N
>
-150 — 7
1 | 1
-200
0 5 15

r(f.m.)

Figure 2.5: Comparison between the potentials used to generate the wave functions.

charge of the collision partners. Some reduction methods are frequently available [62-64].
These procedures have some limitations. With some of these limitations in mind, Ref. [65]
defined the fusion function, F"

2F E—-Vp

hwR% hw

F(x) (2.63)
where hw is the barrier curvature, Rp is the barrier radius, and Vg is the height of the
barrier. The difference between this method for the others is that the fusion functions
take into account the radius, height, and barrier curvature. The others do not take into
account this last term. It is important to note that this parameter is directly related to
the tunneling of the barrier, which has an important effect on the fusion.

Ref. [65] make it clear that Eq. 2.63 is motivated by Wong’s formula for fusion
cross section [62],

oW = R%Z—zln 1+ ezﬂ?lVB)] (2.64)
If it is possible to use Wong’s formula in the reaction, F(z) becomes:
Fo(z) =In [1+€*™] . (2.65)

The Fy(z) is the universal fusion function (UFF), that does not depend on the system. So,
the experimental data for different systems can be compared to it. If the fusion function
of some experimental data deviates from the UFF, this must be due to the coupling with
some channels. The strength of the deviation can give information about the intensity
of the couplings. However, as pointed out by Canto et al. in Refs. [65,66], the UFF
method has shortcomings. The effect of the breakup process on fusion is not evidenced in
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this procedure because the effect of bound channel couplings can be very strong. Wong’s
formula is inaccurate in describing light systems where the approximation by a parabola is
not good for describing the Coulomb barrier. Because of that, Canto et al. [65] introduce
the renormalized fusion function:

— O'W
Fop(7) = Fop(z) =, (2.66)

occ
where F,y, is the experimental fusion function and oc¢ is the fusion cross section ob-
tained by the coupled channels method. This method allows for isolating the effect of the
coupling with the breakup channels. The deviation of the renormalized fusion function of

the UFF must come from the channels left out in the couple channel calculations.

Beyond the comparison between the different systems, this method allows us to
distinguish the effect of channel coupling on fusion. Furthermore, when using the UFF
method, if the more important couplings with the bound states are accounted for in CC
calculations, the experimental results converge to the UFF. However, due to the effect
of the breakup on the stable and unstable weakly bound projectiles on heavy targets, a
suppression of about 30% in the fusion function above the barrier and a small enhancement
below it was found [65].



Chapter 3
Continuum-Discretized Coupled Channels methods

Dealing with weakly bound nuclei, the CC or CRC methods may describe the reac-
tion channels poorly. Other observables may not be well described even when the optical
potential is adjusted (considering only the standard values for the potential parameters)
to fit the elastic cross section. As the internal energy of the nucleus is higher than the
binding energy, the continuum is excited, and eigenvalues are not discreet anymore. This
implies the necessity to deal with the wave functions in the continuum. They do not
belong to the Hilbert space.

Firstly, some reaction channels can occur when involving a weakly bound nucleus.
Fig. 3.1 represents some possibilities for fusion and other reaction mechanisms triggered by
breakup for a weakly-bound projectile that breaks into two fragments. Direct complete
fusion (DCF) is when the projectile fuses completely with the target before it breaks.
Another possibility is that the projectile breaks, and all the fragments fuse with the
target. This is called sequential complete fusion (SCF). This scenery is experimentally
indistinguishable from the DCF. So, experimentally DCF4+SCF=CF is measured. When
only one of the fragments fuses with the target, the process is known as incomplete fu-
sion (ICF). If all the fragments fly away from the target after the breakup, the process is
called elastic breakup (or inelastic breakup if the target or the projectile’s core is excited).

®

O

Figure 3.1: Scheme of the possibility for the breakup process considering the weakly
bound nuclei fragments in two particles.

When the projectile breaks into two fragments, the reaction can be described as

22
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a three-body problem considering the core, the target, and the valence particle. Yet, in
some cases, the projectile breaks in more than two fragments, as in the case of the SHe
with a Borromean structure breaking in *He and two neutrons. The simplest case is called
an elastic breakup when the breakup of the projectile will leave the target in its ground
state. Nevertheless, as Fig. 3.1 shows, it is possible to occur other reactions. In some
experiments, measuring the inclusive reaction and the inelastic breakup is possible.

Several attempts have been made to deal with weakly bound systems. Each of the
attempts has its advantages and disadvantages. In this work, the bin method is used.
The continuum is discretized considering fixed intervals, bins, of k-values in the contin-
uum space.

3.1 Three-body Formalism, Jacobi and hyperspherical coordinates.

The Jacobi coordinates can be used to treat a three-body problem. One of three
Jacobi coordinates possibilities is depicted in Fig. 3.2.

Figure 3.2: Representation of the Jacobi coordinates.

- — N Ay,
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a,, and a,, are normalization mass, and m is an arbitrary normalization mass.
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= — 21—
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Above, My = (m; +m; +my,) is the total system mass. The Jacobi sets obey the rules of
even permutations. In this way, the position of the three-body system can be completely
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determined by the Jacobi sets, and the center of mass coordinate R = %ﬁmkr’“

The position of each particle is given by:
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The Jacobi sets can be connected using the following relations:

x = —cos(or;) T; + sin(or;) Ui,
Y = —sin(gzﬁki) fz — COS(Qbki) Zji?

tan(dp;) = (—1)P« / %, (3.5)

the term (—1)¥ is due the even permutation of the Jacobi sets. Besides, The set of
hyperspherical coordinates (p, a;, Z;, §;) can be define from the Jacobi coordinates:

where,

p° =+ 7, tan(qy) = ﬂ, or
Yi (3.6)
x; = psin(qy), y; = pcos(ay).

The hyperangle relation between different sets is:

COS¢;; sina; — sing;; cosq;

tana; =

- - 3.7
sing;; sinc; + cosg;; cosq; (3.7)

The hyperangle in the Jacobi set is defined in the range, 0 < «; < 7/2. The angular
dependence, Q2 = («y, Z;, ;) with the hyperradius represents the full set of hyperspherical
coordinates. With these definitions the volume element is given by:

d3:i}d3y_;~ = pS(Sinai)Q(cosai)de do; dz; dy; = p5dp d§Q;. (3.8)

3.2 Binning method

The three-body continuum discretized coupled channels using binning method has
been successfully applied to some reactions involving light and heavy ions [42,47-49,67].
It is natural to try to extend the technique to the four-body CDCC. The theoretical
formulation is quite similar to the three-body with the difference that the internal wave
functions to be split into bins are now three-body wave functions.

The continuum binning method truncates the energy or momentum space and
divides it into intervals with specific properties. For that, we consider the reduction of
the Jacobi set. For the three-body CDCC, considering the following equation,

[Hs, — E]JUW(r,R) = 0, (3.9)
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where Hsjy, is the three-body Hamiltonian and the label (1) corresponds to the bound state.
The coordinate r corresponds to the distance between the core and valence particles of
the projectile and R to the distance between the projectile center of mass and the target.
In this case the ¥(Y(p, @) behaves asymptotically as,

n Z ¢;(r);(R) + breakup, R — oo, (3.10)

where ¢;(r) is the internal wave function of the core plus the valence particle and the
¥;i(R) is some of an incident plane wave and the outgoing spherical wave. In the case
of Borromean nuclei, the internal wave functions have a three-body character. Using the
hyperspherical harmonics expansion basis, it is possible to write the bin wave function as

b1n b1n l aly
Gin (%, ) ZRn/z] ) | (Q)®st] 7 (3.11)

jp

where (3 is the abbreviation of the set of the quantum numbers {(l,,1,)l, (S;, Sk)Sz}J; 1,

R} (p) are the hyper-radial wave functions, and the term [Fl "l () @ ys, } ~ is the angu-

lar components of the expansion. The associated orbital angular momenta% =1, +1, and
the total spin S, are associated with coordinates x. Therefore, fixing the spin of the third
particle, one can define their spin, I, and total angular momentum is j = [+ S, + I with
projection p. Another important quantum number to be defined is the hyper-angular-
momentum, K = 2n + [, where n =0, 1,2, ...

