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Abstract

Transfer reactions are powerful tools to probe single particle configuration as well as
correlations of nucleons inside atomic nuclei. Advances in theoretical models and
increasing of the computational power have allowed to achieve a good description of
transfer reactions induced by heavy ions and to study details in the two-nucleon transfers.
In such process, the particles can be transferred in a simultaneous, in which the di-nucleon
system is transferred in a single step, and sequential processes, in which the two nucleons
are independently transferred. Comparisons between high-quality angular distribution of
the experimental cross-sections suggest that the process by which the two particles are

transferred depends on the target nucleus, as seen in previous collaborators works [, 2].

In this work, experimental results for the deuteron pick-up and two-proton pick-up
transfer in the 10+4-28Si system at Ei,,. = 240 MeV are presented. The deuteron transfer
reaction populates states of the 2°Al target-like nucleus, and the two-proton transfer
populates states of the 26Mg. In the same experimental campaign we also measured the
single particle transfers 2Si(*60,7F)?7Al, 27A1(*60,70)?°Al and *"Al(*°0,'"F)*Mg at
the same beam energy. These measurements were performed at the Istituto Nazionale di
Fisica Nucleare - Laboratori Nazionali del Sud, Catania, Italy, and analyzed by the
MAGNEX spectrometer. Elastic and inelastic scattering were also measured during
this experimental campaign, which allowed a good definition of the optical potential
parameters for these systems [3]. Angular distributions for the two-proton pickup and
both one-proton pickup transfers are presented and compared with Coupled Reactions
Channel (CRC) calculations using spectroscopic amplitudes from three different shell-
model interactions and single-particle model spaces. The three processes were described
within the same methodology. For the processes analyzed in this work, the one-nucleon
transfers favor the population of ground-to-ground transfer reactions and contrasts with

the results of the two-nucleon transfers, which does not favor the ground state population.

Keywords — Nuclear Physics, Nuclear Reactions, Heavy Ions
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Resumo

Reagbes de transferéncia sao ferramentas poderosas para estudar a configuracao de
particula tunica e as correlagoes de nucleons dentro do nicleo atomico.  Avangos
dos modelos tedricos e aumento do poder computacional permitiram alcancar uma
boa descricao de reacoes de transferéncia induzidas por fons pesados e estudar
detalhes da transferéncia de dois-nucleons. Nesses processos, as particulas podem ser
transferidas simultaneamente, onde um sistema di-nucleon é transferido num tnico
passo, e sequencialmente, onde os dois nucleons sao transferidos independentemente.
Comparagoes entre distribui¢coes angulares das secoes de choque experimentais sugerem
que o processo no qual as particulas sao transferidas depende do nticleo-alvo, como visto

em trabalhos anteriores de colaboradores [1, 2].

Neste trabalho, encontram-se resultados experimentais para a transferéncia de deuteron
e dois-prétons no sistema 0+28Si com Eyp, = 240 MeV. A transferéncia de deuteron
popula estados do niicleo 2°Al, enquanto a transferéncia de dois-prétons popula estados
do Mg. Na mesma campanha experimental também foram medidas as transferéncias
de particula tnica 28Si(*°0,'"F)?"Al, 2TA1(*°0,'70)%Al e 27Al(*°O,'"F)*Mg com os
mesmos feixe e energia. Essas medidas foram realizadas no Istituto Nazionale di Fisica
Nucleare - Laboratori Nazionali del Sud, Catania, Italia, e analisadas pelo espectrometro
MAGNEX. Espalhamentos elasticos e ineldsticos também foram medidos nessa campanha
experimental, que resultaram numa boa definicdo dos parametros do potencial 6ptico
para esses sistemas [3]. Resultados para as distribui¢bes angulares das segoes de
choque da transferéncia de dois-protons e de ambas transferéncias de um-proton sao
apresentados e comparados com cédlculos de CRC (Coupled Reactions Channel, em
inglés) usando amplitudes espectroscopicas de trés modelos diferentes para a interagao
no modelo de camadas e modelos espaciais de particula tnica. Os trés processos
foram descritos utilizando a mesma metodologia. Para os processos estudados nesse
trabalho, a transferéncia de um-nucleon favorece a populacao das transferéncias de estado
fundamental para estado fundamental e contrasta com os resultados da transferéncia de

dois-nucleons, que nao favorece a populacao do estado fundamental.

Palavras-chave — Fisica Nuclear, Reagoes Nucleares, Ions pesados
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1 Introduction and motivation

The atomic nucleus is a complex system of highly interacting particles in a tiny volume
and the balance between protons and neutrons (usually referred as nucleons) is crucial
to the nuclear stability. As a matter of fact, about 300 atomic nuclei are stable whereas
more than 3000 are unstable nuclei [4], that most of these unstable nuclei have half-life
shorter than 1us. In this context, the nucleon-nucleon interaction is a key ingredient to
understand the nuclear stability and the processes by which unstable nuclei spontaneously

decay.

From the quantum mechanical standpoint, the atomic nucleus is a challenging system in
which pertubative approaches, that successfully apply to atomic and molecular entities,
do not hold. Starting with the most fundamental perspective, currently the best
description of the particles and the interactions between them is described by quantum
chromodynamics (QCD). Its fundamental degrees of freedom are quarks (matter fields)
and gluons (force carriers). Quarks appears in six flavors but the ordinary matter (protons
and neutrons) are composed by two light quarks: up and down. The resulting nuclear
forces that are responsible for the nuclear binding are residual forces, much like the
van der Waals forces between neutral molecules [5]. However, a quantitative connection
between nuclear force and quark-quark interaction is still a topic of investigation due to
the intrinsic difficulty of carrying out QCD calculations at the low energies, where nuclear

physics lies.

To describe the complexity of the theoretical description of the nuclear forces, it is
instructive to discuss the scales arising in this type of problem. The phenomenological
potential between two nucleons consist of a highly repulsive, at distances shorter than
~ 0.4 fm, followed by an attractive range. For what follows in this dissertation, we are

not probing the nuclear interactions at such distances.

Properties of deuteron, the simplest bound nucleus, and the pp and pn scattering data
provide substantial information about the nuclear forces at the level of nucleon-nucleon

interaction. Currently we understand that it is:

« a spin dependent, meaning that its strength depends on the S = 0 (singlet) and
S =1 (triplet);



2 1.1 Towards effective approaches: the mean field

e has a tensor term (noncentral component), meaning that the ground-state

wavefunction of deuteron is a combination of S- and D-waves;

e nearly charge independent, meaning that the interaction between pp, pn and nn

are almost the same.

In the 90s, high-precision potentials have been developed to fit a large amount of pp and
pn elastic scattering data, such as the charge-dependent Bonn nucleon-nucleon potential
[6] and the Argonne V18 potential [[f]. While these potentials give accurate description
of most deuteron properties, the simplest bound nucleus, the situation becomes less
satisfactory when it comes to heavier systems, when the typically small three-nucleon
forces become necessary to describe the nuclear binding and energy levels. A three-
nucleon force is one which is felt only when there are at least three particles present, such

as triton or a 3He.

1.1 Towards effective approaches: the mean field

The preceding paragraphs give a brief overview on the theoretical challenges on the way
to describe properties of the atomic nucleus. In this context, the effective field theory
(EFT) is a general approach to calculate low-energy properties of physical systems by
exploiting relevant energy scales in it [8]. Usually requires high performance computers
and refined algorithms to include not only the leading order but also the next-to-leading
order and, eventually, next-to-next-to-leading order. Mean-field theories, on the other
hand, provide a basic tool to study nuclear structure in which the interactions between
nucleons, that constitute a given nucleus, are replaced by the interaction of each nucleon
with a mean field. In other words, it is an independent-particle approximation with a

mean field that represents the average nucleon-nucleon interactions.

The concept of mean field is very important to nuclear physics, as it provides grounds
to understand the appearance of shell structures in nuclei. The shell structure is clear in
atoms, since electrons move in the central Coulomb field of a small but massive charged
nucleus, and the earlier evidences of the shell structure were shown in [9]. In the nucleus
itself, where the central field is self generated by the nucleons, it came as a big surprise.
Interpretation of experimental data in shells was strongly contested at the beginning. An

important feature of nuclear shell structure is provided by the separation energies. For
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instance, one-neutron separation energy (S,,) of a nucleus with atomic mass A and atomic

number Z is defined as:

Su(A,Z) = B(A,Z) — B(A—1,2) (1.1)

where B(A, Z) and B(A—1, Z) are the binding energies of the nucleus with atomic mass
A and A — 1, respectively. A systematic analysis of the one-neutron separation energies
for isotopes shows that more energy is required to remove one neutron when the number
of neutrons is initially even. The effect on the nuclear radii as the subshells are filled
and the energy level discrepancy of the first 2% excited state in even-even nuclei are
other examples of nuclear properties that points towards nuclear shells, specially when
comparing these characteristics with its neighboring nuclei. More information on this

topic can be found in Section 5.1 of [10].

The shell structure in nuclei suggests that the nuclear Hamiltonian, that describe the
nucleons and their interactions, contains a dominant independent-particle component.
The solution of the time-independent Schrodinger equation for this "pure” independent-
particle Hamiltonian gives the single-particle states. In this "pure” version of the nuclear
Hamiltonian, the single-particle states are either occupied or empty. This simple scheme
gives a quite reasonable prediction for the J™ of the low-lying states in many even-odd
nuclei, such as the 17O, for which the ground state 5/27 is interpreted as a valence neutron
interacting with the nuclear core. In some case, one must add a residual interaction to
the independent-particle Hamiltonian to improve accuracy of the model. This may result

in single-particle states fractionally occupied.

Another important feature of the nuclear field is the pairing interaction. This is the
coupling of nucleons in pairs to form states of zero angular momentum, and is responsible
for the 01 as ground state in all even-even nuclei. The tendency of Fermi particles to
form J = 0 coupled pairs is well known in solid state, in which the superconductivity in
macroscopic systems appears due to pairs of electrons, that are commonly called Copper
pairs [11]. In the atomic nuclei, the short-range attractive force between favours this
pairing. It must be reminded that Pauli principle do not allow two identical Fermi
particles to occupy the same state. In the case of proton-proton and neutron-neutron

pairing, that are both spin-1/2 particles, they are constrained to have opposite spin
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projections.

The single-particle and nucleon pairs do not cover the intrinsic nature of nuclear states.
Some states exhibit properties that are interpreted as collective states. These are states
in which the nucleus is portrayed as a droplet of nuclear matter that can vibrate and
rotate. The key ingredient are the shape degrees of freedom. This picture is exactly the
opposite plot designed by the single-particle approach. However, there is no fundamental
incompatibility between these two approaches since the shell model, with the inclusion of
residual interactions between nucleons, is, in principle, capable of explaining the nuclear

structure.

The most general of nuclear states |¥) can be decomposed into a single-particle |Vgngle),
a pairing |U,q;), a collective |V, ) and further components. This can be written as

follows:

|\Il> = C’single ’\I]single> + C'pair ‘\I]pair> + C’col. |\chol.> + ... (12)

where C, (z = single, pair and col.) are the amplitudes for each component.

1.2 Transfer reactions as a tool to nuclear states

Nuclear reactions are an important source of information of the intrinsic nature of nuclear
states. Some reactions allow shedding light to a specific component of the states. For
instance, a simple way to identify single-particle states in a nucleus is by means of one-
nucleon transfer reactions. A transfer reaction is an interaction between projectile and
target nuclei which result in a transfer of nucleons between them. In a pickup transfer
reaction, nucleons are removed from the target nucleus and added to the projectile. In

the stripping transfer reaction, nucleons are added to the target nucleus.

The one-nucleon pickup and stripping transfer are particularly important to infer the
occupation probabilities of single-particle states. Thus, to the extent that the single-
particle state is occupied, it can give up a nucleon in a pickup reaction, leaving behind
a residual nucleus in a hole state. Alternatively, if the single-particle state is empty, it
can accept a nucleon in a stripping reaction, creating a residual nucleus in a particle
state. This information is usually quantified by spectroscopic factors (SFs) or asymptotic

normalization coefficients (ANCs), which are the norm of the overlap function between a
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nucleus (A+1) in a state ¢ with a nucleus A in a state f. Measurements of the transfer

cross-sections are related to these SFs and ANCs, although the connection between them

is not straightforward [, ]

In the past, a vast majority of studies were carried out using the (d, p), (p,d), (*He,d) and
(d,>He) probes. Reasons for choosing light projectiles are twofold. From the experimental
standpoint, measurements of light ejectiles typically attain high energy resolution, good
particle identification and a clear distinction between low-lying states of the residual
nuclei. From the theoretical standpoint, reaction dynamic is usually treated within
the distorted-wave Born approximation (DWBA), which basically assumes that elastic
scattering is the most relevant reaction channel and couplings to individual non-elastic

channels are weak and not strongly correlated with each other.

Some recent works have addressed the importance of a three-body approach to interpret
the (d,p) data [, @], and the nonlocality of the nucleon-nucleus interactions [] The
first point means that the projectile must be explicitly treated as a two-body particle
interacting with the target nucleus. The nonlocality of the nucleon-nucleus potential
means that a reaction channel (elastic scattering, for instance) can take place at one
point 7 and reappear at a further point 7. In practice, the nonlocal potential can be

replaced by a suitable local equivalent potential.

mg

Figure 1.1: Diagram for the nonlocality of the nuclear potential. 7" and 1 represent the
positions in which a reaction channel can occur, in the center of mass frame of reference.
7o and rj are the positions of the individual nuclei of masses m, and mg, and R is the
relative position between the particles.



6 1.3  Motivation for this work

When reaction and structure models are in place, a good agreement between experimental
and theoretical cross-sections is usually achieved. The ratio of experimental to theoretical
cross-sections is usually adopted as experimental estimation for the SFs. It has been
shown these estimates, extracted within the adiabatic distorted-wave approximation
(ADWA) for the (d, p) reaction in many target nuclei, give a remarkable good agreement
with SFs obtained from large-scale shell models [17]. Transfer with the (d,p) reaction
is indeed an useful tool for spectroscopic studies of unstable nuclei and Ref. [18] gives a

clear overview.