It is important to note that, as the wave functions are eigenvectors of the Hamil-
tonian and the continuum spectrum is populated, one has a continuum of the three-body
wave functions. The coupled channel method requires a discretized and finite number of
channels. Because of that, it is important to discretize the continuum and to truncate the

2pre
T

maximum energy or angular momentum s =

The binning method considers that the eigenstates of the internal Hamiltonian can
be obtained for some intervals [k, k,+1]. The wave function for each bin (wave packet)
is obtained as a superposition of scattering wave functions. For this reason, one can
divide the total interval [0, k¢ in smaller intervals, [0, k1],[K1, K2),-..,[Kn—1, £n]. Using this
method, it is possible to transform the continuum into a continuum discretized space.
With this in mind, the associated hyper-radial wave functions is

in in 2 2 —i8ar (K
RELQ]( ) RFIﬂ I€2 ﬁ Bj (p) = W / dfi e 66 J( )fﬁlj(lﬂ))Rﬁﬁlj(Kj7 p), (312)
i Sk

where fg;(k) is a weight function normalized by the factor Ng ;. The Rgg ;(k, p) are the
hyper-radial wave functions with scattering phase shift dz;(x). The 8 and ' are the out-
going and incoming channels, respectively. n is the bin label. For each /3, ', and j, there
is one bin wave function. The bin wave functions eq. 3.12 are orthogonal to the bound
states and to each others if they does not overlap in the energy space. The energy of each
bin is defined as the energy of the middle of the interval considered. A representation
of the continuum space equally spaced in energy is shown in Fig. 3.3. The bound states
are represented by two discrete states and the unbound states are represented by lighter
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colors bins. The total number of bins is usually large. This implies a quick increase in the
computational time. Some assumptions have to be made to overcome this issue. One of
them is to truncate the number of basis states by choosing a more relevant set to describe
the physical process under research.

EA

€2 Continuum-Discretized

Bound states

Figure 3.3: Representation of the energy space of a weakly bound nucleus. The bins
represented are discretized in the energy space.

Using the eigenchannels (ECs) of the three-body S-matrix [68], it is possible to
determine if the chosen set of states (the truncated basis) considered the most relevant
contributions to describe the scattering observables. The ECs are found by diagonalizing
the S-matrix in the outgoing channel, «, for each j and k. The ECs eigenvalues and eigen-
phases are exp[2id,;(x)] and d,;(k), respectively, where  is the label of the eigenchannel.
The largest are phase shifts, the stronger the couplings in the reaction. In this way, the
phase shift magnitude can be used to order the eigenchannels and truncate the basis. The
number of eigenphases considered, n.., should be tested upon convergence.

As described in section 2.5, the channel wave function is the product of the intrinsic
wave function of the projectile and the projectile and target wave function

: . . -1
Dpu(Rop Q) = 3 b (o LMLl I Yo, (R fL,(R). (3.13)

njuLl My,

Above, J = L + j is the total angular momentum, L - the orbital angular momentum of
the projectile-target relative motion, and R- the coordinate from the target to the center
of mass of the projectile. It is important to note that we are not considering the internal
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structure of the target. Besides that, the fgnj(R) are the scattering radial function that
satisfies the following system of equations:

B L(L+1)
2u, \ dR? R?

) +enj — E] Flng(R) + > iV s (R) i (R) = 0,

L/n/j/
(3.14)
and the form-factors in the previous expression are defined as,
Viipmey (R) = (Lnj JM|V, (r1,12,13)|L'n'5 JM), (3.15)

where the ket |Lnj JM) denotes the projectile wave function in the bin basis, 1% (p, Q).
The form-factors are calculated assuming that the interaction can be represented by two-

body interaction of each projectile fragment with the target.



Chapter 4
Reactions in the Be + '""Au system

The Be nucleus can be described using various cluster configurations, d + "Li, H
+ %Li,3He + He, n+ ®Be, and a +a + n systems. The more frequently used cluster con-
figurations in the literature in reaction or structure calculations are illustrated in Fig. 4.1.
The reactions involving this weakly bound nucleus have been largely studied in the liter-
ature [5-7,25,26]. The Borromean structure a+a + n is quite similar to the structure of
the SHe and ''Li but with larger binding energy. Unlike %7Li, whose predominant cluster
structures are « + d and « + ¢, the case for “Be is unclear [69-72].

e O

\
\

r | |
N ZERN. %4

Figure 4.1: Representation of two cluster models to the “Be

Due to the cluster structure of the ?Be, two reaction mechanisms are more likely:
i) breakup of the 8Be with a half-life of 7 x 10717s produced by one-neutron transfer, and
ii) breakup through ?Be — a + a + n or Be — 5He+a with a half-life of the order of
1072's. The ground state has total angular momentum j™ = 3/2~ and a binding energy
of 1.5736 MeV when considering the structure o+ a+n. Several resonances can be listed.
Some of then has the angular momenta j™ = 1/2%,5/27,1/27,5/2% 3/2% [73]. Several
researchers process can be found in the literature investigating this resonances and many
others with the objective to determine there positions and widths [74, 75].

The °Be + TAu reactions were recently studied by Gollan et al. [2,76], Li et
al. [7], and Kaushik et al. [3]. The author’s Li et al. and Kaushik et al. reported a
fusion cross section, and Gollan et al., besides the fusion cross section, reported elastic
and one-neutron (pickup and stripping) cross section. In this section, this reactions will
be analyzed using different reactions methods as discussed above.

28
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4.1 Analyse of elastic and inelastic channel

The description of the elastic and inelastic cross section in a nuclear reaction is
some times difficult due to the strong dependence on the optical potential. A good de-
scription of these observables indicates that the correct potential was considered. The
Woods-Saxon potential is largely used in the literature to describe the elastic cross sec-
tion for many systems. However, this potential has many free parameters that need to
be adjusted. Different values for the potential parameters can generate the same result
in the cross section, and this effect is called ambiguities of the potential. The sao Paulo
Potential systematic can be used to overcome the necessity of adjusting free parameters,
as presented in the subsection 2.3.2. This work used the SPP systematic in the CC and
CRC calculations to describe the reactions.

The CC calculations was performed using the FRESCO code [77], considering the
ground state of Be and six states of the "Au, as one can see in Fig. 4.2. The SPP was
used in the real and imaginary parts of the potential, as indicated by the systematic, the
imaginary part of the potential is multiplied by a strength factor, U = Vspp (1 +iNN;).
As couplings with excited states of the target where considered, N; = 0.60 was used for
the imaginary part. This strength factor accounts for the bound and continuum channels
not explicitly considered. Another critical issue in the reaction are the collective states of
the target, the transition probabilities, defined in Sec. 2.4, that play an important role in
the description of the cross section of these states. The B(E\) where taken from Ref. [78].
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0.27 (1.5

0.08 (0.5%)

.....
vvvvv

g.s (1.5) g.s (1.5%) bl
QBe 197Au

Figure 4.2: States scheme for the °Be + °7Au System.