1.3 Motivation for this work

Pairing interaction is of paramount importance to the nuclear structure. Recent works
are mostly dedicated to study the structure of neutron-rich exotic nuclei, such as He
and 'Li [19, 20], whose ground states can partially be interpreted as a dineutron
system interacting with a nuclear core. This is also responsible for the existence of the
tetraneutron as a resonant state, just recently observed in a knock-out reaction with the
8He. The ®He nucleus has the pronounced cluster structure of an a-core (‘He) and four
valence neutrons. A sudden removal of the a-particle, in a inverse reaction 8He(p,p*He),

give a clear indication of the correlated free four-neutron system [21].

Pairing may also play a role in two-nucleon transfer reactions. This reaction may proceed

through two processes:

o sequential transfer: in which the two nucleons are transferred independently and

populate states of an intermediary mass partition;

e simultaneous transfer: in which the two nucleons are transferred in one-step, as a

single entity.

It has been recognized that two-neutron transfer reactions are sensitive to the pairing
correlation [22]. The probability for the simultaneous two-neutron transfer process is
enhanced as compared to a naive expectation of sequential transfer process, that is, the
square of one-neutron transfer probability [23]. This enhancement has been attributed

to the pairing effect, such as the surface localization of a Cooper pair [24].

The (t,p) is the main source of data on the two-neutron transfers. However, use of triton
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beams have been strongly limited to match radiation safety procedures in laboratories.
On the proton side, the (*He,n) reaction demands measurement of the neutron ejectiles
with high intrinsic efficiency and energy resolution. Just for reference, liquid scintillators

are often used for neutron detectors and have intrinsic efficiency of about 10% at most.

Transfer induced by heavy ions offers an alternative to the use of light projectiles.
Moreover, modern experimental setups have been made possible to achieve good energy
resolution and high-quality particle identification for heavy-ions. Most of these setups
use large acceptance spectrometers and multiparameter detection systems. Though
theoretical calculations involving heavy ions add the challenge of explicitly including
non-elastic reaction channels, since its couplings are often strong, nowadays is a feasible

task with current computational power.

In recent publications in our research group [25-29], a systematic analysis exploring heavy
ions and a consistent reaction models has been done. Optical potential parameters and
strengths of the couplings to inelastic channels are constrained using the cross-sections for
the elastic and inelastic scattering. Nuclear structure information and SFs are obtained
through shell model calculation, assuming explicitly that they are independent of the
reaction. It is crucial to consider the limitations of the optical model and coupling
schemes when drawing conclusions. Reliable interpretations of reaction mechanisms are

obtained through comparison between experimental data and theoretical predictions.

The two-neutron transfer can be studied in the (**0,'°0) reaction. The 8O can be
interpreted as a two-neutron valence particle bound to a 'O core. The strong selectivity
of transfer reaction induced by heavy ions has been observed by M. Cavallaro et al. [1]. In
this work, states in the *C nucleus has been populated by the one-neutron ¥C(*#0,70)
and the two-neutron 2C(180,0) reactions. The experimental excitation energy relative
to the *C ground state is shown in @ It must be noted that the ground state in **C
is suppressed in the two-neutron compared to its intensity in the one-neutron transfer.
This is an indication that this is nuclear state has a predominant single-particle nature.
On the other hand, the 10.74 MeV state has a strong neutron pairing character, since this
state is observed in the two-neutron channel and is negligible in the one-neutron reaction.
Calculations also indicate the dominance of the simultaneous process in the two-neutron

reaction, despite the typical large angular momenta transfers in nuclear reactions with



8 1.3  Motivation for this work

o ’ : s i e
(a) o L0 1T0)C
Tt i 8 E,-,,L.=B4 MeV - 1085
w 3 <=5
6 1930
%
= 5F 1775
< :'«. z
= ~ 3 =]
E 4 T 620 g
s 3f | oS le6s @
© o e i
= v -
2r 1% S ks 1310
R
“ 1 - o -r
1t ] ‘1’ & A
[\ & J " L o
0 |L : Fa e A 1 | i
R ST FS (U L A [t SR T SN R
“_'l] I!(_*(lﬂo‘lﬁ(}]lic‘:
4 Egpe=84 MeV 440
3 {ﬂ.l‘ﬂk{s :
- e
g 3 ¥ 2 330
- =
3 v <
=] 2
E 1 - 1220 3
<3} o 4 =)
2 wll 2 ]
= -1 -
i+ 4 @ g, =410
L] ¥ |
4 sl =y ¢
| -‘“J L Iy
0 L T I ---*'L‘I A | L ..'I: (1]

E* (MeV)

Figure 1.2: Excitation energy spectra for '“C populated by the one-neutron
13C(180,'70), in_panel a), and the two-neutron '2C(!80,'°0) reaction, in panel b).
Extracted from [1].

that heavy ions. The selectivity and the role of pairing in two-proton and deuteron

(proton-neutron bound system) transfer are still unclear.

This dissertation deals with the study of two-proton and deuteron transfer reactions
in 2"Al and ?8Si targets induced by 'O projectile at Ej, = 240 MeV. These target
nuclei were chosen because: i) within the weak coupling, the 2?Al can be interpreted as
a proton hole coupled to the 28Si core, therefore they can be treated within the same
nuclear structure model; ii) both target nuclei have the same number of neutrons and
the 1ds/o neutron sub-shell filled in their ground states. The intermediate one-nucleon
transfer reactions were measured as well, in the same experimental campaign. This is
important for the calculation since can be exploited to set constraints to the optical
potential parameters and the model space adopted in the nuclear structure to extract the
spectroscopic information, encoded in the spectroscopic amplitudes. The overall set of

transfer reactions presented in this dissertation is shown in @ The elastic and inelastic
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Figure 1.3: Panel a: transfer reactions studied for the deuteron transfer. Panel b:
transfer reactions studied for the two-proton transfer.

scatterings for these systems have been analyzed previously in Ref. [@] and the coupled
channel calculations satisfactorily reproduce the experimental data. We focus on the
results of coupled reaction channels (CRC) for the one-proton and two-proton transfers

to the target nuclei.

This dissertation is organized as it follows: gives an overview of the theoretical
background for this work; introduces the experimental setup and how it acquires
data; discusses the details of the data reduction and cross-section attainment;

and Section § presents our results and conclusions.
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2 Heavy-ion transfer reaction overview

This chapter presents an overview of the theoretical framework to calculate cross-sections
for direct reactions. This framework requires a consistent direct reaction model, that
include other reaction channels that might be relevant, and an accurate model for the

nuclear structures of the nuclei involved in the reaction.

Two methods frequently used in direct reactions are the distorted-waves and the coupled-
channels. The distorted-wave approach assumes a full treatment of the elastic scattering
wave function, usually by assuming an optical potential, whereas the components of
nonelastic wave functions are treated in the first order in the coupling interaction.
The coupled-channels methods deal with a set of coupled equations that arises from
considering a model wave function with a limited number of terms. When these terms
include elastic and inelastic scattering wave functions, so that all states belong to the
same mass partition, it is referred to as coupled channels (CC). When it includes also
states from more than one partition, as is the case in transfer reactions, it is referred to
as coupled-reaction channels (CRC). A combination of CC, to treat the set of coupled
equations within the same mass partition, and distorted-wave, to treat transfers to first

order, can also be considered and is referred to as coupled-channels Born approximation

(CCBA).

Besides a full quantum mechanical calculation is at hand, some insights about the transfer
reaction induced by heavy ions can be obtained directly from a classical approach. This
is handful to provide a general behavior of the transfer cross-section angular distribution

and is presented in section El]

2.1 A semiclassical approach for transfers: Brink’s

rule

Some features of heavy-ion reactions can be treated using the concepts of classical
mechanics. Central to such considerations are short wavelengths, occasioned even at
comparatively low energies by large reduced masses, large target-projectile Coulomb

forces, and strong absorption seen at overlapping target-projectile separations. For
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N T projectile ~

target nucleus

[

lzﬁure 2.1: Diagram of the transfer reaction in terms of trajectories. Adapted from
]

example, the asymptotic relative wave number k for a 240 MeV 60 projectile incident in

a mass-28 target is

V2uk
h

k= ~10.9 fm ™" (2.1)

This corresponds to De Broglie wavelength of A = 27/k & 0.6 fm, which is small compared
with the nuclear interaction radius given by

R =125 x (A1/3

proj.

+ A2 ) fm ~ 6.9 fm. (2.2)

target

According to D. Brink [@], transfer reactions between heavy ions at energies well above
the Coulomb barrier have a large cross-section only, if certain kinematical matching
conditions are satisfied. These conditions are referred to as the Brink’s matching
conditions and are related to the Q-value of the reaction, the initial and final projections
of the angular momenta and the kinematic energy. Consider the transfer process as

depicted in Fig. @, in which the z-axis is perpendicular to the scattering plane.

The orbital wave function of the valence nucleon in the projectile is in a single-particle
state characterized by initial angular momentum ¢; in the \; projection. The conservation
of angular momentum applies to the total angular momentum of the two nuclei. In the

center of mass of the system, the total angular momentum is the sum of the internal
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angular momentum of each nucleus - about its own center of mass - and the angular
momentum of the relative motion. From a classical perspective, the angular motion of
the valence particle is given by the component of the angular momentum A and the

nuclear radius. This matching condition gives
1 R
Ag:)\f_)\i"i_ék(Ri_Rf)"_Qeffh_ ~ 0 (23)
v

where RR; and Ry are the radii of the two nuclei and R = R; + Ry. The effective Q-value
(Qerr) is the reaction Q-value plus a term that takes into account the charges of the initial

and final states, given by

62

Qet = Q — (Zs1Zs2 — Zin Zi2) R (2.4)
A second condition can be evoked, requiring that
1+ M\ = even; ly + Ny = even; (2.5)

The third matching condition arises from simply requiring that the y-component of the
momentum of the transferred nucleon should be almost conserved. For the valence

nucleon before transfer, this component of the momentum is

h\;
R;’

(2.6)

pyvi:mv_

The term muv is the bulk motion of the projectile (in the center of mass of the total
system) and the second term is due to rotation of the valence nucleon. Immediately after

transfer, the y-component of the momentum is

Ry
Puf =5 (2.7)
) Rf

Finally, the matching condition for the y-component of the momentum requires that

Ak=—————~=0. 2.
L0 28)

To apply Brink’s rule to the one-proton transfer reactions studied here, first the single-
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reaction Q-value Qe N Af Af E, match.
(MeV) (MeV) (A¢ match.) (Ak match.) (MeV)
2BSi(160,17F)2TAl -10.98  -12.02 0 2.7 2.1 2.8
2AL(160,1TF)0Mg  -7.67 -850 O 2.7 1.4 6.4

Table 2.1: Application of the Brink’s rule to the one-proton transfer studied in this
work. It is assumed that the valence proton occupies the 1ds/, shell in the target nuclei.
In both systems, the best matching is achieved assuming also \; = 0.

particle state of the valence proton must be assumed. A schematic proton distribution
for the 27Al is shown in , for example purposes. In both ?8Si and 27Al target
nuclei, the last protons occupy the 1ds/2 shell. Therefore, ¢; = 2 and there are three
possible projections: \; = —2,0, 42, since ¢; + A\ = even. Among these options, \; =0
provides good matching conditions to populate low-lying states in the residual nuclei.
This is shown in Table @ For the %Si(*60,'7F)?7Al reaction, A¢ matching condition
(Eq. @) is best for Ay = 2.7. Recall that Ay is an integer value. Therefore, the valence
proton should populate a single-particle state in the f-shell at least. The Ak matching
condition (Eq. @) is best for Ay = 2.1 instead. The matching between these condition is
achieved when the valence proton populate states at £, = 2.5 MeV in the 27Al residual
nucleus (see Table @) For the 2"A1(*%0,'"F)?Mg, optimized matching conditions is for
transfers to states at £, = 6.4 MeV.

radius [fm]
| | | L

V(r) [MeV]
O
—0 |
O
—O-
O
|
b

—_—

Figure 2.2: Shell model proton distribution scheme for the 2”Al. The separation between
the levels are not in scale.
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2.2 Direct reaction models

Some of the observables measured in nuclear reaction experiments are the cross-sections
(differential or total) as a function of the projectile scattering angle or the projectile
incidence energy. Therefore, the main objective of the theory of direct reactions is to

predict these cross-sections by solving the system’s equations of motion.

To standardize the language, a 2-body nuclear reaction is usually represented as a + A —
b+ B or, in short, A(a,b)B, where a and A are projectile and target cores, respectively.
b and B are the ejectile (usually the detected particle) and the residual nuclei. In the
specific case of elastic and inelastic scattering, B = A and b = a. In the jargon of reaction

theory, the systems a+ A and b+ B are called initial and exit mass partitions, respectively.

For non-relativistic energy regimes, the Schrodinger equation must be solved by
introducing the necessary ingredients that describe the internal structures of both
the projectile and target nuclei, and the potential that governs the interaction. The
Hamiltonian of the input partition «, i.e. of the core-projectile and target system, is

generically written as:

Ho = Kr+H,y(ep) + Hiler) + Vo(Ra, €ps €) (2.9)

where Kg is the kinetic energy operator (= —%V%) acting on the relative coordinate
R. H,(ep) is the internal Hamiltonian that describes the state of the projectile nucleus
(equivalent for the target nucleus with the term H.(e¢)). V(R,ep, ;) is the potential
responsible for the description of the projectile-target interaction. Eventually, the
ingredients for the description of the particles that result from the reaction should also

be provided when they are different from the projectile and target nuclei.

In principle, one should resort to the time-dependent Schrédinger equation. Without
demonstration, the time-dependent solution is equivalent to the time-independent
solution that is predominantly implemented in algorithms (More details can be found
in sections 4.1 and 4.2 of [B2]). The wave function V(R,¢) is the time-independent

solution of the Schrodinger equation,

HYU(R,e) = EY(R,¢) (2.10)
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It is a second order differential equation whose solution must consider the appropriate
boundary conditions to describe the scattering process. In the limits where the incident
particle is very far from the center of the interaction potential V,, (R, ep, €t), its wave
function is described by a plane wave. After the reaction, several spherical waves are

generated such that, in the asymptotic limit (R — oo) we have
(R e) — gbp(sp)qbt(st)eiﬁoé + spherical waves (2.11)

The superscript ”(+)”  denotes the solution involving emerging spherical waves.
Information relevant to the description of the various forward reactions is contained in
the terms of ”spherical waves” (see Chapter 8 in Ref.[33]). Thus, we can write spherical

. iKR
wave solutions of the type <,

N iKaRa
V(R ) = Do(e0)eOR + 0 (e0) fan(0) -
cil4Ra etKpls
+ > Bar(2a) faral0) =+ > @p(ep) fo.a(0) 7 (2.12)
o' #a « B

where the last 3 terms describe different processes, namely: elastic scattering, inelastic
scattering and processes leading to the final partition 5 # «, such as nucleon transfer
reactions. The f(#) function is the scattering amplitude in a given 6 direction (in the

system’s center of mass frame of reference).

Within quantum mechanics, the differential cross-section (g—g) is defined as the flux of
particles passing through an area dA = r2d), centered on § direction, per incident flow
unit. From this definition and exploring the concept of probability current density, it is
shown that the differential cross-section for the reaction leading to the o — 3 channel is

completely determined by the scattering amplitude

@ %y 2.13
] (213

Similarly, the differential cross-section of inelastic (elastic) scattering is defined in terms

of the amplitude fo o (0) (fa.a(f)). At this point, it is usual to define the transition matrix
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(T-matriz) [32]:

2 h?
Tsalb) = — f5.0(0) (2.14)
2%
such that )
do Hafls Kﬁ
- — s 2.1
dQa—p  (27h?)2 | K, Ts.a(0) (2.15)

Also, for the reaction channel [, it is possible to determine an integral expression for
the transition matrix 75,(6). Exploring Green’s method for solving non-homogeneous

differential equations, we obtain
Toal®) = [ [ 0o (ca)VaBa, 26 ) (R co)zad R (216)

In summary, all the dynamics of the nuclear reaction are present in the scattering wave
function ®*) which, formally, is determined from the time-independent Schrédinger

equation.

The solution of the equation in practice requires, in the first analysis, a reduction of the
number of possible reaction channels (phase space) explicitly included in the function ®+).
The phase space restriction is motivated by the computational complexity of numerically
treating several reaction channels and by the interest in analyzing the effects of a few

channels in a comparative analysis with experimental data. Within this motivation, the

Equation 2.1( equation is approximated by the following:
Hefqumodel(Ra 5) = E\I,model(Ra 5) (217)

where Heg is an effective Hamiltonian. It is important to point out that this effective
Hamiltonian is complex, energy-dependent and non-local. Furthermore, it encompasses
channel effects not explicitly considered in the W .40 scattering wave function. Therefore,
the potentials that enter Heg are usually determined phenomenologically through fitting

procedures to experimental data.

Regarding the time-independent Schrodinger equation to be solved (Eiquation 2.1 f), for

simplicity of presentation, we are ignoring the spins of the nuclei. This does not imply that
particle spins have no effect on the scattering description. Furthermore, considering that

the optical potential depends only on the relative coordinate R, it becomes convenient to



18 2.3 Optical model principles

look for general solutions whose angular dependence (6, ¢) are described by the spherical
harmonic functions Y;,,(6, ¢). The radial equation can also be expanded on a spherical
harmonic basis. This method is known as partial wave expansion (see Chapter 8 in
Ref. [B3]). In practice, a time-independent Schrodinger equation is replaced by a sum of
radial equations for each partial wave £. On the other hand, the solution of each partial
wave is easier to implement computationally, and usually some partial waves contribute

significantly to the cross-sections.

The differential cross-section is related to the scattering amplitude (Eiquation 21%) and

which, within the approximations considered in the optical model, is given by:

f(6) = Z 20 +1)e*7¢(Sy — 1) Py(cosh) (2.18)
é

The first term is the scattering amplitude of pure Coulomb scattering, i.e. considering
only the term Ucgoy. (R). The coefficients o, are the phase difference in the scattering
wave function introduced by the Coulomb potential for each partial wave £. S, is the

reflection coefficient or, more recognizably, S-matrix.

2.3 Optical model principles

In terms of phase space, the most basic approach is equivalent to considering only the
ground states of the projectile and target nuclei, which effectively considers only the
elastic scattering channel. In this case, the scattering wave function contains only the

first two terms of [Equation 2.12. The effective Hamiltonian is expressed as

HeH:’CR+HQ(€)+Ua(R) (2.19)

The effective interaction U, (R) takes into account the effects of couplings of non-elastic
reaction channels (for example, inelastic channels and transfers) on elastic scattering
and, as mentioned earlier, is a complex potential, energy-dependent and non-local.
The imaginary part of the potential takes into account the probability flux loss from
the elastic channel to other channels. Energy dependency is usually incorporated

phenomenologically by adjusting the potential parameters. The non-locality of the U, (R)
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potential is rarely taken into account and sometimes introduced through a correction
factor for local potentials, known as the Perey [34] factor. The U,(R) potential that

contains these features is called the optical potential.

The effective potential also contains the Coulomb potential (Ucou. (R)). So the effective
optical potential is

UO&(R) = UCoul.(R) + UNUC.(R) (220)

where Unye.(R) is the nuclear term of the optical potential. The Coulomb term

corresponds to the potential of a sphere of radius R, with charge Ze uniformly distributed

given by:
ZpZse? ( R2>
2 (3 — 25 se R <R,
U (R) = { % A7 1 (2.21)
—Z”}Z{e se R> R,
For the nuclear term, we consider a complex central potential of the type
Unue.(R) = V(R) +iW(R) (2.22)

The nuclear potential is usually described by an attractive potential, with a range slightly
greater than the radius of nuclear and diffuse matter. It is common to use Woods-Saxon

type functions

V.
R )

where V., R, and a, are the depth, radius and diffusivity of the potential and which are

(2.23)

generally free parameters to fit to the experimental data. The same form of function
is used for the real and imaginary part of the effective nuclear potential, resulting in 6
free parameters fitted to the data. If experimental data for a given nuclear projectile
scattered by several targets of mass A are simultaneously well described by the same
optical potential (within small variations of the parameters), we have what is called global
optical potential. However, the success of these types of global potentials is restricted
to the scattering of light ions (p, d, *He). For heavy systems A > 8 the accuracy
obtained with global potentials is very low, which favored the compilation of specific

optical potentials for each energy-projectile-target combination.

An alternative to the adjusted or global potentials is the single or double convolution
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potential obtained from the nuclear matter density distributions of one of the nuclei
(single convolution) or of both nuclei (double convolution). Among the double convolution
potentials, the Sdo Paulo potential [35] is one of the most used to describe the elastic
scattering of different systems and energies. In its non-local formalism, the potential of

Sao Paulo is given by:

Vspp(R) = Vi(R) exp{ _j‘;’z } (2.24)

where c¢ is the speed of light, v is the relative (non-relativistic) speed between the nuclei

and Vg (R) is the double convolution term involving the density distributions of the nuclei

(p1(71) and pa(2)) given by:

with Vy = —456 MeV.fm?. The Dirac delta appears with the idea that the emission and
absorption of the nucleon exchanged between the nuclei happens at the same point (zero
range approximation), this, in practice, causes the sixfold integral to become a triple
integral. When the Dirac delta function is used instead of a more refined approach for
the nucleon-nucleon interaction, the size of the nucleon should be taken into account, as

matter density is not the same as nucleon density. More details on this topic can be

found in [35].

2.4 Coupled Channels Formalism
To describe non-elastic processes, it is necessary to solve . If it is possible

to consider that the non-elastic reaction channel is loosely coupled to the elastic channel,

then the perturbative treatment can be adopted.
Considering the following expansion for the scattering wave function,
N
V(R ) = do(e)xo(R) + D dule)xn(R) (2.26)
n>0

where ¢(¢) is the wave function describing the projectile and target nuclei in their ground
states. The coefficients x,(R) describe the relative coordinate movement within each

reaction channel n. The wave function W(*)(R, <) must satisfy the time-independent
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Schrodinger equation,

[E—H] U (R,e) =0 (2.27)

Multiplying both sides of this equation by the internal functions ¢ (¢), and integrating

over the internal coordinates €, we obtain a set of n coupled equations of the type
[E — 0 = T = Van(R)] xn(R) = Y Vo (R)xw (R) (2.28)
n'#n

where €, is the eigenvalue for the inner Hamiltonian, such that H(e)o,(e) = €,0n(c).

Vo (R) are the coupling potentials between channels n and n/, defined as:
Vo (R) = /d€¢:(5)V(5, R)pn (€) (2.29)

The coupling potential is the main ingredient for handling non-elastic processes. For
example, Vj,/(R) is the coupling potential responsible for the transition from the

fundamental states (n = 0) to the states defined in the channel n’.
Some aspects should be highlighted regarding
« the potential V' (¢, R) and the internal wave functions ¢,/ (¢) are modeled
« the radial functions x,(R) must satisfy asymptotic boundary conditions (R — o)

 depends on both the function x,(R) and y,/(R) and both are initially unknown.

Therefore, the [Equation 2.28 is also called the set of coupled equations.

The set of n coupled equations (Equation 2.2a) must be solved iteratively, starting from

the equation for the elastic channel (n = 0). This allows to determine the distorted
wave function yo(R), which is inserted into the nth coupled equation and determining
the solution x,(R) in first order. Up to this point, the iterative solution process is
called the 1st-order Distorted Wave Born Approximation (1-step DWBA). In this order of
approximation, the elastic scattering wave function is not corrected for possible coupling
from non-elastic channels. In other words, this means that, in 1-step DWBA, the elastic

scattering cross-section is not altered by the inclusion of non-elastic channels.

Once the function y,(R) is determined in the 1st iteration, one can return to the elastic
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channel equation and determine the solution for yo(R). This process is called 2-step
DWBA. The process is self-consistent and after N iterations, the solutions tend to
converge. Typically, N-step DWBA solutions are called Coupled-Channels (CC). This

topic is discussed in more detail in section 2.5 of the [36] reference.

2.4.1 Coupling to inelastic channels

Inelastic reaction channels are processes in which the projectile and target nuclei preserve
their identities but alter their intrinsic states. For simplicity, only situations will be
considered in which one of the nuclei (projectile) undergoes the excitation of its intrinsic
states. However, the method can also be applied to inelastic channels that result in target

nucleus excitation and simultaneous projectile and target excitation processes.

The main ingredient is the coupling potentials between channels n and n’ (Eiquation 2.2§).

It is convenient to express the internal wave functions in terms of their angular momentum

and projection (in Dirac notation):

|9i) = [i5 1; M) Q) = | f; 1y My) (2.30)

The effective potential V(e, R) must consider the contributions of the Coulomb terms

(Coulomb excitations) and nuclear (nuclear excitations).

It is convenient to expand the Coulomb potential in terms of the A multipoles. Without

proofs, the Coulomb potential is written as:

A Ze .
V(e R) =) o MEA m)Y3,(0,0) (2:31)
Ap

where M(EX, ) is the electric multipole operator and that depends on the internal
coordinates of the projectile nucleus. In DWBA approximation, the scattering amplitude

by Coulomb excitation is

,uZte

f(0)iny = 5 (fs I M| M(EX, p)|i; LM;) Ti 5 (Ky, K) (2.32)

This equation shows that, in DWBA| the scattering amplitude is factored into 2 terms.
The first, associated with the amplitude 7; ;(Ky, K;), describes the dynamics of the
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reaction. The second, (f; [fM¢|M(EX, pt)|i; I;M;) called the matrix element of the electric
multipole operator, contains all the information about the structure of the nucleus to be

excited. Using the Wigner-Eckart theorem,
s I My IM(EN, )i LMY = (I My AL MG) s IMEA llis Iy (2.33)

where (f;If||M(EX, p)|li;1;) are the reduced matrix elements of the electric
operator EX. (IyMy¢|A\ul; M;) is the Clebsch-Gordan coefficient.

The reduced matrix element of the E\ operator is related to the reduced transition

probability B(EX;1 — f),

2l 41
26+ 1

B(EX;i — f) [ el | M(EA, )l )| (2.34)
and that it is a quantity determined experimentally through the gamma decays of the

transition of interest or from Coulomb excitation measurements.