The results of CC calculations for the elastic scattering angular distributions are
compared in Figs. 4.3, 4.4, and 4.5 with the measured experimental data. These experi-
mental data were measured in the Tandar Laboratory of Buenos Aires by our collabora-
tors. In general, a good agreement with the experimental data is observed.

Fig. 4.3 shows a good agreement between the experimental data and the theoret-
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ical calculations, showing that the SPP systematic is a good choice to describe well the
elastic cross section of this system at this energy regime. At energies very close to the
Coulomb barrier, the theoretical predictions slightly overestimate the experimental data
at backward angles. This can be seen for energies 37 MeV and 38 MeV, from Fig. 4.4. For
these energies, maybe the approximation to simulate other reaction channels not explicitly
included in the coupling scheme by strength coefficient is not proper. The agreement with
the experimental data is very good for energies above the Coulomb barrier, as shown in
Fig. 4.5.

'35 MeV

34 MeV
— CC
e data

10

G/GRuth

| | | | | | | | | | | | | |
0 50 100 150 0 50 100 150

Figure 4.3: Comparison between the experimental data and the theoretical CC calcula-
tions for the elastic scattering cross sections in the energy range from 34 up to 37 MeV.

Another important observable derived from the coupled channel calculations is the
inelastic cross sections. In the Ref. [76], theoretical results using Woods-Saxons poten-
tial for both real and imaginary parts, are compared with the experimental data for two
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Figure 4.4: Comparison between the experimental data and the theoretical CC calcula-
tions for the elastic scattering cross sections in the energy range from 38 up to 41 MeV.

inelastic channels 5/2% state at 279.0 keV and 7/2% state ate 547.5 keV. In this work,
will be redone this analysis using the SPP systematic. Fig. 4.6 shows that our calculation
reasonably describes the 7/27 state at 547.5 keV. In Ref. [76], it was stated that the exper-
imental data for the 5/27 state at 279.0 keV is contaminated by 3/27 state at 270.0 keV.
However, in the theoretical description, this state was not included. As seen from Fig. 4.7,
the inclusion of the state at 270.0 keV considerable affects the cross section. Figs. 4.3-4.7
show that the coupled channel results using the SPP systematic satisfactory describe the
elastic and inelastic reactions of Be+1°"Au at energy below and above Coulomb barrier.
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Figure 4.5: Comparison between the experimental data and the theoretical CC calcula-
tions for the elastic scattering cross sections in the energy range from 42 up to 48 MeV.

4.2 Omne-neutron stripping reaction

Another observable measured in this experiment was the one-neutron stripping
cross section. This channel was indirectly measured of the evaporation product of the
residual nuclei. The coupled reaction channel method was used to calculate the transfer
cross sections. The entrance partition is same one in the coupled channel calculations
in the previous subsection. The same interactions between the target and the projectile
well considered. In the outgoing partition, the SPP was used. However, as we did not
explicitly considered the couplings between the states in the final partition, the strength
coefficient of the imaginary part was set equal to 0.78 [79]. To generate the single-particle
wave functions, the Woods-Saxons form factors were used. The reduced radii was set 1.25
fm and the diffuseness 0.65 fm. The FRESCO code automatically adjusted the depth of
the potential to fit the experimental one-neutron separation energy.
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Figure 4.6: Comparison between the experimental data with the theoretical inelastic
calculations for the (547.5 keV, 7/2%) state.

Another important ingredient to calculate the transfer cross section is the spectro-
scopic amplitudes defined in Eq. 2.60. For the projectile overlap, (°Be|®Be), they were
taken from Ref. [80]. Several tests were performed using the NuShellX code [81] to derive
the spectroscopic amplitudes for the (17Aul['%Au) target overlaps. However, the struc-
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Figure 4.7: Comparison between the experimental data with the theoretical inelastic
calculations. The dashed lines represent the cross section of 279.0 keV (5/2%) and the
dash-dotted line represents the 270.0 kev (3/27) states of 197Au.

ture calculations were very time-consuming and resulted in an unsatisfactory description
of the internal structure of the target and residual nucleus. Because of that, the spec-
troscopic amplitude was set to 1.0. While the .Alﬁfx can assume values bigger than 1.0,
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generally these values are smaller than that. Therefore using Agﬁx = 1.0 we expected to
overestimate the transfer cross section. For the target, all the states up to 703 KeV will
take into account, as seen in the coupling scheme of Fig. 4.8.
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Figure 4.8: Coupling scheme of the projectile and target overlaps used in the one-neutron
pickup reaction calculations, taken from Ref. [2].

As can be seen from Fig. 4.9, for energies above 32 MeV, the calculated transfer
reaction cross section describes quite well the experimental data. Nevertheless, it was ex-
pected that the theoretical calculation might overestimate the experimental data because
of the assumed values for the spectroscopic amplitudes. This underestimation can occur
because the ®Au has many states even we include only the states up to 1 MeV. Still,
it has many others up to 2 MeV, as the level densities increase exponentially with the
energy. This is a typical situation for heavy ions. In this reaction, all the states have a
small contribution. So, it is possible to note that even when it is considered only the most
important states (the ones that have more contribution on the cross section) the cross
section became smaller. Because of that, the higher states significantly impact the final
value for the cross section. Even if the contribution of each state is small, the density of
the states is high at higher energies.

Nevertheless, looking at Fig. 4.9 a significant underprediction of the experimental
data is observed at energies below 32 MeV. It is important to note that the ?Be is a
weakly bound nucleus. Considering the experimental setup, one cannot distinguish if the
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neutron was directly transferred from the projectile or it was absorbed by the target after
the projectile was broken. So, was experimentally is reported as a one-neutron stripping
reaction might be contaminated by the breakup mechanism which is the most relevant
reaction channel at very low energies.
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Figure 4.9: Comparison between the experimental data with the theoretical one-neutron
transfer cross section.
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Another important question is the couplings’ contribution to the first resonant
state of the ®Be. In other transfer reaction, the contribution of these couplings between
the excited states of the final nucleus is negligible for the total cross section. However, in
this reaction, the most important contribution to the transfer cross sections arises from
these couplings, i.e., the coupling between the first resonant state of the ®Be with the
states of the gold. In Ref. [80], the inclusion of the couplings with this state, in the se-
quential transfer “Be("Be,”Be)"Be, has shown not to be important.

Therefore, the description of the experimental data for higher energies considering
only the transfer reaction is satisfactory. Although our theoretical description of the
reaction is approximated because of the lack of microscopic spectroscopic amplitudes for
the target overlaps, it is satisfactory for energies above 32 MeV. Still, the experimental
data is more than one order of magnitude above the theoretical calculations for the low
energies (below 32 MeV). It is possible that the one neutron transfer can not give a
good explanation for that. One explanation for this enhancement in low energies can
be incomplete fusion. A preliminary calculation of Professor Antonio Moro, from Seville
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university, using the Ichimura, Austern, Vincent model corroborates this ICF idea [82].

4.3 Omne-neutron pickup reaction

The one-neutron pickup cross section was also measured in the experiment. From
the theoretical point of view, the calculations to describe the one-neutron pickup and
stripping are very similar. The entrance partition is the same as the CC calculations, and
the Woods-Saxon form factors follow the same procedure as the stripping calculation. For
the (17Aul'%Au), we have the same issue as for the (%7 Au|'®®Au) case, therefore for the
same reasons, we assume that Alﬂja =1.0.
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Figure 4.10: Coupling scheme of the projectile and target overlaps used in the one-neutron
pickup reaction calculations, taken from Ref. [2].

For the (°Be|'%Be) case, the spectroscopic amplitude was derived by performing
shell-model calculations with the NuShellX code [81]. To calculate the overlaps, the psdpn
model and the effective interaction psdmod were used [83]. In this model, we consider
the “Be as *He closed core with the 1p1/2, 1p3s2, 1dsja, 1ds/2, and 25y, orbitals as the
valence space for the nucleons. Table 4.1 shows the spectroscopic amplitudes obtained. It
is important to point out that to validate our structure calculations, we compare the the-
oretical results with the experimental values for the energy, spin, and parity of each state.
We consider a good description of spectra if the energy, spin, and parity of the initial and
final nucleus states are close to that reported in the literature. If the shell calculations
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fulfill these constraints, we can confidently use these spectroscopic amplitudes to obtain
the theoretical cross section of the reaction. The coupling scheme for the target and the
projectile overlaps are shown in Fig. 4.10.

Table 4.1: Spectroscopic amplitudes used in the CRC calculations for one-neutron pickup
reaction calculation.

Initial state j Final State Spect. Amp.
‘Begs(3/27)  (Ip1ye) MBe, ,(07) 1582
Begs(3/27) (1p1s2) "Bejs 365(2%) -0.159

From Fig. 4.11 it is possible to note that the theoretical cross section agrees rea-
sonably well with the experimental data. The couplings between the g.s. of the °Be and
the first excited state of residual %Au at the 0.01 MeV has the greatest contribution
to the total pickup cross section. However, the importance of each state’s contribution
varies with the bombarding energy. The coupling with the *6Aug ospev(5T) state be-
came very relevant above the Coulomb barrier. The coupling with the first-excited state
of the residual projectile does not have a significant contribution for the pickup cross
section. The contribution is less than 2 orders of magnitude of the total cross section.
Indeed, the experimental cross section is slightly different from the theoretical curves.
This over-prediction might be originated by the lack of spectroscopic amplitudes for the
target overlaps. As mentioned above, due to computational limits, they are not calculated.

These results suggest that our methodology for the treatment of one-neutron trans-
fer in this system has a good agreement with the experimental data. This corroborates
the discussion of the last section 4.2, where we believe that the experimental data contain
mechanisms other than transfer.

4.4 Fusion

Also, a fusion cross section was reported in the Ref. [2]. Chapter 2 explains the
theoretical treatment of the fusion cross section. As this process is strongly affected by
the breakup channel, it is very interesting to investigate the importance of this channel in
the fusion cross section. One way to do it is to compare the experimental data with the
theoretical calculations. The CC channels calculations to estimate the fusion cross section
is very similar to the one performed in section 4.1 except for the imaginary part of the
potential, which was set as a Woods-Saxson with depth: W = —50 MeV, reduced radius:
rw = 1.06 fm, and, diffuseness a,, = 0.2 fm. Using this procedure, theoretically, it is possi-
ble to estimate the fusion cross section without the breakup channel effect. Furthermore,
it is important to compare these results with other systems. The fusion function method
explained in subsection 2.6.1 will be used for that. To use this reduction procedure, a
reliable potential is mandatory. As usual, the Sao Paulo potential will be used for this
purpose. The energy and the experimental cross sections have to be reduced according
to the expressions 2.63 and 2.66, using results of CC calculations and compared with the
UFF to disentangle the effect of the channels left out in the CC calculations (break up +
transfer channels). The barrier parameters from the SPP used to reduce the experimental
data for the systems compared in the present work, as well as some information on the
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Figure 4.11: Comparison between the experimental data with the theoretical one-neutron
pickup calculations, the experimental data as taken from Refs. [2,3].

Rp(fm) Vg(MeV) fw (MeV)

‘Be + YTAu 11.35 37.50 4.44
9Be + 208Pp 11.50 38.50 4.42
9Be + 299Bj 11.50 38.96 4.46
9Be + “4Sm 10.07 31.10 4.20

Table 4.2: Barrier parameters for the systems studied.

channels used in the CC calculations, are given in Tab. 4.2.

In Figs. 4.12 and 4.13, the complete and total fusion cross sections for some heavy
systems with “Be as a projectile are compared. It is important to note that as the z is
defined, the Coulomb barrier corresponds to x = 0, and the cross section values below
the barrier are much smaller than the above. For these reasons, the linear scale is used to
study the fusion functions above the Coulomb barrier and the logarithmic below it. From
Fig.4.12, an enhancement of the CF experimental data at energies below the barrier and
the hindrance above it is observed. This behavior is compatible with the expected for the
UFF systematic [46].

From Fig. 4.13, it is observed that the TF of the “Be+!°"Au system has an unex-
pected behavior, a hindrance at energies above the barrier. This behavior also appears
in the YBe+'8®W system. As this hindrance only appears in some cases, the necessity
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Figure 4.12: Comparison between the UFF and renormalized fusion function for total
fusion (CF). The systems are composed by the ?Be projectile on different targets: ¥6W [4],
1448m [5], 208Pb [6], 19T Au from [7], [3] and this work.

of more experimental data to elucidate the contradiction among different data sets is
mandatory. The rest of the systems included in Fig. 4.13 show a typical enhancement at
energies below the Coulomb barrier and no effect at above it for the TF observed in other
reactions involving other weakly bound projectiles and different targets [46].
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Chapter 5
Fusion process in neutron-rich mid-mass nuclei

An interesting process in nuclear reactions is fusion. When two strongly-interacting
quantum systems merge, they lose their identity and assume a new one. Although the
many-body correlations are key to understanding their intrinsic and collective nature,
their impact on fusion is not yet fully understood. The influence of an unpaired neutron
has been observed in the average fusion cross-section of neutron-rich carbon, and oxygen
ions on carbon target [84,85]. Yet it is important to observe the unpaired neutron in
mid-mass and heavy nuclei. These neutron-rich nuclei with extended density distribu-
tions exhibit larger fusion cross-sections. The cross-section can be additionally increased
by intrinsic and collective excitation. At small excitation, a coupled channel approach
has successfully described the fusion of nuclei, as described in section 2.6. Despite the
success of the coupled channel method, one might expect additional neutron dynamics
to emerge for neutron-rich nuclei with loosely bound valence neutrons. Such dynamics
can be theoretically probed through time-dependent approaches such as time-dependent
Hartree-Fock [86] or density functional theory [87].

The simplest approach for calculating the fusion cross-section involves double fold-
ing the density distribution, assuming that the initial density distributions are frozen
[88,89]. The density distribution is not restricted to a one-body description but can
include two-body or higher correlations allowing the nuclear structure to influence the
fusion cross-section. Whether nuclear structure affects the fusion cross-section depends
on whether they persist at the saddle point.