In the case of the nuclear potential, the transitions are interpreted as deformations of the
surface of the nucleus around the spherical distribution. The angular dependence of the

deformed core surface can be expressed in terms of spherical harmonics,

r(0,9) = Ro+ Y oxYr(0,9) (2.35)

A

where & au 18 the deformation length operator. Typically, the most relevant deformations
are quadrupole (A = 2) and octupolar (A = 3). Assuming that the nuclear interaction

accompanies the deformation of the nucleus, we have
and, assuming that the deformation is small compared to the diffusivity of the potential,

by Taylor expansion we have

B . dV(R - Ry)
V(e,R) =V(R~ Ry) — Z(SMT

A

Vi, (0,0) + .. (2.37)
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The coupling potential relevant to the DWBA formalism is

_dVo(R — Ry)

V(R)ip == (f; Ly My|V'|i; [; M;) = iR

Al
(2.38)
where (f; 1M f|5/\u|i§ I;M;) is the deformation operator array element. Again, applying

the Wigner-Eckart theorem,

(s T My oxlis LMY = (f; I My | AL M) (f; 1|05 )3 I;) (2.39)

The deformation reduced matrix element (f;If||dy]|i; I;) is the main ingredient and is
related to the core deformation structure. In particular, considering the rotational model,
the value of the reduced matrix element becomes proportional to the parameters 8, and

Ry (deformation parameter and projectile nuclear radius, respectively)

(F5 Lplloal3; L) = (=1)" " (I KXO| LK) B Ry (2.40)

2.5 Coupled Reactions Channels

Whenever transfer of one or more particles between projectile and target nuclei are
involved, the W 401 (R, €) scattering wave function must include terms from two or more
partitions, as indicated by Eq.(2.12). Generalization of the coupled-channel method to
transfer reactions introduces some new features that must dealt with, such as the non-
orthogonality of the wave functions from different mass partitions and the non-remnant
terms. The non-orthogonality is easier to explain at this point. It means that the overlap

between internal states in the o and 8 mass partitions are not zero:
[ ilepatenar, £ 0 (2.41)

To keep this topic simple, let us consider the transfer of one nucleon n and only two
reaction channels «, the elastic channels, and 3, the transfer channels. This process can
be represented as A(a,b)B, as previously seen, where a = b+ n and B = A+ n. The

coordinate system in indicated in Fig. @ Consider the 2-state wave function for the
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N projectile ~

valence
nucleon

target nucleus

Figure 2.3: Coordinates for transfer reactions. The 77, (solid blue arrow) connects the
target nucleus to the center of mass of the core + nucleon system in the initial mass
partition, whereas the 75 (dashed blue arrow) connects the core nucleus to the center of
mass of the target + nucleon system in the final mass partition.

transfer reaction from « to § mass partitions,

U (R, 60, Rg,25) = PalCa)Xa(Ra) + 03(es)x5(Rp) (2.42)

where ¢, and ¢s are the wave functions that describe the internal nuclear states of both
nuclei in the initial o and final § partitions, respectively. x.(R) and xg(R) are the
asymptotic form of the wave functions distorted by interacting potentials in the initial

and final partitions.

The total Hamiltonian for the system is the sum of the internal Hamiltonian #H, (e, ),
that describes the states in the a and A nuclei, the kinetic energy of their relative motion
To(R,) and their interacting potential V4 (R, e4). The internal Hamiltonian satisfy the
following eigen-equation:

Ha(ea)Pa(Ea) = €adPalEan) (2.43)

with eigenenergy €,. The kinetic energy operator depends on the reduced mass a and A

(ta), in the o mass partition, and the radial coordinate R,:

To=—5—"Vh, (2.44)

Major difficulties arise with the interacting potential V,(Ra, €4 ), since depends on both
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radial R, and the internal £, coordinates.

The same can be written for all mass partitions included, so that:
H=Hot+TatVa=Hs+T5+ Vs (2.45)

such that [Equation 2.42 satisfy the time-independent Schrodinger equation:

HIP (R, e) = EVI(R, ¢), (2.46)

in which R and ¢ includes information of all partitions. We can project the Schrodinger
equation into states in the « and [ partitions. To indicate this, we adopt, again, the

Dirac notation,
(ol (H=E) [Ty =0 (g5 (H—-&)|[TH) =0 (2.47)
These two projections give a pair of the following coupled-reaction-channel equations
[(ea = &) + Ko + (da] Va [da)] XalRa) = (Dl (€ = H) [d5x5) (2.48)

[(eg — &) + Kp + (05| Vs |9s)] x5(Rs) = (05| (€ —H) [PaXa) (2.49)

The terms on the right represent integro-differential given by

(Gl (€ — H) |d5x5) = / AR 3 (R ) x5(Bs) (2.50)

where Kag(ﬁa, ﬁg) is known as the kernel, that involves the radial coordinates in the «
and [ mass partitions. An equivalent expression is obtained for the K 5a(§5,ﬁa). To
calculates these kernels, one have the freedom to choose a particular definition for the H.
If these operator is defined in terms of the operators of the « partition, this is referred as
the prior representation. In the other case, using operators defined in the § partition, it
is called post representation. Usually this choice is guided by some level of confidence on
the interacting potential. For instance, the prior representation it is adopted throughout

this work since the interaction potential also describe the elastic and inelastic scatterings
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of the initial mass partition.

At the end of the day, an equivalent transition matrix 73,(0) (see Eq.) must be
defined and solved to obtain the transfer cross-sections. In the prior representation, this

is now defined as

Tos(6) = / / V(R Ba) 8 (0) Vo Xo(B, Bo)ds(ep)deadRa (2.51)

The transition matrix requires the evaluation of the following integral:

[ deati e Badnles) = (Galos) (2.52)

that is known as the overlap integral. This is evaluated using the parentage
decomposition of the composite nucleus B, which is described as a nuclear core A +

particle:

PalEa ﬁa) = S€7j¢ﬁ(5ﬂ)¢£’,{4(f‘) (2.53)

where Q/JfLJA (7) is the single-particle wave function, with orbital angular momentum ¢ and
total angular momentum j, describing the motion of the n particle with respect to the
nuclear core A. In some case, more than one single-particle component might be required
to a full description. The 8% is the spectroscopic amplitude, which measures the
single-particle content of a given state of the composite nucleus B when describe as A+n

system.

Usually these single-particle component are determined from a time-independent
Schrodinger equation solved for a phenomenological potential such as the Wood-Saxon
potential. This is usually referred to as the binding potential (or form factor) and the
depth is adjusted to obtain an eigenenergies that reproduce the binding energy of the
particle n to its core A. Examples of the radial component of these single-particle states

are shown in Fig. @

2.6 Key ingredients and codes used for calculations

In this dissertation, all calculations were performed using the code FRESCO (English

acronym for Finite Range with Ezact Strong COuplings) version 3.2 [3§].
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Figure 2.4: Examples of radial single-particle wave functions with main quantum
number n = 1 (blue curve) and n = 2 (red curve) obtained assuming a Wood-Saxon
binding potential (dashed curve). Adapted from [37].

For the effective nuclear potential, present in lEquation 2.194, the Sao Paulo potential

(Efquation 2.24—11) will be used as bare potential for the optical potential in the form

UNuC_(’I“) = (NT + ZNl) VSPP(T) (254)

where N, and N; are the normalization factor of the real and imaginary terms of the
potential. Based on a systematic description of elastic scattering in several systems, the
average values of these parameters are N, = 1.0 and N; = 0.78 [39]. In this dissertation,
the normalization of the real term is fixed at 1.0 while the imaginary factor will be

adjusted to the experimental data.

Couplings with inelastic channels will be included through the Reduced electromagnetic
transition probability B(EX;i — f) ( Eiquation 2.34-11), for the deformation of the Coulomb
potential, and parameters ) and Ry (present in Eiquation 2.4;1) for nuclear deformation.

In all calculations, partial wave contributions were considered, at least, up to £ = 500h,

which is sufficient for the convergence of theoretical calculations.

Spectroscopic amplitudes for the overlap functions in the CRC calculations were obtained

from shell models, using the NUSHELLX code.
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3 Experimental setup and data acquisition

The experimental data analyzed in this dissertation has been obtained at Istituto
Nazionale di Fisica Nucleare - Laboratori del Sud (INFN-LNS) in Catania, Italy,
in 2016. These measurements consisted of a 240-MeV O beam, produced in the
K800 Superconducting Cyclotron, impinging on 2%Si and 27Al self-supported targets.
After such beam-target interaction, ejectiles at very forward angles, emerging from the
target, are momentum analyzed by the MAGNEX spectrometer, which performs particle
identification when combined with the Focal Plane Detector (FPD).

In this chapter, we will give an overview on the experimental setup and data acquisition
for the experimental data presented in this work. The results for the elastic and inelastic

scattering for this experimental campaign have been published in 2019 []

3.1 Beam extraction and acceleration

Figure 3.1: INFN-LNS facility scheme. The location of K800 Superconducting
Cyclotron and MAGNEX are marked in red ellipses and identified. Modified from [@]

A diagram scheme of the INFN-LNS facility is reproduced in Fig. @ For the K800
Superconducting Cyclotron, ions are produced by a plasma-based ion source feeding
particle accelerators with highly charged ions. The ions are extracted from a high density

and high temperature plasma (n, ~ 109 — 103 em™, T~ 0.1 — 100 keV) generated
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by means of the electron cyclotron resonance heating. The plasma is excited inside a

cylindrical metallic chamber by microwaves and confined by magnetic fields.

The 90 beam is vertically injected into the K800 Superconductor Cyclotron (SC). Due
to the magnetic fields generated by the superconductors, the particles go through a
descending spiral path, being accelerated when it passes through the gaps, called dees,
due to the presence of a high-frequency oscillating electric field. The spiral trajectory
goes outwards and, when reaching the selected energy, the particles are found in the
maximum radius orbit and are extracted using an electrostatic deflector, applying a

transverse electric field to deflect the beam to the extraction line.

Since all measurements were performed at very forward angles (6., < 15°), cross-sections
for the elastic scattering are relatively higher compared with the transfer channels.
Therefore, the data acquisition demanded low beam intensity, usually between 1 and

5 nA. The beam was directed to the MAGNEX experimental room, indicated in Fig. El!

3.2 The MAGNEX experimental room

The experimental setup consists of the scattering chamber, a set of quadrupole and dipole
magnets and a focal plane detector. Photographs of the MAGNEX experimental room
are shown in Fig. @ Magnetic spectrometers are a good option for accurate energy
measurements and to detect reaction products at very forward angles, including zero
degree. Different layouts have been developed to optimize detection of light or heavy

particles.

Before entering the spectrometer, the 10 beam interacts with the targets, 2Si and 27Al,
that were loaded on a 5-position target holder, inside the scattering chamber. Target
positioning relative to the beam axis is controlled by a PC board, which allows moving
the target holder without venting the scattering chamber. The thickness of each target
used in this experimental campaign were 89 ug/cm?, for the 27Al foil, and 148 pug/cm?,

for the 28Si foil. The ejectiles were then momentum analyzed by the spectrometer.

The MAGNEX is a large acceptance magnetic spectrometer, in which the magnetic fields
generated by its magnetic elements deflect the incoming beam to different positions in

the Focal Plane Detector, corresponding to the magnetic rigidity, momentum, position
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Figure 3.2: Photographs from the MAGNEX experimental room. Left: Overall view
of the MAGNEX spectrometer; the Quadrupole, Dipole and Focal Plane Detector are
visible and identified with the lilac boxes. Right: View from the interior of the Focal
Plane Detector, where the silicon detector wall is visible. Modified from [41].

and incident angle of the incoming particle. The spectrometer is composed of a pair of
magnetic elements, a dipole and a quadrupole, and a detection system. The success of
large acceptance spectrometers relies on advanced algorithms to study the transport of
the ions through the magnetic elements and proper description of magnetic aberrations.
To achieve this goal, a detailed measurement of the magnetic field was performed during

the assembly of the magnets to set the highly non-linear differential equations []

In , the dipole and quadrupole are indicated. Both elements are responsible for
affecting the ejectile beam in different directions. For instance, the quadrupole magnet
focuses the beam in the vertical direction, perpendicular to both Z and X axis indicated
in the figure. The dipole, though, not only focuses the beam in the horizontal direction -
the plane created by Z and X axis - yet, it disperses the beam according to its magnetic
rigidity, momentum and charge. The horizontal focus is also improved by the inclination
of both the entrance and exit dipole boundaries and the use of surface coils between
the dipole poles and the vacuum vessel. The accepted magnetic rigidities range from
B.p~ 0.2 T.mto ~ 1.8 T.m, corresponding to energies of the detected ions ranging from
E~ 0.2 MeV/A to E~ 40 MeV/A, depending on their mass and charge. In terms of the
target’s reference system, this spectrometer allows measuring scattering angles between

~ —5° to ~ 45° around its optical axis.

For the measurements used in this dissertation, the optical axis of MAGNEX was
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Figure 3.3: Top view of a MAGNEX spectrometer trajectory simulation. Particles with
distinct momentum are represented with colored lines. Quadrupole, Dipole and FPD
physical borders are represented in the figure. Modified from [42].

positioned at QFapbt = 3° and 8°. This allows to scan scattering angles between 0° <

O1ap <~ 12° in the target’s reference system.

The simulated horizontal beam envelope through the spectrometer is shown in Fig. @
A number of trajectories with initial conditions distributed through the phase space
accepted by the spectrometer are indicated. Rays with different colors have different
momentum. For instance, the green rays depict particle’s trajectories scattered at
different angles at the target position. Note that these rays practically hits the same
region at the focal plane detector with distinct incident angles (see FPD in Fig. @)
This means that the focal plane detector must measure all kinematic parameters of the

incident particle.

3.3 Focal Plane Detector (FPD)

The Focal Plane Detector (FPD) is a hybrid detector, composed of a gaseous section
and a wall of 60 silicon particle detectors. It combines E-AFE technique, for particle
identification, with measurements of position and incident angles of the incident particles.
The FPD is installed with the entrance surface rotated of 6, = 59.2°, with respect to the

central trajectory, in order to reduce the effect of chromatic aberrations of the magnets.
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The FPD active is manufactured in stainless steel vessel with a unique aperture at the
front housing a thin Mylar window. Typical thickness of the Mylar is between 1.5 pym to
6.0 pm, depending on requirements of the particle to be detected. The FPD gas used in
the experiment is N35 isobutane (99.95% pure) at 15 mbar.

When entering the FPD, a particle ionizes the gas between the cathode and the Frisch
Grid, creating electrons that are drifted upwards due to a uniform electric field in this
region, as represented in —a. Drift Counters (DC1-4) and Proportional Counters
(PC) wires are used for measuring the energy lost in the gas. Between the grid and
the wires, the electrons are now accelerated towards the DC and PC wires thanks to a
non-uniform electric field, creating an avalanche of electrons that will produce a signal

proportional to the energy lost by the particle in that gaseous section (AE).