In the present work, we examine the fusion of the neutron-rich nuclei at the
N=20, and N=28 closed shells as well as open-shell nuclei by studying the fusion of
39ALAS AT 3644 Ay +16() [56] and 3941454TK 3644 Ar4.28Gi [1]. The double closed-shell for
160 provided a well-bound nucleus as the target enabling a systematic measurement of
the impact of the projectile’s shell structure on the fusion cross-section. The simplest
description of fusion is through the interaction of the density distributions of the two
interacting nuclei. If the interaction between the nuclei is non-adiabatic (i.e., described
by the sudden approximation), it is sufficient to consider the ground-state density dis-
tributions. In the case of adiabatic collisions, collective modes in the colliding nuclei
can be excited and need to be considered. Including these modes in a coupled channel
(CC) formalism increases the fusion cross-section at energies near and below the Coulomb
barrier [90-92]. To investigate whether the observed fusion excitation functions can be
described by the interaction of the ground state density distributions of the projectile
and target nuclei, the Sao Paulo model was used. The Sao Paulo potential was briefly
described in Sub section.2.3.2. It is important to remember that the Sao Paulo poten-
tial (SPP) is the potential associated with matter densities described by a two-parameter
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Fermi-Dirac(2pF) distribution with radius Ry = (1.314"% —0.81) fm and matter diffuse-
ness a = 0.56 fm. This systematic was derived from the available experimental data for
the charge distributions extracted from electron scattering and Dirac-Hartree Bogoliubov
(DHB) calculations for many nuclei. As such, it provides a general description in which
structural effects have been averaged over. Such potential has been used in many CC cal-
culations, and their results successfully compare with experimental data [7,46,93,94,94].

Presented in Figs. 5.1 and 5.2 (dashed lines) are the predicted density distributions
for the K and Ar isotopes, using the Sao Paulo potential systematic for matter densities,
two-parameter Fermi (2pF) distribution. All these distributions have a smooth Fermi-
Dirac shape with a central density of ~0.16 nucleons/fm?®. These smooth distributions
reflect, in essence, the one-body mean-field nature of the nuclei considered and do not
manifest nuclear structure associated with two-body correlations.
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Figure 5.1: Comparison of the matter density distributions for the (a) *Ar, and (b)
4 Ar isotopes given by the systematics that is typically used within the Sao-Paulo fusion
model (2pF) with the density distributions predicted by Dirac Hartree Bogoliubov (DHB)
calculations. Shown in the insets are the tails of the matter distributions.
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To calculate more accurate matter density distributions, which include two-body
correlations, Dirac-Hartree-Bogoliubov (DHB) calculations [95] were performed and avail-
able in the new version of the SPP called Regina [96]. The details of these mean-field calcu-
lations using an axially-symmetric self-consistent approximation are reported in Ref. [96].
The resulting matter distributions are shown in Figs. 5.1 and 5.2 as the solid lines. FEv-
ident in the DHB matter distributions is a double-humped structure, a manifestation of
the shell structure. For 3K, the dominant peak is located at lower values of R. With in-
creasing neutron number, the density of this inner peak decreases until at 7K, the outer
peak is the dominant peak in density. A similar trend is observed between 6 Ar and **Ar,
although the inner peak is larger for these nuclei. As the fusion of two nuclei is typically
viewed as sensitive to the tails of the matter distribution, an expanded view of this region
is shown in the insets of Figs. 5.1 and 5.2. Notably, the tails of the matter distributions
are quite similar, although the DHB distributions are slightly less extended than the sys-
tematics.
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Figure 5.2: Comparison of the matter density distributions for the (a) 3°K, (b) K,
(c) K, and (d) “"K isotopes given by the systematics that is typically used within the
Sao-Paulo fusion model (2pF) with the density distributions predicted by Dirac Hartree
Bogoliubov (DHB) calculations. Shown in the insets are the tails of the matter distribu-
tions.

Displayed in Figs. 5.3 and 5.4 are the proton and neutron density distributions
predicted by the DHB model. One observes that adding neutrons to 3K influences the
neutron and significantly impacts the proton density distribution. As the peak in neu-
tron density situated at large R increases in magnitude, the proton peak at large R also
increases in magnitude. As the total number of protons is constant, this increase is corre-
lated with a decrease in the value of the central proton density. This outward displacement
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Figure 5.3: Density distributions of neutrons (a) and protons (b) for K isotopes predicted
by the DHB calculations.

of the proton density by additional neutrons can be thought of as the resistance of nu-
clei to the polarization of the ground state. This behavior has previously been noted in
relativistic mean field calculations for neutron-rich oxygen isotopes and reflects the n-p
interaction via the strong force [56]. Close examination of this outward pull of the valence
neutrons on the core (N<20) neutrons as compared to the core protons reveals that the
protons experience a larger outward pull. Due to the Pauli exclusion principle, this differ-
ence can be interpreted as repulsion between the valence neutrons and the core neutrons.
Similar behavior is also observed for the argonium isotopes.
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Figure 5.4: Density distributions of neutrons (a) and protons (b) for Ar isotopes predicted

by the DHB calculations.
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5.1 Reactions with '°0 target

Using the DHB matter distributions for the projectile and 60O target nuclei, the
Sao Paulo Potential was generated and used to calculate the fusion cross-section. The
theoretical predictions from one-channel calculations, using a short-range Woods-Saxson
imaginary potential, are compared with the experimental data in Figs. [5.5-5.10]. In addi-
tion to the cross-sections resulting from the DHB matter densities (solid lines), the cross
sections associated with the systematics densities are also shown (dashed lines). In all
cases, the use of the DHB densities results in a significant reduction of the fusion cross-
section as compared to the systematics. This reduction is apparent over the entire energy
interval considered. As the tail of the density distribution is essentially the same for both
the DHB and systematics, one can conclude that the change in the cross-section is due to
the difference in the interior part of the density distribution.

A comparison of the theoretical predictions with the experimental excitation func-
tions is revealing. For the open neutron shell isotopes 444K, the theoretical model with
the DHB densities provides a reasonable prediction of the excitation function, particularly
for the lower energies. However, in the case of the closed neutron shell "K, particularly for
39K, the model overpredicts the measured cross-sections. This overprediction for the case
of the closed-shell nuclei might suggest that the ground-state configurations at the saddle
point that result in fusion are more compact than the ground-state DHB calculations
indicate. Alternatively, it might signal that higher-order correlations not present in the
DHB calculations are more important for these neutron closed-shell nuclei. In the case of
the 354 Ar nuclei, the agreement is intermediate between the open-shell and closed-shell
K isotopes.
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Figure 5.5: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities and densities from systematics.
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Figure 5.6: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities and densities from systematics.
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Figure 5.7: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities and densities from systematics.

The fact that the fusion cross section derived using the Sao-Paulo with DHB den-
sities is also significant. Coupling to low-lying collective modes acts to increase the fusion
cross-section. Given that the ground state calculation already overpredicts the measured
cross-section, the excitation of low-lying collective modes can be ruled out. The largest
discrepancy is observed for the closed neutron shells at N=20 and N=28. Presumably,
these closed-shell nuclei are the least likely to undergo collective excitations. The per-
sistence of shell effects at the saddle point also indicates that, as expected, the intrinsic
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Figure 5.8: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities and densities from systematics.
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Figure 5.9: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities and densities from systematics.

excitation of the saddle configuration is not large, as any significant excitation would
overwhelm the shell effects.
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Figure 5.10: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities and densities from systematics.

5.2 Reaction with 28Si target

The SPP was generated to calculate the fusion cross section using the ground-state
DHB matter distributions for the projectile and ?®Si target nuclei. The theoretical pre-
dictions, represented by the solid black lines, are compared with the experimental data in
Figs. [5.11-5.16]. Comparison of this one-channel (DHB-OC) theoretical predictions with
the experimental excitation functions is revealing. Compared with the 2pF-OC curves
(red dashed lines), the result is similar to those for O target. However, in this case,
the theory distances from the data. For the closed neutron shell isotopes 3%47K (see
Figs. 5.12 and 5.16), the DHB-OC calculations provide a reasonable prediction of the
excitation function over the entire energy interval measured although the model calcu-
lations lie slightly below the experimental data, particularly in the sub-barrier regime.
In the case of the open neutron shell *K (Fig.5.13), ¥K (Fig.5.15), and 35Ar (Fig.5.11),
the model dramatically underpredicts the measured cross sections, particularly at sub-
barrier energies. This underprediction for the case of the open-shell nuclei suggests that
the ground-state configurations alone are insufficient in describing the measured cross
sections. In the case of Ar, (Fig.5.14) insufficient data exists at low energy to draw a
definitive conclusion.