DC wires signal also measure the particle’s horizontal and vertical positions. The
horizontal position X of a particle is obtained by measuring the induced charge
distribution on the induction pads for each DC wire, also caused by the previous avalanche
of electrons. Besides, its vertical position Y is measured by the electron drift time from
the gas ionization to a DC wire, more precisely by obtaining the delay between the signal

obtained in the silicon detector and the wire.

Measurements are also be obtained referring to the optical axis of the spectrometer,
by combining the position measurements in each DC wire and resulting in the X and Y
positions of the particle in relation to it, namely Xy,. and Y ¢,.. Additionally, such relative
Xfoc and Yy, positions allow the extraction of the incident angles 0,. and ¢y, of the
ion trajectory at the spectrometer focal plane (check ) Also, the energy lost
by the particle in the gaseous section of the FPD requires a slight correction due to the
path difference of particles with different incident angles, yielding the AE.,, parameter.
Finally, the charged particle is stopped when reaching the silicon detector wall, yielding

the measurement of the residual energy of a particle (E,e).

In summary, for each ion that arrives in the detection system, more than fourteen
parameters are stored by the electronic and including AE.qy, Eres, Xfocs Y foes Ofoc and

®foc, essential to the particle identification and trajectory reconstruction.

The trajectory reconstruction means that the initial kinematics parameters are calculated
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Figure 3.4: Schematic view of the Focal Plane Detector. a) - Side view. b) - Top view.
Drift Counters (DC1-4) and Proportional Counters (PC) wires are used for measuring

the energy lost in the gas.
vertical positions. From
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from the final parameters, detected at the focal plane, and the magnetic fields. The
motion of a charged particle beam under the action of a magnetic force can be represented

as a general phase space mapping;:
F P’L(Xza Yvi: 61’7 ¢i7 di; 61) — Pfoc(Xfocy oncu efocv ¢focy dfOC7 6foc) (31)

where the two last parameters are the trajectory length (d) and the fractional momentum
(0) relative to a reference momentum - taken as the central trajectory. In order to get the
parameters at the target position, it is necessary to invert the previous equation, which

formally corresponds to

Fil . Pfoc(Xfomeocaefoca ¢focadfocaéfoc) — R(XHY;7917 ¢17dzadz) (32)

The central element in the trajectory reconstruction is to generate the high order direct
and inverse transport matrix that connects F; — Pj,.. This job is performed using
the COSY INFINITY code [44, 45]. One of the key requirements of this technique
is to achieve an appropriate description of the magnetic field for the purposes of the
algebraic trajectory reconstruction. Our approach is to compare the measured parameters
at the focal plane with the simulated ones, which represent a model of the spectrometer
response. The first field model is produced based on values measured by Hall probes
inside the quadrupole and dipole. Small adjustments performed to account for residual
discrepancies between the real spectrometer and its model, as the known variation of the
magnetic field geometry as a function of its strength, or the effect of slight misalignment

of the real elements. Details about this procedure are presented in the next chapter.

This briefly shows that data volume to be processed in the analysis is significantly high.
Additional information about the MAGNEX spectrometer and Focal Plane Detector can

be found in abundance in literature, such as in [42, 43].



3.3 Focal Plane Detector (FPD)

37




38

4 Data reduction

The success of the MAGNEX facility trustworthy measurements is strongly related to the
use of a high acceptance spectrometer and a multiparameter detection, the MAGNEX
itself and the FPD. In this section, an overview of the particle identification process
and parameters correlation will be presented, followed by an outline of both simulation
and reconstruction processes. Lastly, the obtained energy spectrum will be discussed, and

integrated cross-sections will be presented for all reactions studied in this work, presented

in [Table 4.1]

Reactions Central angle Qloarg
2881(160,17F)27A1 30’ 8°
27A1<160,17F)26Mg 30’ ]°

288i(160),18Ne) 2 Mg 30
27A1(160,17O)26A1 ]°
2881(160,18F)26A1 307 ]°

Table 4.1: Datasets studied in this work, divided by reactions and central angle
measured.

4.1 Identification

The process of ejectile identification consists in using two techniques: the standard AE-E,
for atomic number (Z) identification, and a mass (A) identification technique for isotope

separation.

The AE-E technique is a well-known procedure that explores the energy loss of heavy
ions, based on the Bethe-Bloch formula [46]. Since the energy loss is proportional to the
charge of the particle, and inversely proportional to its energy, it becomes possible to
differentiate incident particles, initially by charge, then by Z, because it is assumed that
all ejectiles are stripped of its electrons during the acceleration process in the MAGNEX
facility. Particularly, the parameters observed in this analysis were E.., the residual
energy measured by the solid part of the FPD, and AE,,., the energy lost by the ion
in the gaseous part of the FPD, with a correction for the different incident angles in the

focal plane. An illustrating plot can be found in , left side.
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Figure 4.1: Two-dimensional plots for 0O + 28Si reaction for a single silicon detector.
Left: E.es X AEcor plot with graphical selections indicating its respective atomic number,
from Boron (Z=5) to Fluorine (Z=9). Right: E,.s X Xg plot indicating the different
isotopes of Boron, Carbon, Nitrogen, Oxygen and Fluorine identified in this detector.

To perform a complete identification of the ejectiles, it was necessary to differentiate
between isotopes of a single atomic number. For that, a mass identification technique
for large acceptance spectrometers was introduced in [@] This technique explores the
movement of a charged particle in a magnetic field perpendicular to its momentum, and,
considering a non-relativistic case, the momentum of the particle can be related to the
residual energy E..s and the radius of the helical trajectory of the particle can be related

to the position at the focal plane Xy,.. This gives us an approximate relation between X,

and E,., shown in . An example for the isotope differentiation is illustrated

on , right side.

NLD

T foc X T\/ €resid (41)

in which m and ¢ are the mass and charge of the ejectile particle, respectively. Therefore,

the identification process is done by plotting X, and E,, as illustrated in ,

and graphically selecting the isotope of interest corresponding data points.

Figures @ and @ exemplifies the typical identification process for a single detector. In
Figure 4.9, the neutron transfer reaction in the 27Al target was identified by selecting the
corresponding ejectile for this process, '7O. Usually, the selection starts at plotting Eyes
X AE¢ and visually identifying the structure that corresponds to oxygen, since 1°0 was

the beam used in this experiment and, therefore, should be the most abundant in this
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Figure 4.2: Typical two-dimensional plots for 6O + 27Al for a single silicon detector.
Left: Eyes X AEcor plot with a graphical cut (red rectangle) selecting events corresponding
to the one-neutron transfer, and events in blue are the ones graphically selected in the
right plot. Right: E. X X plot with a graphical cut (red rectangle) selecting events
corresponding to the one-neutron transfer, and events in blue are the ones graphically
selected in the left plot.

plot. This also makes the identification of other nuclei trivial, since the next structure
parallel to the oxygen (Z=8) should correspond to a nucleus with Z=9, i.e. Fluorine, and

so on. Once identified, the oxygen structure is graphically selected (red rectangle, left

image, ) and Ees X Xgoc is plotted with the previous graphical cut as condition,

showing the selected events (in blue, right image, ) in E,os X Xgoe plot. Then,
one must identify 17O amongst other oxygen isotopes by using to check the

relative position of other isotopes in regarding the most abundant structure, which should

be 10, and graphically selecting the correct one (red rectangle, right image, )

To guarantee a clean selection of events, the selection in E, vs AE,, plot is adjusted
to constrain the events, using the selection in Ee X Xgoe (in blue, left image, )
This whole process is then repeated for each of the sixty silicon detectors that contains

the events of interest, individually, and repeated for each reaction one wishes to identify.

As part of a multiparameter analysis, other correlations between parameters can be
checked to state the quality of the particle identification and the data set itself.
shows typical plots, after particle identification, that need such inspection, for example.
The right-side of shows an Xg; X Yy plot, and it indicates how the horizontal
and vertical trajectories are focused according to the ions’ momentum. The left-side of
shows an Xg; X 0. plot, in which the events correlated to the '"F populated

states are visible (curved structures where counts are more concentrated). Xg; is obtained
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Figure 4.3: Typical two-dimensional plots for 10O + 28Si for a single silicon detector.
Left: E,es X AEco, plot with a graphical cut (red rectangle) selecting events corresponding
to the one-proton transfer, and events in green are the ones graphically selected in the
right plot. Right: E,es X Xgoe plot with a graphical cut (red rectangle) selecting events
corresponding to the one-proton transfer, and events in green are the ones graphically
selected in the left plot.

by fitting all four horizontal positions measured in each of the four DC wires (check

ISubsection Sd) and its difference from the usual Xg,. parameter is a slight translation in

the x-axis, showing the same behavior as Xg;. The farthest structure to the right on this
plot corresponds to the one-proton transfer in 28Si that populates the ground state of !"F
and 27Al, while the structures to its left correspond to the population of its excited states.
Since the FPD has a 59.2° (1.033 rad) inclination with respect to the particle trajectory,
05 events will be distributed around this value. Also in this plot, kinematical effects and

aberrations due to the nature of large acceptance spectrometry are evident. More details

of such effects can be found in [@] and [@]
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Figure 4.4: Typical two-dimensional plots for 28Si(160,'"F)2"Al reaction, with the
number of counts indicated by the color gradient shown. Left-side: Xz x Yg plot.
Right-side: X5 X 6 plot.
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4.2 Simulation and trajectory reconstruction

Due to the presence of large optical elements in the large acceptance spectrometer, beam
aberrations are inevitable. However, the approach of the MAGNEX was not to minimize
such aberrations, but instead solve the equation of motion for the detected ions [4§].
This was only possible due to the advances in mathematical techniques that allows
the calculation of the transport map, which describes the evolution of the measured
parameters from one frame of reference to the other[50]. Such technique allows obtaining
the transport map up to high orders without requiring sophisticated ray-tracing methods.
To become reality, information on the magnetic field distribution in the region between
the target and the FPD is necessary, in addition to the boundary conditions at the focus,

i.e. the measurements provided by the FPD.

Information on the magnetic field distribution is obtained through simulations of the
transported particles, which require a defined transport map. The transport map not
only includes information on the description of the magnetic field point-to-point and
its aberrations, but also the geometric characteristics of the MAGNEX and FPD. The
software COSY INFINITY [44] is used to obtain such transport map by making a
geometric interpolation of the point-to-point magnetic field. In its input, the dipole and
quadrupole magnetic strengths are defined, using the central probe measurement during
the experiment as starting point. In addition, the dipole’s boundaries were parametrized,
and together with the magnetic rigidity Bp, are the parameters modified to tune the

simulation with the experimental data.

To check the transport map quality, a simulation of the events of interest is done using
Monte Carlo routines [51]. This process is performed for each interested reaction, and
inputting recoil and/or ejectile states to better tune the experimental data with the

simulated data.

Another required parameter to perform the simulation is the %0 beam energy input
value. Because the thickness of the target is not negligible, both projectile and ejectile
lose energy when going through it, and this simulation does not take into consideration
such energy loss. In order to qualitatively add this effect, an estimation of the average

effective beam energy is performed using the programs CATKIN [b2] and SRIM-2013
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Figure 4.5: Average energy calculation scheme. E; is the beam energy and E; is the
ejectile energy. AE; and AE, are the particle’s energy losses before and after the reaction,
respectively. ¢ is the target’s thickness.

[63]. In this estimation, we consider that the reaction occurs in the middle of the target,
as illustrated in . Therefore, the energy loss of the projectile when entering
the target is given by AE; = 0.5-0 - S,(E;), where § is the target thickness reported in
. The stopping power S, (E;) was calculated by interpolating stopping power
values ranged from 100-300 MeV obtained from the SRIM code for the E; = 240 MeV.
The ejectile energy is then obtained by simply subtracting E; = E; — AE;, which is used
to calculate the energy loss of the ejectile, AE,. After the reaction has occurred, it is
assumed that the ejectile was scattered at the central angle (9{);{:, and AE, is obtained
analogously using AE; = 0.5 § - S,(E;) - sec "' The stopping power S,(E; is obtained
using the same method previously explained, but interpolated for E(j). Finally, the final

average effective beam energy, considering such energy loss, was obtained by finding the

beam energy entry in the CATKIN software that matches E; — AE, at 910;]);.

Reactions Average energy (MeV)
3° 8°
BSi(160,1TF)2TAl - 239.70 239.70

2TA1(10,17F) % Mg 239.83 -

288i(160,18Ne) Mg 239.65 -
2TA1(10,170)6Al  239.85 239.85
288i(160,18F)26A1  239.69 239.70

Table 4.2: Effective average energy values obtained for the reactions studied in this
work.
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Figure 4.6: Comparison between experimental data and simulated events in
28Gi(160,17F)?" Al reaction. Figures (a) and (b) are Xg, X Yg plots. Figures (c) and

(d) are Xg; X O plots. The simulated events are represented by the red points in the
left-side images (Figures (b) and (d)).

Although a considerable number of parameters are used to fine tune the simulations with
the experimental data, one distinct feature in this data analysis is the use of the same
magnetic model to describe the experimental data of many reactions, exploring a large
space of the FPD response. These groups were analyzed by central angle and region in
the Xg; axis. For each central angle (3° and 8°), all reaction channels used the same
values for the Bp and quadrupole field. Datasets that were measured in the same region
on the focal plane were described using the same dipole boundary profiles. The consistent
use of a reduced number of parameters to describe all datasets makes this analysis more

trustworthy.