As coupling to low-lying collective modes increases the fusion cross section at en-
ergy below the barrier, we have performed CC calculations to investigate how much the
presence of low-lying states increases the fusion cross section. The 1.779 MeV, 2% and
4.618 MeV, 4% first states of the target were considered. The coupling to the low-lying
projectiles states does not considerably affect the fusion cross section. To account for
the couplings between the low-lying states, the transition probabilities were taken from

Ref. [97].

The results of the CC calculations are shown in Figs. [5.11-5.16] as blue point
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Table 5.1: Q values (in MeV) for one- and two-neutron transfer.

Q 39K 41K 45K 45K
In -4.604 -1.621 -0.432 0.105
2n -6.068 1.187 2.899 3.843

dashed lines. In the case of the closed-shell nuclei, K and 4"K, the inclusion of the
excitations considered provides a good description of the fusion cross section. However, in
the case of the open-shell nuclei, the experimental data are significantly enhanced relative
to the CC calculations, including low-lying excitations. It is particularly interesting to
note that the magnitude of the enhancement is much larger than the increase due to the
inclusion of inelastic excitation in the CC calculations. This enhancement suggests that
transfer might occur before fusion.

Neutron transfer before fusion is often proposed as responsible for an enhancement
in the fusion cross section [90,98,99]. For a system with zero Q-value for two neutron
transfers, °Ni+58Ni, inelastic excitations dominate, and neutron transfer plays a negli-
gible role [100]. When one of the colliding nuclei is neutron-rich relative to its collision
partner, as in the case of *Ca+%Zr, positive Q-values might be possible, and the sub-
barrier fusion is enhanced when compared with the *°Ca+%7Zr reaction [101-104]. Tt is
important to state that the Q-value is one of the ingredients to observe the fusion en-
hancement below the barrier. The other ingredient is the deformation of the nuclei after
the nucleon(s) is(are) transferred. If the deformation of the residual nuclei is higher than
the initials, the barrier is lowered, and the fusion is enhanced.
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Figure 5.11: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities for one channel and coupled channel as well as
densities from systematics for 3°Ar projectile.
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The relevant Q-values for the reactions studied in this work are presented in Ta-
ble 5.1. Except for 3K, the Q-value for two-neutron transfer in the other K isotopes is
positive. Transfer of one neutron from %K to 2%Si is -4.604 MeV, while from 47K is slightly
positive (+0.1 MeV). Nonetheless, the fusion excitation function for neutron transfer for
the open-shell cases %K lies between that of **K and “"K. Yet, the fusion excitation
functions of the open-shell cases differ from those of the closed shell. The observed be-
havior of the experimental fusion excitation functions cannot be understood simply by
considering the Q-value for neutron transfer.

103 F T T T T T T T T ]

C 39 28 .. ]
oK+, SI g

10°F E
o ¥ .
E I ]
b o _
| — DHB-OC |

10k -+~ DHB-CC 4

s --- 2pF - OC .

i i o Exp.data -

| L I ]

34 36 38 40 42 44 46
E,  (MeV)

Figure 5.12: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities for one channel and coupled channel as well as
densities from systematics for 3K projectile.
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Figure 5.13: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities for one channel and coupled channel as well as
densities from systematics for 'K projectile.
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Figure 5.14: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities for one channel and coupled channel as well as
densities from systematics for **Ar projectile.
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Figure 5.15: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities for one channel and coupled channel as well as
densities from systematics for °K projectile.
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Figure 5.16: Comparison of the experimental cross-sections with the predictions of the
Sao Paulo model using DHB densities for one channel and coupled channel as well as
densities from systematics for *’K projectile.



Chapter 6
Four-body treatment of ‘He projectile in reactions with heavy targets

Due to the effect of the breakup channel on the nuclear reactions, interactions in-
volving weakly-bound, exotic and stable, and radioactive nuclei such as %¥He [20, 21,105,
106], ™&MULi [6,22,23,107], “Be [5-7,24-26,80,107], 8B [27,34,107-110], and 'F [67,111]
have been investigated extensively in the last years. The fusion cross section, non-capture
direct breakup, inelastic and transfer channels, and total reaction are examples of reac-
tion channels that could be sensible to the breakup [46,94,112-115]. Some methods are
developed to study these types of reactions. One of them is the Universal Fusion Func-
tion method that accounts for static effects to study the dynamic effect of the breakup
channels on fusion cross sections for different systems [65,66]. Another very successful
method to study the breakup mechanism is the continuum-discretized coupled channel
(CDCC) theoretical approach that explicitly considers the breakup channel. The CDCC
method has been extensively used for three-body reactions (two-body projectile plus a
target), mainly applying the binning method [18,19] to discretize the continuum energy
of the projectile. This method was successfully used in some systems with a two-body
weakly-bound structure [28-38]. However, some nuclei present a Borromean structure
composed of a three-body bound system in which any subsystem of two fragments is
unbound. In these cases, the three-body CDCC formalism has been applied considering
simplified schemes such as the dineutron model [47,48,116-118].

An appropriate description of Borromean nuclei needs a three-body description
for the projectile, applying the four-body CDCC formalism. The reactions induced by
the Borromean nucleus °He have been extensively described by four-body CDCC calcu-
lations [40-42,119-122]. The reason is that the projectile is composed of a “*He core and
two valence neutrons. The three-body CDCC method has also been used to describe ‘He
reactions, considering the *He core and a di-neutron [47,48]. Some unphysical results can
be derived from this approach. The transition probabilities are larger than the experi-
mental values, the root mean square radius is overestimated, and the enhancement of the
dipole couplings to the continuum is obtained. Nevertheless, it was possible to find a good
agreement with the experimental data for the elastic cross-section within the three-body
CDCC approach by increasing artificially the binding energy of the two-neutron to the
core [120]. This takes into account, effectively, the interaction between two neutrons
and provides the correct root-means-square radius to the nucleus. Nonetheless, to have a
more accurate and realistic treatment for the interaction of a three body-projectile with
a target, a more realistic theoretical model is mandatory.

The four-body CDCC formalism was first developed using the pseudo-state method

[39-41, 122-124]. However, for reactions on heavy targets and at energies around the
Coulomb barrier, convergence problems appear, and a more precise description of the low
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continuum spectrum is mandatory. To solve this issue the four-body CDCC formalism
using the binning procedure for three-body projectiles was presented in Ref. [42]. This
procedure used the hyperspherical coordinates, making necessary the truncation in the
number of hyperspherical momentum K, that will determine the maximum relative orbital
angular momenta, between the fragments, included in the calculation. The convergence
with respect to the maximum hypermomentum must be studied since it can generate
inaccurate results for some observables. This chapter attempts to obtain some observables
using four-body CDCC calculations and compare them with available experimental data.
Although, it is necessary to address the inaccuracies that might appear by truncating the
size of the hyper-momentum space considered in the four-body CDCC calculations.

6.1 Three-body description of He

In this work, we model the ®He projectile as a three-body system comprising an
inert alpha particle plus two valence neutrons. This system has a single bound state
with respect to the a + n + n threshold, with a binding energy of ¢, = 0.973 MeV and
total angular momentum J™ = 07. It is also known experimentally the existence of a
narrow resonance with total angular momentum J™ = 2% at 1.797 MeV over the ground
state, with a width of 0.113 MeV [125]. Two-body interactions from Refs. [126] plus an
effective three-body force, depending on the hyperradius, are included to reproduce the
6He structure. The three-body force is introduced to reproduce the experimental energies
for the ground and resonant states. The matter radius, rpatter, and the resonant width are
also reproduced. The fit of the three-body potential parameters needs to be performed
for each value of the maximum hyper-momentum used, K., as we can see from Table
6.1. The three-body potential has the form

_ S3b
1+ (r/rs,)*®’

where S3, is the strength of the interaction, r3y, is the radius where the potential has half
depth, and agp, is connected to the speed that the potential goes to zero at the infinity.
We set ag, = 3.00 in this work. The three-body potential parameters are usually fitted
to describe the experimental binding energy and root-mean-square (RMS) matter radius
of the ®He nucleus. In our case, the calculated binding energy is 0.953 MeV (0.975 MeV),
and the RMS matter radius is 2.46 fm (2.48 £+ 0.03 fm), assuming an a-particle RMS
radius of 1.47 fm (1.47 fm). In parenthesis are reported the experimental values taken
from Ref. [127]. One observes quite good agreement among them. The calculations were
performed using FACE [128] plus STURMXX [129] codes.

Vay(r) (6.1)

Kinax | 8 10 12 14 16 18

ssp(MeV) | -3.050 -3.700 -4.290 -6.557 -6.363 -6.197
rap(fm) | 5.00  4.00 350 270 270 271
ep(MeV) | 0.953  0.953  0.953 0.953 0.953  0.953
Fmatter(fm) | 2.463  2.464  2.466 2.449 2.466  2.471

Table 6.1: Adjusted parameters for each K, ..

First, we will study the convergence of the structure observables with respect to
the maximum hypermomentum. One important structure observable is the transition
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Figure 6.1: B(E1) distribution for each K.y, for the first few J™ = 1~. The black solid
line is the sum of all eigenchannel (EC). The ECs that most contribute to the dipole
response are enumerated from 1 to 4 using different lines.

probabilities, B(E\), given in detail in subsection. 2.4. In this way, Figs. 6.1 and 6.2
show, respectively, the energy distributions for the electric transition probabilities B(E1)
and B(E2) for some values of K.y, versus the excitation energy above the breakup
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threshold. It is noticed that the transition probabilities vary when K, is increased. The
difference is about 800 keV between the position of the B(E1) peaks for K., = 8 and
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Kax = 18 (see Fig. 6.1). We would like to remark that the comparison to Kp.x = 8
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is because it was the maximum value needed to describe the elastic scattering angular
distributions for the °He + 2°Pb reaction in Ref. [42]. However, the variation of peak
positions is not very significant for two adjacent values of Ky,.x. The B(E2) probability
also depends on the hyper momentum value (see Fig. 6.2). The difference between the
peak positions is about 500 keV in the same interval of K., considered. Of course, the
position of the 27 resonance remains in the right place. In both cases, it is observed that
the mentioned peaks become narrower, and higher and are shifted to lower energies as
the Kax was increased. This is better observed in Figs. 6.3 and 6.4, where dipole and
quadrupole transition probabilities are shown in the same plot for different values of K .,
considered. Although this shows that the convergence of the transition probabilities was
not achieved, in Ref. [41], it was argued that K,,.x = 8 is enough to guarantee the conver-
gence of the scattering observables. In fact, in that paper, the authors studied the elastic
scattering angular distribution. As shown below, K .. = 8 was enough to guarantee the
convergence of this observable. The eigenphases for the 1~ and 27 states are shown in
Figs. 6.5 and 6.6, respectively. It is observed that the eigenphases vary slowly in the range
of the maximum hyper-momentum analyzed. The eigenphases are converged for the 2%
states (see Fig. 6.6). On the other hand, there is not a clear convergence for the 1~ states
(see Fig. 6.5). This is additional evidence that the total convergence was not achieved at
Kiax = 8. Comparing Figs 6.5 to 6.1 and 6.6 to 6.2, one can confirm, as expected, that
the larger is the phase shift, the bigger the B(EM).

6.1.1 SHe+?*Pb

We start by studying the “He+2"Pb system. To disentangle the impact of the max-
imum hypermomentum considered on the scattering observables, the Fresco code [130] was
used to solve the set of coupled equations (Eq. 3.14). Like in Ref. [42], the solution in-
cludes J = 150h partial waves, assuming they reach the asymptotic form at the radius
Ruaten = 200 fm, for 22 MeV SHe projectiles impinging on 2°*Pb. The number of bins was
12 for J™ = 0%, 15 for J™ =17, and 12 for J™ = 2" states. Bins with angular momentum
larger than 2 gave a very small effect on the observables of the present reaction. The
bins were calculated in the energy range of 0 < e < 8 MeV equaly spaced in momentum.
The interaction potential was expanded in multipoles up to Qumax = 2.

It is also essential to analyze the convergence of cross sections for the observables
concerning the maximum hyper-momentum. In Fig. 6.7, the convergence of the breakup
angular distributions upon K., is studied. The major differences among the theoretical
angular distributions are observed at the peak around 40 degrees, where the cross section
for K. = 18 is about 40% larger than for K, = 8. The convergence was not achieved
in this peak, which should be dominated by the Coulomb breakup, even for K., = 18.

Another important quantity that deserves special attention is the partial breakup
cross section. Fig. 6.8 shows that the K., = 10,12,14, 16 and 18 partial cross sections.
As expected, one observes a similar behavior obtained for the breakup angular distribu-
tion. The effect of the maximum hypermomentum on the partial breakup cross section is
more relevant at the maximum near J = 16h.

The elastic angular distributions and the total reaction cross section are two ob-
servables that can be determined with confidence in CDCC calculations. In Fig 6.9, the
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Figure 6.8: Partial breakup cross section for the 5He 4 2°*Pb reaction at 22 MeV.

derived elastic cross section for all K., studied are shown. One observed very similar
angular distributions and good agreement with the experimental data taken from Ref. [8].
This confirms the results of Ref. [42] about the convergence of this observable for K., = 8.
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The study of convergence performed in this section allows considering the K., = 8
sufficient to determine the elastic scattering, although it be questionable for the breakup
cross sections. Maybe for transition probabilities B(E), a slightly higher K. would be
necessary. Nevertheless, this is out of our computational capacity. Also, the experimen-
tal B(EX)s are usually determined with no very high precision, especially for reactions
involving radioactive beams.

- One channel A
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Figure 6.9: Elastic differential cross section for the °He + 2°*Pb reaction at 22 MeV. The
experimental data are taken from Ref. [§]

6.1.2 SHe+'""Au

To better support our study about the convergence of CDCC calculations per-
formed for the ®He + 2%Pb system in the previous subsection, we repeat the same proce-
dure for the ®He + 7 Au system. For the last system, experimental angular distributions
are available at some near barrier energies [10,47]. The mass of the targets is very simi-
lar, and although the 2°®Pb is a double-magic nucleus, no significant difference should be
expected for both systems.