Qualitatively, the reconstruction process should rebuild the trajectory of the particles
point by point from the detector to the target. However, the trajectory reconstruction is
based on the calculation of high order transport maps, and this process is mathematically
equivalent to change the frame of reference. That said, the COSY INFINITY allows
inverting the transport matrices in order to obtain the coordinates in the target’s reference

frame from the final measured parameters, and without the necessity to minimize
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aberrations, because they are taken into account in the calculation. The parameters
obtained after the reconstruction are the vertical and horizontal angles at the target
point ¢; and 6;, vertical and horizontal positions at the target point X; and Y;, scattered
angle in the laboratory frame 6,,,,, and the excitation energy E,. These parameters will

lead to the physical quantities of interest for this analysis. One important aspect for the

0.05

-0.08

-0.15

0.05 01
6, (rad)

Figure 4.7: Typical plot with reconstructed parameters ¢; and 6; for the 2Si(*¢O,!"F)
reaction, with the number of counts indicated by the color gradient shown. The red line
contour in the events represents the spectrometer solid angle full acceptance.

trajectory reconstruction is that the program will not always successfully reconstruct all
events, resulting in the discard of events that should have been valid. This efficiency loss

[@] is considered when extracting the cross-sections, which will be detailed further.

In Figures @ and @ reconstructed events are shown for the proton transfer in 28Si
target dataset at 9?;’]; = 3°. shows the vertical and horizontal angles at the
target point, ¢; x 6;, which will be used to obtain the solid angles in further sections.

shows the scattered angle in the laboratory frame and the excitation energy,

O1ap X Ey. The almost vertical structures show states of the ejectile and/or recoil nuclei.

However, this inclination on the events may result in an erroneous spectrum when an
angular selection in 6),,is made, and the counts are projected onto Ey, in order to obtain
excitation energy spectra. This inclination can be better perceived in —b, when
the plot is zoomed in, and it was due to a poor measurement of ¢;. An empirical correction

was then performed using a polynomial function of ¢; to adjust E, in the ¢; x E, plot, and

the results are shown in IFigure 4.91. IFigure 4.q—a shows the plot without any correction,
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Figure 4.8: Typical plot with reconstructed parameters 6),, and E, for the
28Gi(160,1"F)?" Al reaction, with the number of counts indicated by the color gradient
shown. The left-side image is the same as the left-side one, but with the x-axis zoomed
in for better visualization.
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Figure 4.9: Typical plot with reconstructed parameters ¢; and excitation energy for
the 28Si(160,1"F)?7 Al reaction, with the number of counts indicated by the color gradient
shown, before and after correction. The right-side image shows the plot for the corrected
excitation energy E_ com

in which the almost parabolic curvature can be seen in the events. —b shows
the same plot, but as function of the corrected excitation energy, in which the correlated
events that correspond to states of ejectiles and recoil nuclei, '"F and 27Al in this dataset,

showing the expected linear relation between ¢; and E,_ ... This results in the corrected
plots for 6., and E, ¢ shown in [Figure 4.10, which were used to generate excitation

energy spectra, shown in .

The identification and reconstruction procedures were then applied to all data sets
analyzed in this work, shown in . Typical spectra for the 28Si(160,17F)?"Al,
2TA1(*0,'"F)?Mg and 2TA1(*%0,'"Ne)?°Mg reactions are shown in , with its
corresponding angular selection indicated in each panel. The full width at half-maximum
for each histogram is also indicated, and were obtained by fitting a sum of Gaussians

representing states of both recoil and ejectile nucleus for each process. This shows that
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Figure 4.10: Typical plot with reconstructed parameters 0y, and E,, with an excitation
energy correction, for the 2Si(1°0,"F)?7Al reaction, with the number of counts indicated
by the color gradient shown. The left-side image is the same as the left-side one, but
with the x-axis zoomed in for better visualization.

an energy resolution of about 0.7 MeV was achieved in this work. The adjusting is further

discussed in the next section.

4.3 Integrated cross-section

For a better comparison, the excitation energy spectrum are presented as integrated cross-
sections as function of excitation energy. The integrated cross-section was obtained by
calculating the cross-section bin by bin in each energy spectrum and then integrating
for the corresponding angular range. Generally, the experimental cross-section for each

process is defined as:

d_O'( ) . Ncounts (‘9)
dQ B Nbeam Ntarget AQ(Q) tlive €

(4.2)

where Niounts 1S the number of counts at an angle €, Npeam is the number of incident
particles, Niarget is the number of target nuclei per surface area, Af) is the solid angle
associated with the detection system, ¢, is the live time of the detector and € is an

efficiency factor.

The number of counts at an angle 6 is stored in each bin, and, therefore, the cross-section
is calculated for each bin. Npeam is obtained through the measurement of the total
integrated charge Q... by a Faraday cup during the experiment. The beam energy in
these measurements was high enough that the °O ions detected in the FPD are stripped of

its electrons. Then, Npeam is obtained through the relation Npeam = Qraw/Zej €, Where Zg;
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Figure 4.11: Typical angular excitation spectrum for the p-transfer in ?*Si (panel a),
the p-transfer in 2”Al (panel b) and the 2p-transfer in 2®Si (panel c), all with Hfa%t = 3°.
The full width at half maximum for each histogram is shown.

is the atomic number of the ejectile, and e is the elementary charge. Niaget is calculated
from the known target density and thickness, mentioned in . The live time tjiye
is calculated by the ratio between the number of events processed by the FPD (FPDyye),
and the total events acquired by the FPD (FPD,,y ), including the ones that triggered the
electronic and could not be processed. Both FPDy,. and FPD,,, are measured during

the data acquisition.

The solid angle was determined geometrically by calculating the area defined by the

interval 0,1, Ola, + Abap, in the ¢; X 6; plot, exemplified in Fig. @ illustrates

the procedure for this calculation. The hatched region in Fig. corresponds to the
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Target Niarger (10'%cm™) 67" Integrated charge (uC) tive (%)

30 136.00 63.8
28Q;
Si 3.18 8° 8.94 83.7
30 35.30 63.3
27
Al 1.98 8° 9.14 83.4

Table 4.3: Obtained values for the integrated charge collected by the Faraday cup, the
number of nuclei in the target per surface area and the percentage of live time for the
detector in each dataset evaluated in this work.

selected angular bin, which area will be the solid angle for a defined angular interval.
This procedure results in obtaining the solid angles with approximately 2% uncertainty,
which was estimated by varying 0.2° in 6,3, recalculating the solid angle, and comparing

with the results for the intended 6,y,.

The efficiency factor e takes into account the detection efficiency and loss of events due
to a bad reconstruction of events. The FPD efficiency is estimated around ~90% and the
reconstruction efficiency was obtained as the ratio of the well reconstructed events and

the total events for each process and each chosen angular interval.

Beam

)

Figure 4.12: Solid Angle calculation scheme representing ¢; and #; contour in space.
The effective spectrometer angular acceptance is indicated by the red solid line, and the
spectrometer diaphragm aperture is indicated by the green solid line. The solid angle is
obtained by calculating the area of the hatched region, which is defined by the interception
between the circular ring 1.1, O, + AbL.y, interval and the effective spectrometer aperture.
Modified from []

Finally, after obtaining the cross-section for each defined energy bin and angular bin, the
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cross-sections were summed for a chosen angular range in order to obtain the integrated
cross-sections as function of the excitation energy. The results of this procedure for each
process listed in are shown in Figs., and . For each presented
spectrum, a set of Gaussian curves were fitted to the experimental data, in order to
reproduce target-like and projectile-like well-known states. The width of all Gaussian
curves were set to be adjusted between an interval that reproduces the experimental
resolution. The amplitude of the Gaussian curves were set as an adjustable parameter
with the only restriction of being positive. The sum of such curves is represented as a red
solid curve in each spectrum. The most populated individual states in the adjustment

are labeled in each figure.

presents the results for the neutron pickup for the 27 Al target (panel a) and the
deuteron pickup for the ?®Si target (panels b and c). Fig. —a shows that the low-lying
states for the n-transfer reaction are well populated. Also, it shows that the ground-
to-ground one-neutron transfer is predominant. In this fitting model, the predominant
excited states are 2Al states (green dotted lines) and only the 0.871 MeV 7O state
is visible (cyan dashed line). Fig. —b and Fig. —c shows the deuteron transfer
data, and, although both n-transfer and d-transfer result in the same 2°Al nucleus, their
spectra are not alike. The ground state for this process is clearly highly suppressed for
both angular regions shown in this work. It is also noticeable that the deuteron transfer

populates predominantly excited states between 1.100 and 2.100 MeV of F and 2°Al,

which are detailed in , according to the labels in Fig. .

In , the results for the proton pickup in the 2"Al (panel a) and ®Si (panel b)

targets with central angle 8° are shown. These spectra show that the one proton transfer
favors the population of low-lying nuclear states of both target-like and projectile-like
nuclei, also seen in the one neutron transfer in Fig. —a. Considering the description
of the deuteron transfer (Fig. b and c¢) as a sequential transfer of one proton
(Fig. —b) followed by one neutron (Fig. —a), as discussed in , the
one-nucleon processes seem to populate the ground-to-ground transfer, while the two-
nucleon (deuteron) transfer does not favor the population of the ground states of 8F
and °Al. Quantitatively, the estimated integrated cross-section for the ground state

in the 2Si(160,'"F)?7Al reaction is 1.46(15) mb and in the 27Al1(**0,'70)?Al reaction
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Peak label Nuclei Excitation energy (keV)bd — Jrb3l

0.228 2671 228.31 0t
0.416 264 416.85 3+
0.871 170 870.76 1/2+
1.057 264] 1057.74 1+
1.121 18 1121.36 5t
1.700 18 1700.81 1+
1.850 2641 1850.62 1+
2.069 2671 2068.86 4+
2.069 264 2069.47 2+
2.069 2641 2071.64 1+
2.100 187 2100.61 >
2.660 26A] 2660.92 2+

Table 4.4: List of nuclear states in '*F, 26 Al and 170 states observed in n-pickup reaction
with 27Al target and d-pickup reaction with 28Si target. The peaks as labeled are shown
in Figure 4.13.

is 1.03(10) mb, while the estimated integrated cross-section for the ground state in the

28Si(160,18F)26 Al reaction is 5 ub for 4.0° < 6),, < 8.0° and 10 b for 0.0° < 6., < 6.0°.

In the results for the one-proton pickup in the 2®Si (panel a) and *"Al (panel
b) targets, and the two-proton pickup in the **Si target (panel c) are presented. For

both p-transfer reactions (panels a and b), the low-lying states of "F, 2"Al and *Mg
are decently populated. Results for the same processes measured at 0{)5; = 8° have been
shown in , and the same characteristics are seen in both measurements with
different central angle. Figs. —a and —b present the results for the 2Si(160,1"F)?7Al
reaction, which also populates low-lying states. In both spectra, the ground-to-ground
state is the most populated and the same excited states (see ) are populated
in both datasets, according to the utilized fitting model. In Figs. —b and —a, the
2TAL(180,17F)26Mg populates mostly Mg states (green dotted lines), which is expected
since the density of nuclear states per energy in this nucleus is large for the energy range
considered in this Gaussian fitting model. In both spectra, the 1.809 and 2.938 25Mg

states are prominent, as well as the ground-to-ground state and a considerable number
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of states with E,>3.0 MeV, as labeled in the figures and detailed in .

Finally, Fig. —c presents the results for the two-proton pickup in the ?8Si target.
Firstly, it is important to notice that this integrated cross-section is reported in pb, while
all other results were reported in mb, showing the discrepancy in the cross-sections value
for this process. Secondly, the two proton transfer does not favor the population of the
ground-to-ground transfer process, similar to what the deuteron transfer has shown. For
this fitting model, the most prominent state is the 3.376 ¥Ne state (cyan dashed line),

while a few states of 2Mg can also be seen (green dotted lines).

The one-proton transfer results presented in —b and —a lead to the same final
nucleus as the two-proton transfer, 26Mg, however their spectra are not alike. Considering
the description of the two-proton transfer (Fig. -C) as a sequential transfer of one
proton leading to 2"Al (Fig. —a) followed by another proton transfer, now leading
to Mg (Fig. —b), as discussed in , both one-proton processes seem to
favor the population of the ground-to-ground transfer and both target-like and projectile-
like nuclear states, while the two-proton transfer does not favor the population of the
ground states of ¥*Ne and 2Mg. This conclusion is very similar to that of the deuteron
transfer and its sequential one-nucleon transfers. Quantitatively, the estimated integrated
cross-section for the ground state in the 28Si(1°0,"F)?"Al reaction is 2.06(21) mb, for
0.0° < 6, < 5.1°, and in the *"Al(*°0,'"F)?°Al reaction is 1.26(13) mb, for 0.0° <
O, < 7.0°, while the estimated integrated cross-section for the ground state in the
2851 (160, Ne)? Mg reaction is 0.06 pb for 0.0° < O, < 4.2°. For the 1.809 **Mg state,
the estimated integrated cross-section in the 27Al(160,"F)?6 Al reaction is 3.11(31) mb, for
0.0° < i, < 7.0°, and in the 28Si(160,'¥Ne)?Mg reaction is 5 ub for 0.0° < 0y, < 4.2°.

In sum, for the processes analyzed in this work, the one-nucleon transfers favor the
population of ground-to-ground transfer reactions and contrasts with the results of the
two-nucleon transfers, which does not favor the ground state population at all. Also, the
excited states for processes leading to the same final nucleus are not equally populated in
these processes. These arguments lead to the conclusion that the two-nucleon transfers
selectively populate a few states, differently than its one-nucleon counterparts. Therefore,
an investigation of the nuclear structure nature of these states and reaction mechanisms

is required to obtain trustworthy conclusions, in special through the comparison of
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Peak label Nuclei Excitation energy (keV)B3  J7bdl
0.495 I7E 495.33 1/2+
0.844 2TAl 843.76 1/2+
1.015 2TAl 1014.56 3/2+
1339 YTF e 4 FTAL pe 495.33 + 843.76 -
1.510 YF ) jo+ + 2TAly 9t 495.33 + 1014.56 -
1.808 Mg 1808.74 2+
2.303 YFy o+ + Mgyt 495.33 + 1808.74 -
2.735 2TAl 2734.90 5/2+
2.938 Mg 2938.33 2+
2.982 2TAl 2982.00 3/2+
3.376 8Ne 3376.20 4+
3.857 T 3857.00 5/2
3.942 Mg 3941.57 3+
4.319 Mg 4318.89 4+
4.333 %Mg 4332.52 2+
4.350 Mg 4350.09 3+
5.000 I7E 5000.00 3/2*

Table 4.5: List of nuclear states in I"F, 27Al, 26Mg and '®Ne states observed in p-pickup

reaction with 27Al 28Si target

are shown in lFigure 4.151 and

s and 2p-pickup reaction with 28Si. The peaks as labeled
Figure 4.14.

experimental data and theoretical calculations. Theoretical descriptions of the one- and

two-proton reactions are presented in Section 5.
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Figure 4.13: Integrated cross-section as a function of excitation energy for the n-transfer
in 2TAl (panel a), the d-transfer in 2"Al (panel b), both with %' = 3°, and the d-transfer

n 28Si with 91% = 8° (panel c¢). Energy spectra are reproduced by adjusted Gaussian
curves that reproduce nuclear states. Orange dotted lines represent both ejectile and
recoil nucleus in their ground state, cyan dashed lines represent states of the ejectile
nucleus, green dotted lines represent states of the recoil nucleus, and the red solid line
represents the sum of shown states. The most prominent states in these Gaussian fits are
labeled according to [Table 4.4.
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Figure 4.14: Integrated cross-section as a function of excitation energy for the p-transfer
in 27Al (panel a), and the p-transfer in 28Si (panel b), all with 6> = 8°. Energy spectra
are reproduced by adjusted Gaussian curves that reproduce nuclear states. Orange dotted
lines represent both ejectile and recoil nucleus in their ground state, cyan dashed lines
represent states of the ejectile nucleus, green dotted lines represent states of the recoil
nucleus, purple dashed lines represent states where both ejectile and recoil nuclei are
excited, and the red solid line represents the sum of shown states. The most prominent

states in these Gaussian fits are labeled according to

Table 4.5.
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Figure 4.15: Integrated cross-section as a function of excitation energy for the p-transfer
in 28Si (panel a), the p-transfer in 27Al (panel b), and the 2p-transfer in 28Si (panel c),
all with Hfj; = 3° Energy spectra are reproduced by adjusted gaussian curves that
reproduce nuclear states. Orange dotted lines represent both ejectile and recoil nucleus
in their ground state, cyan dashed lines represent states of the ejectile nucleus, green
dotted lines represent states of the recoil nucleus, purple dashed lines represent states
where both ejectile and recoil nuclei are excited, and the red solid line represents the sum
of shown states. The most prominent states in these gaussian fits are labeled according
to [Table 4.5
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5 Results and discussion

In this section, we present the results for the angular distribution of the cross-sections
for the one-proton transfer in the 27Al and 28Si targets, and the two-proton transfer in
the 28Si target. For a consistent theoretical interpretation of the data, it is of paramount
importance to revisit the elastic scattering. Also, additional reaction channels, observed
in the same experimental campaign, provide some guidance on the shell model to be

adopted to describe the residual nuclei.

Therefore, in this chapter, I start revisiting the elastic scattering and the one-neutron
transfer reactions. The results for the elastic scattering were published in [3] and the
one-neutron stripping in the 27Al and 28Si targets have been accepted in Phys. Rev. C
[66]. Both previous contributions were crucial for the success of this analysis, providing

parameters used in the calculations presented in this work.

5.1 Elastic channel within the CRC calculations

The methodology followed by the theoretical calculations have been discussed in .
CRC calculations require a few ingredients that can be adjusted for the experimental data
presented, such as the optical potential (both in the initial and final mass partitions), the
binding potential and the spectroscopic amplitudes. Nevertheless, to keep the spirit of a
systematic analysis, we explore an experimental-based multichannel approach, in which
many reaction channels set constraints to the calculations. Some of these ingredients
were extracted from the elastic scattering and neutron stripping measured in this same

campaign.

For the optical potential, we used the Sao Paulo Potential, detailed in Eubsection 2.1 The

SPP uses matter densities described as two-parameter Fermi distributions with matter
radius defined as R,, = 1.31A4'/3 —0.84 fm, and matter diffuseness equal to a,, = 0.56 fm.
These values were obtained in a systematic study of many nuclei [35]. In the analysis of
the elastic and inelastic scattering data for the 2"Al + %0 and the 2Si + %O systems
[B], it has been shown that the best agreement with CRC calculations and experimental

data requires:
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e increasing the matter diffuseness to a,, = 0.62 fm in the double-folding Sao Paulo

potential for both 27Al and 2Si nuclei

o the imaginary term was set to N; = 0.6, for the 2"Al + %O, and N; = 0.7, for the
2Si + 100 systems

The larger matter diffuseness is an effective procedure to take into account the static
deformation exhibited by these nuclei in their ground state. The smaller strength of the
imaginary term of the optical potential is anticipated since the systematic value N; = 0.78,
obtained in a systematic optical model calculation [35], does not include inelastic channels

explicitly.
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Figure 5.1: Experimental data for the elastic scattering in the 2"Al + 1°0O (panel a) and
the #Si + '°0 (panel b) systems. CRC calculations (red line) with the SPP potential
and N; = 0.6 for the 2"Al 4 160 and N; = 0.7 for the 28Si + 190, with matter diffuseness
set to ap, = 0.62 fm for both systems. Experimental data from [3]. Figure from [56].

The elastic scattering data is presented in , in which the red lines are CRC
calculations with optimized values for V,., N; and a,,. Couplings to inelastic channels were
included through the deformation of the optical potential (both real and imaginary terms)
in which the nuclear deformation matrix elements for these transitions were calculated
from the experimental reduced transition probabilities B(E2). Both B(E2) and nuclear
deformation matrix elements values are presented in , and also the coupled
excited states for both 27Al and 28Si. This CRC calculation is slightly different from
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what is presented in [3], as it includes couplings with transfer channels and the explicit
inclusion of channels should affect the elastic channel calculation, as the imaginary part

of the optical potential should be reduced in order to reproduce the data.

For consistency, in this dissertation we used the same N,, N;, real and imaginary terms,

and a,, value as presented in [56], adopting the standard SPP otherwise.

Initial (J™) Final (J™) B(E2)(e*fm?) B, dy  strength
27TA] states
084 (1/27) gs. (5/27) 378 0254 0.805  0.882
101 (3/2%) gs. (5/27) 375 0273 -0.867  1.243
221 (7/2%) gs. (5/2%) 72.2 0454 1.442  -2.437
2.73 (5/2%) 1.01 (3/2%) 41.9 0.353 -1.121 -1.608
3.00 (9/27) gs. (5/2) 34.2 0.590 1.875  1.875
28Si states
0.00 (07)  1.79 (27 326 0563 1.809  1.809
179 (2)  4.62 (4*) 80 0.279  0.896  2.004
1.79 (27) 4.98 (0) 50 0.220 0.709 1.585

Table 5.1: Deformation parameters for the nuclear potential deformation for the 27Al
e 2Si nuclei, for the inelastic channels coupling in this work. First and second columns
show the initial and final states considered in the inelastic couplings and its spin-parity J™.
B(E2) are the quadrupole transition probabilities, 85 are the deformation parameters and
09 are the deformation lengths?. The last column, labeled strength, presents the values
for the nuclear deformation matrix elements. From [57].

5.2 Assessing the nuclear structure models with one-

neutron transfers

In our paper submitted to the PRC this year [b6], we present an analysis for the
2TAL(160,150)28A1 and 28Si(160,'50)?Si reactions measured in the same experimental
campaign as the results presented in this dissertation. This contribution compares
spectroscopic amplitudes, obtained with different shell model interactions for the target-

like nuclei, with the experimental data in order to better reproduce them. The results

are presented in , and the regions of interest (ROIs) shown in the figure are

detailed in .

In both works, the spectroscopic factors, detailed in bubsection Q.d, were obtained using

the NUSHELLX code [58]. In the one-neutron stripping contribution, the calculations
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Table 5.2: Details of the regions of interest adopted in the excitation energy spectra for
the target-like 28Al and °Si nuclei.

residual nucleus ROI-  Energy range (MeV) states J™ (MeV)
BA] 1 [—0.6; +0.5] 37 (g5.), 27 (0.03)
2 [4+0.6; +1.7] 07 (0.97), 33 (1.01), 17 (1.37),
15 (1.620), 2§ (1.623)
2Si 1 [—0.6; +0.5] 1/21 (gs.)
[+0.6; +2.6] 3/2F (1.27), 5/21 (2.03), 3/2F (2.43)
3 [+2.7;+4.2] 5/23 (3.07), 7/2;7 (3.62), 7/2; (4.08)

were performed using the PSDMOD interaction [59] for the '>1°0. And for the ?"?Al
and 2%29Si nuclei, three interactions were considered: the PSDMOD interaction, the

PSDMWKPN interaction [60-62] and the SPDF-U interaction [63, 64].

Both PSDMOD and PSDMWKPN assumes the same model space: a *He core with
valence nucleons in the 1ps/, 1pi/2, 1ds/2, 1ds/e and 2s;/5. The SPDF-U interaction
assumes a '°0 core and 1ds9, 1dz, 28172, 1f7/2, 1f5/2, 2p3/e and 2p;ss. Comparison
between experimental data and CRC calculations for one-neutrons transfer, ,

shows a reasonable good agreement and that the SDPF-U spectroscopic amplitudes give

an overall good description, specially in the ROI-3 for the 2*Si('¢0,0)*Si (e).

For the 2Si(160,'"F)?7Al, 2"A1(*0,'"F)?*Mg and ?8Si('°0,'®Ne)*Mg results presented
here, we adopted the SDPF-U interaction to maintain a consistent methodology

throughout this work. The spectroscopic amplitudes used in the calculations for this

work can be found in the Appendix (hfable Al.]] and ITable Al.ﬂ).

The single-particle wave functions were calculated assuming the valence proton bound to
a core, represented by an effective binding potential with the Woods-Saxon shape. The
depth of this binding potential is changed to reproduce the binding energies for each
state. The reduced radius and diffuseness of the binding potential are set to 1.20 fm and
0.60 fm, respectively, to obtain the overlap function between "F and '60. These values
have been adopted in previous works on transfer reactions induced by heavy ions [25, 26,
65, 66]. For the 2"Al and the 28Si target-like nuclei, we are adopting slightly higher values,
1.26 fm and 0.70 fm for the reduced radius and diffuseness, respectively. These values are
suitable to describe the transfer cross-section in F and 2*3°Si [26, 67]. The methodology

described and parameter values were also adopted for the one-neutron stripping results.
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Figure 5.2: Angular distributions for the one-neutron stripping for the

2TA1(10,0)?8 Al (left-side) and 28Si(160,50)*Si (right-side). For the 2" A1(1¢0,*0)* Al
reaction, the ROI-1 is shown in panel (a) left-side and the ROI-2 is shown in panel (b) left-
side. For the 28Si(10,'50)?’Si reaction, the ROI-1 is shown in panel (c) right-side, the
ROI-2 is shown in panel (d) right-side and the ROI-3 is shown in panel (e) right-side. More
details on the Regions Of Interest (ROI) can be found in the text. CRC calculations are
presented using spectroscopic factors from PSDMOD (solid red), PSDMWKPN (dashed
blue) and SDPF-U (dot-dashed orange) shell model interactions. From [56].

5.3 Regions of interest in the energy spectra

In most cases, the experimental resolution cannot distinguish successive nuclear states. In
, the energy spectra for the one-proton transfer in 27Al (panel a) and 28Si (panel
b) and the two-proton transfer in 2*Si (panel ¢). In these spectra, the colored gaussian
curves represent individual states of the final nuclei. Orange dotted lines represent both
ejectile and recoil nucleus in their ground state, cyan dashed lines represent states of the
ejectile nucleus, green dotted lines represent states of the recoil nucleus, purple dashed
lines represent states where both ejectile and recoil nuclei are excited. The red solid line
represents the sum of states, which reproduce these spectra. Therefore, we obtained the

angular distribution cross-sections according to the defined regions of interest (ROIs),

detailed in .
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Figure 5.3:  Excitation energy spectra for the 2Si(*60,!7F)?"Al (panel a),
2TAI(1°0,1"F)?5Mg (panel b), and 28Si(*60,8Ne)2°Mg (panel c¢) reactions, integrated over
0.0° < O, < 4.2°, 0.0° < O, < 4.0° and 0.0° < O, < 4.2°, respectively. Colored
gaussian curves represent contributions of target-like and projectile-like states, whereas
the solid red curves correspond to the sum of such states. The experimental angular
distribution cross-sections are determined for each region of interest (ROI) indicated in
each spectrum.
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Table 5.3: Regions of interest in the 1p-transfer for 28Si and 27Al targets.

residual nucleus ROI-  Energy range (MeV) states J™ (MeV)

2TAl 1 [—0.7; +0.6] 5/2 (g.s.)
2 ]+ 0.6;+2.4] 1/2+ (0.84); 3/2+ (1.02); 7/2* (2.21);
3 | +2.4; +3.4] 5/2 (2.74); 9/2+ (3.00);

Mg 1 [—0.9; +0.9] 0 (g.s.);
p | +0.9; +2.5] 2+ (1.81);
3 | + 2.5, +3.4] 2+ (2.94);
4 |+ 3.4; +4.2) 0+ (3.58); 3+ (3.94)

In these regions, the obtained cross-section represents one or more states, in which the
most populated ones were included in the calculations coupling scheme. The regions
of interest for the two-proton transfer are the same as the one-proton transfer in the
160 4 27Al, since they both lead to the same final nucleus, 2Mg. The third region of
interest (ROI-3) in the two-proton transfer is equivalent to the third and fourth regions of

the one-proton transfer in the 10 + 27Al, i.e. have an energy range of | +2.5; +4.2] MeV.