The values of J, Rpaten, number of bins, and the energy bins range and widths
are the as same used for the SHe + 2°Pb system. However, the optical potential to
describe the interaction between the neutrons and %7Au was taken from Ref. [53]. The
‘He + 197Au interaction was taken from Ref. [131]. Some tests using the Sao Paulo Po-
tential [54] were performed. However, because of the appearance of numeric errors, this
attempt was dropped out.
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The study of the convergence of the maximum hyper-momentum shows a behavior
similar to the one observed in the previous results for the scattering on 2°*Pb, concerning
the breakup angular distribution, as seen in Fig. 6.10. This observable has not converged
for the K. = 18. This can be a relevant convergence problem since the experimental
data for this observable usually would allow distinguishing the converged curves. This
behavior can be observed in Fig. 6.11. At 27 MeV, the maximum of the partial breakup
cross section for K.« = 8 and 18 has a difference of about 4 mb. This difference remains
the same for 29 MeV. However, at 40 MeV, the differences between the partial cross sec-
tion for each maximum hypermomentum is about 6 mb.
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Figure 6.10: Breakup differential cross section for the *He + 197 Au reaction at 27 MeV(a),
29 MeV(b), and 40 MeV(c). It was not possible to produce the theoretical cross section
with Ky = 18 at 27 and 29 MeV due to computational limits.

Similar to the 2°*Pb target observations, the elastic differential cross section for
the He 4+ '97Au system does not show any significant difference for the various K.
considered (see Fig. 6.12). The theoretical cross section in the energy range agrees with
the experimental data taken from Refs. [9,10].
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Chapter 7
Conclusions

This thesis shows that many interesting phenomena can occur in reactions involv-
ing neutron-rich nuclei. While the tools already used can describe the available data
satisfactorily, such as coupled channels, coupled reaction channels, etc., some process
demands more theory development. Also, many researchers show interest in this topic
because neutron-rich nuclei are significant in nucleosynthesis, either in accelerators or
astrophysical environments. This work endeavored to collaborate in the discussion and
bring some reflections on the subject, applying and developing theoretical techniques to
study different nuclear systems and reactions.

As described in chapter 2, the CC method provided good results in describing
elastic and inelastic cross sections for the “Be + ®7Au system. The elastic and inelastic
angular distribution at energies around the Coulomb barrier were analyzed using the SPP
systematic. A very good description of both angular distributions was achieved. In the
inelastic scattering, it was shown that the sum of two states (at 270 and 279 keV) was
essential to describe the angular distributions.

Besides the inelastic scattering, the neutron transfer channels (stripping and pickup)
are very important reaction mechanisms for this system. Dealing with the T Au(°Be,*Be)'?®Au
reaction, at energies near and above the Coulomb barrier, the theory agrees with the ex-
perimental data when many states of the residual ®Au are included. The coupling of
the 3.03(27) resonant state of the ®Be was of utmost relevance to describe the present
experimental data. At energies well below the barrier, the experimental data were under-
estimated. The neutron absorption after the breakup of the “Be projectile and the direct
one-neutron stripping produces the same residual nucleus *® Au. This might suggest that
the target could absorb part of the neutrons produced from the breakup. Also, The IAV
method can be a solution to this issue. Preliminary calculations showed a good description
of the data for low energies and corroborated the importance of the 3.03(2") resonance
state of the ®Be for the cross section.

Concerning the one-neutron pickup reaction 7 Au(°Be,'0Be)'% Au, it is obtained a
fairly good description of the experimental data. The deviation may result from the lack of
the microscopic calculation for the spectroscopic amplitudes between the target/residual
nucleus overlap. The effect of the breakup mechanism on this channel was also found
negligible.

Besides the elastic, inelastic, and one-neutron transfer, we have analyzed the fusion

process. To study the effect of the breakup plus transfer channels on the TF and CF,
the UFF described in subsection 2.6.1 was used, using the SPP as a bare potential. For
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energies above the Coulomb barrier, the CF was hindered by about 45% compared with
the benchmark universal fusion function. This is slightly above the 30% - 35% systematic
value, but in agreement with the value obtained for the same system by other groups [2,7].
At energies below the barrier, the CF was enhanced in agreement with the results reported
in the literature. Concerning the TF, a hindrance of about 10% at energies above the
Coulomb barrier was obtained. This result disagrees with the results found for the same
system by Li et al. [7] and also with the result for the ?Be + **®Pb system [6]. The
difference might arrive from the experiential techniques used to measure the experiential
data. More experiential data for similar systems are required to derive a definite conclusion

The fusion cross section of the open neutron shell nuclei 4*°K is significantly re-
duced compared to the closed neutron shell isotopes 3*4"K for both targets, O and
2Gi. In the 10 target case, the cross section is overpredicted when considering the 2pF
densities. Using more realistic density distributions from DHB calculations resulted in a
reduction of the predicted fusion cross section as compared to the systematics. For the
open-shell nuclei, the DHB densities in the SPP provided a reasonable description from
the experimental data, particularly for the K isotopes. However, the cross section for the
closed-shell nuclei is still overpredicted, particularly above the barrier.

For the ?8Si target case, when using the DHB matter density, the theoretical de-
scription of the fusion cross section for closed-shell nuclei provided a reasonable descrip-
tion of the data. The theory significantly underpredicts the measured cross section for
the open-shell nuclei, particularly below the barrier. However, a closer look at the system
shows that the coupling with the transfer channels may cause the effect of enhancing
the experimental data. This shows the necessity for further analysis of this system and
systems that exhibit similar structures to understand better the mechanisms involved.

To analyze the 6He+208Pb elastic angular distribution, it was performed 4-body
CDCC calculations. An attempt to check the convergence for other observables was per-
formed. The CDCC calculations were extended for the 2°°Pb to the %7Au target, for
which experimental elastic scattering angular distributions are also available.

In any coupled channel calculation, it is required to truncate the model space.
Sometimes the truncation occurs for physical reasons and others due to computational
limits. In this thesis, the truncation of the maximum hyper-momentum was governed by
describing reasonably well reaction observables like the elastic and the breakup differential
cross sections. The B(FE1) shows some dependence on the maximum K., demanding
values larger than 8, used to describe the elastic scattering in previous studies. On the
contrary, the B(E2) distributions remain almost insensitive to the inclusion of values
of Knax > 8. Some dependence on K,,,, were found in the eigenphases, mainly in the
J™ = 17. The breakup angular distributions seem to be more sensitive to the values of
Kiax, especially in the peak dominated by Coulomb interactions. In the same way, the
partial breakup distributions is very sensitive to changes in K,,,.. On the other hand,
the convergence of the elastic cross section is faster, demanding lower values of K .., as
shown in Ref [41]. The agreement with the experimental elastic angular distributions was
very good.

The results of the theoretical calculations on *He + %7 Au system corroborated the
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results for the 2°*Pb target. The elastic differential cross section also converged faster
than other observables using the same K., = 8 as in the case of the 2°Pb target. The
dependence of the elastic scattering on K., may be more significant in the reactions in-
volving light nuclei, as shown in Ref. [132]. The elastic cross section for the SHe + 7Au
system was quite sensitive to the a 4+ "7Au potential.

The convergence of the breakup differential cross section is slower, as observed for
208Ph target. It is important to state that for the breakup cross section we did not achieve
the full convergence K., (even for K.« = 18), due to computational limits.

The good description of the elastic scattering angular distributions proved that the
CDCC method using hyperspherical coordinates for the projectile is a reliable model to
perform four-body calculations usually needed to study the breakup process for Borromean
projectiles.
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