5.4 Results for one-proton transfers

Based on our results from the one-neutron transfer reactions, we have adopted the SDPF-
U interaction within the shell model to produce relevant spectroscopic factors for the
one-proton transfers on 28Si and 27Al. Also, the same binding potential parameters were
adopted from the one-neutron stripping analysis [56]. Both contributions used the optical

potential parameters obtained in the elastic and inelastic scattering analysis [3].
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Figure 5.4: Coupling scheme for the CRC calculation performed for the
ZTAL(*50,17F)26Mg reaction, showing the states included in the entry and exiting partition.



5.4 Results for one-proton transfers

Firstly, we present the results for the one-proton transfer in the 60O + 27Al in .
The states considered for the couplings are detailed in . In general, these
calculations reasonably well describe our experimental data, underestimating the
cross-sections in the more forward angles. As expected, the calculations that consider

the sum of the states included in that region of interest (solid lines) are the best fit for

our data for all four regions of interest.
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Secondly, the results for the one-proton transfer in the O + 28Si in . The
coupling scheme considered for the presented CRC calculations is shown in .
The CRC calculations that consider the sum of the individual states in the regions of
interest describe reasonably the angular distributions presented. Though for ROI-1 and
ROI-3 the shape description is not the best, the calculations still estimated fairly enough

the magnitude of the experimental cross-sections.
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Figure 5.6: Coupling scheme for the CRC calculation performed for the
28Si(160,17F)?" Al reaction, showing the states included in the entry and exiting partition.

Since the CRC results for the one-proton transfer in both 2?Al and 2*Si shows a fairly good
description of the experimental data, we can conclude that the consistent methodology

adopted works well.
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Figure 5.7: Angular distribution cross-sections for the 2Si(*60,'"F)*"Al reaction

compared with CRC calculations (solid lines) summed for the considered coupled states
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5.5 The two-proton transfer and the role of pairing

Finally, we present the angular distribution cross-sections for the two-proton transfer in
160 + 28Si system, shown in . One of the objectives of this analysis is to infer
upon the reaction mechanism in which the two-protons are transferred, i.e. the proton
are transferred simultaneously or are transferred sequentially, forming 27Al in between
the process. For this experimental data, three distinct CRC have been performed in order

to allow this discussion.



68 5.5 The two-proton transfer and the role of pairing

-]SNC“ + mMg; 42
5
B ”;Ncun, * ;E‘Mgl[)};
18N %
R N"g.h.J' Mg, o,

R 26
Nel.xu+ Mgg.s.

o PNe  +*Mg

Iboﬁ i3t ESSin s ; S
= 18 26
11 P Ne + M
“‘Op B ~3314 " . 050 g,
5 - 0 =-1533 MeV | b -
16y MG e _ - Ne  +7"Mg
£3, i PR ! i
16 28g; =;f
Og.s. ¥ SII.?S- .
%0, +2si - )
2.8 o R

Figure 5.8: Coupling scheme for the CRC calculation performed for the
28Si(160,'8Ne)* Mg reaction, considering a simultaneous transfer mechanism for the two
protons, showing the states included in the entry and exiting partition.

The green dotted lines in consist of a CRC calculation in which the two-protons
are simultaneously transferred, but not as an inert structure and considering relative
coordinates between these two transferred protons. This is briefly what the independent
coordinates (IC) formalism adopted considers, and more information can be found in [6§]
and Section 17.3 of [36]. The pink dashed lines consist of a CRC calculation considering
the sequential transfer of the two-protons, in which one proton is transferred forming 27 Al
followed by another proton transfer, forming 2Mg. Although this is a sequential process,
the timescale of the reaction does not characterize it as a compound nucleus reaction,

and it is treated as a direct process.

The blue solid lines consist of a CRC calculation considering the coherent sum of both
sequential and simultaneous processes. This sum can be seen as a new calculation because
it considers the interference between the different scattering amplitudes, which is not the

same as summing the cross-section values directly.

From the comparison between calculation and experimental results, one can conclude
that the ROI-1 (Fig. @ - panel a), which is only the ground-to-ground transfer
process, leaves inconclusive which model best reproduces the data. All three models
reproduce statistically the experimental cross-sections, leading to the conclusion that
both simultaneous and sequential processes are relevant for the description of this region.
The second region of interest (Fig. @ - panel b) shows a better agreement between

the data and the blue solid line than the other two curves. This indicates that there is a
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competition between sequential and simultaneous mechanisms for the two-proton transfer
leading to the 1st excited state of 2°Mg. Panel ¢ from Fig. @ shows the ROI-3, in which
the sequential process (pink dashed line) is heavily suppressed and the simultaneous only
process (green dotted line) is the best description for these experimental data. This
shows that for states above 3.7 MeV populated by the two-proton transfer are transferred
in a simultaneous manner. This indicates that the pairing correlation between the two
transferred protons must be relevant for the description of the transfer reaction in this

region of interest.
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Figure 5.9: Angular distribution cross-sections for the 28Al1(*¢0,®Ne)?Mg reaction
compared with CRC calculations. The green dotted line represents the CRC calculations
considering the simultaneous transfer of the two-protons, using the independent
coordinates (IC) formalism. The pink dashed line stands for the CRC calculations in
which the two-protons are transferred sequentially. The blue solid line represents the CRC
calculations considering a coherent sum between simultaneous and sequential processes.
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5.5 The two-proton transfer and the role of pairing
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6 Conclusion

Atomic nuclei exhibit a rich and fascinating array of properties that shape the physical
materials around us. One prominent phenomenon is the phenomenon of pairing, which
makes paired nuclei tend to have higher binding energies than would be expected based
on a simple sum of the individual nucleon energies. Most experimental evidence has been
obtained through measurements of nuclear energy levels, excitation spectra, and nuclear

decay patterns.

The origin of pairing lies in the fundamental properties of the nuclear interaction between
nucleons. In a first approach, the nucleon-nucleon (nn) interaction is assumed to be
isospin independent, in the sense that n-n, p-p, and p-n feel the same pairing strength.
However, this aspect of the nn interaction is difficult to assess because of the relevant
spin dependence, responsible for the deuteron being the only A=2 nuclear bound system,
and the coulomb repulsion in the p-p pair. Two-nucleon transfer reactions are a potential
source of information on the pairing interaction. Pairing strength manifests itself in a
dominance of simultaneous two-nucleon transfer over the sequential mechanism. The
two-neutron transfer has been explored in many reactions induced by light projectiles,
such as (t,p) and (p,t), and even heavier projectiles, such as 80,°0. Very few data are

available for two-proton transfer.

In this dissertation, I studied two-proton transfer in 28Si(160,'¥Ne)?°Mg at Ej,, =240 MeV.
To assess the contribution from the sequential transfer, I also analyzed one-proton transfer
in 2Si(1°0,1"F)?"Al and *"Al(*°0,'"F)*Mg in the same experimental campaign. It is
important to highlight that this not only provides important experimental information to
set constraints on the direct reaction models but also minimizes systematic uncertainties

in the absolute cross sections.

State-of-the-art calculations were performed adopting a consistent methodology to
reproduce elastic, inelastic, and one-neutron channels. The parameters of the optical
potential and the deformation, necessary to provide the strength of the coupling potentials
in coupled-channels, were determined from the analysis of elastic and inelastic scatterings.
These parameters were also checked in the analysis of the one-neutron transfer (not

presented fully in detail in this dissertation). The one-neutron transfer data have also
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been explored to assess the shell model interaction and model space. From this study,
we determined that spectroscopic amplitudes from the SPDF-U interaction provide the

best result when compared to experimental data.

For the data presented in this dissertation, comparisons of the excitation energy spectra
for the one- and two-proton transfer populating the Mg residual nucleus show clear
differences. The ground state is highly suppressed, whereas states at approximately 3.4
MeV are well populated in the two-proton channel. This is an indication that pairing

plays an important role in the two-proton transfer.

Angular distributions for the one-proton transfers are reasonable well reproduced by
the coupled-reaction channels calculations. This is a good indication that both nuclear
structure and direct reaction models are in place. For the two-proton transfer, three
type of reaction calculations have been performed to reproduce the sequential only, the
simultaneous only and the sequential 4+ simultaneous mechanisms. The latter takes into
account the relative phase between scattering amplitudes obtained from the sequential
only and the simultaneous only. Calculation nicely reproduces the experimental data

indicating that:
e a competition between sequential and simultaneous transfer for the low-lying states
e a dominance of simultaneous over sequential for states lying around 3.4 MeV.

To summarize, we show that simultaneous transfer of two-proton prevails in heavy-ion
reaction and can be explored as a tool to study the fundamental properties of the nn
interaction. Howver, further developments in the theory are required to extract the

pairing strength from the two-nucleon transfer.
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Appendix

A1 Spectroscopic amplitude tables

26Mg nucleus 27Al nucleus Spec. Ampl. S
state (MeV) J™ state (MeV)  J7 nl; SDPF-U
g.s. 0" g.s. 5/2%  lds), -0.511
0.84 1/27 2819 -0.619
1.01 3/2%  1ds), -0.203
2.74 5/2%  1ds)s 0.107
1.81 2% g.s. 5/2% 2819 -0.110
g.8. 5/2+ 1d3/2 0.000
g.8. 5/2+ 1d5/2 0.827
0.84 1/2% 1dg)s -0.123
0.84 1/2% 1ds) 0.261
1.01 3/2% 2819 0.527
1.01 3/27  1ds), -0.106
1.01 3/27  1ds), -0.232
2.21 7/2% lds)s 0.088
2.21 7/2% 1ds)s -0.499
2.74 5/2% 2819 -0.513
2.74 5/2%  1ds), -0.330
2.74 5/2%  1ds), 0.229
2.94 2t g.s. 5/2% 2819 -0.189
g.s. 5/2%  ldsy, 0.184
g.s. 5/2%  1ds), -0.355
0.84 1/2% 1ds) 0.385
0.84 1/2% 1ds) -0.526
1.01 3/2% 2810 -0.367
1.01 3/2%  ldsy, -0.189
1.01 3/2%  1ds)s -0.641
2.21 7/2% 1ds)s 0.181
2.21 7/2% 1ds)s -0.064
2.74 5/2% 2819 -0.063
2.74 5/2%  ldsy, -0.046
2.74 5/2  1ds, -0.070
3.59 0t g.s. 5/2%  1ds), 0.089
0.84 1/2% 2819 0.252
1.01 3/2%  1ds), 0.040
2.74 5/2%  1ds)s 0.033
3.94 3t g.s. 5/2% 2819 -0.094
g.s. 5/2%  1ds), 0.164
g.8. 5/2+ 1d3/2 -0.030




A1l Spectroscopic amplitude tables

26Mg nucleus 27A1 nucleus Spec. Ampl. S
state (MeV) J™ state (MeV)  J7 nl; SDPF-U
0.84 1/2* 1ds)s 0.226
1.01 3/2% 1ds/o -0.024
1.01 3/2%  1ds)s 0.059
2.21 7/2% 2819 -0.150
2.21 7/2F 1ds)s 0.113
2.21 /25 1ds) -0.046
2.74 5/2% 2819 0.083
2.74 5/2¢  1dy)s 0.028
2.74 5/2%  1ds)s 0.067
4.32 4+ g.s. 5/2%  1ds), 0.145
g.8. 5/2+ 1d5/2 0.984
1.01 3/2% 1ds ), 0.229
2.21 7/2% 2819 0.591
2.21 /25 1dy) 0.062
2.21 /25 1ds -0.545
2.74 5/2%  1ds), 0.141
92.74 5/27  1ds) 20.142
133 2t gs. 527 251 -0.097
g.s. 5/2F  1dys -0.041
g.s. 5/2%  1dsy, 0.280
0.84 1/2+  1ds) -0.189
0.84 1727 1ds) -0.115
1.01 3/2F 28172 0.219
1.01 3/27  1dsy -0.004
1.01 3/2% 1ds)9 0.045
2.21 /20 1dsp 20.020
2.21 /2% 1ds) -0.006
2.74 5/2% 2819 -0.063
2.74 5/2%  ldsy, -0.160
2.74 5/2%  1dss 0.033
4.35 3t g.s. 5/2F 28172 -0.287
g.s. 5/2%  1ds)s 0.198
g.s. 5/2%  1ds)s -0.086
0.84 1727 1ds) 0.665
1.01 3/27  1dsy 0.169
1.01 3/2F 1ds)s 0.524
2.21 /20 281 0.237
2.21 /25 1dsp 0.055
2.21 7/2% 1ds) 0.217

Table A1l.1: Spectroscopic amplitudes adopted for the 2Mg and 27Al.



A1l Spectroscopic amplitude tables

81

27Al nucleus 2885i nucleus Spec. Ampl. S
state (MeV)  J™  state (MeV) J™  nf; SDPF-U
oS, 5/27 o5, 0F 1dss 1.781
1.78 2t 25 0.624
1.78 2t 1ds) 0.323
1.78 2t 1ds)0 -0.174
4.62 4 1dyyy -0.445
4.62 4% 1ds ), 0.048
0.84 1/2+ 2.5, 0F 281, 20.901
1.78 2% Lds)s -0.192
1.78 2+ 1ds o -0.445
4.98 0" 2819 0.563
1.01 3/2* g.s. 0" 1ds/o 0.644
1.78 2T 251 0.202
1.78 2t lds 0.443
1.78 2t 1ds -0.749
4.62 4+ 1ds)s 0.112
2.21 7/2% 1.78 25 1dy 20.264
1.78 2t 1ds) -1.030
4.62 4 2y 0.244
4.62 4t 1ds) 0.490
1.62 4 1ds) -0.149
2.74 5/2% g.s. 0" 1ds) -0.627
1.78 2t 28 0.473
1.78 2+ Lds)s -0.418
1.78 2t 1ds) -0.639
4.62 4% 1ds) -0.013
4.62 4t 1ds) -0.445
4.98 0" 1ds) 0.343
3.00 9/2% 1.78 27 1ds) -0.867
4.62 4T 281 0.595
4.62 4+ Lds)s 0.284
4.62 4% 1ds)s 0.002

Table A1.2: Spectroscopic amplitudes adopted for the 2"Al and 28Si.
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