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Introduction

More than a century ago, the Rutherford gold foil experiments taught us that the atom
had a positive charged nucleus surrounded by electrons. These experiments consisted in
scattering alpha particles into a foil of gold. Thus, nuclear physics was born. Indeed, the
preponderant idea of nuclear physics that has persisted to this day was to scatter particles
to gain knowledge of the atomic nucleus.

One may say that nuclear theory is the perfect laboratory for quantum mechanics.
Theoretical nuclear physics involves developing models to understand nuclear phenomena
based on the fundamental principles and mathematical formulations. However, nuclear
theory faces challenges due to the complexity of the many-body problem in the atomic
nucleus. The presence of a large number of particles makes it difficult to solve the problem
exactly, and conversely, the presence of not enough particles prevents a simple thermo-
dynamic treatment, except in some nuclear astrophysics contexts such as neutron stars.
As a result, there is no standard model of nuclear theory, and instead, different regions
of the nuclear chart are treated in their own unique way.

For many decades, studies of the nuclear structure focused on bound states, whereas
studies of reactions focused on unbound scattering states. This dichotomy has led to a
somewhat artificial division between the theory of nuclear structure and the theory of
nuclear reactions. The nuclear Shell Model (SM), pioneered by Goeppert-Mayer [1] and
Jensen, Haxel and Suess [2], became the preferred tool for exploring nuclear structure.
This model and its subsequent developments treated the nucleus as a closed quantum
system (CQS) isolated from the environment of scattering continuum. On the other
hand, nuclear reactions relied on various approaches depending on the considered reaction
mechanism, range of masses or excitation energies. These approaches oftentimes disregard
the internal structure of the nucleus by using effective potentials for solving the scattering
problem.

An important step towards the unification of structure and reactions was made by
Feshbach [3, 4], whose idea was to break the interaction into two parts: one that de-
scribes the bound states and another that describes the scattering states. This gave the
foundation for the development of the Continuum Shell Model (CSM) [5, 6]. However,
the real motivation to advance the studies of unified theories of structure and reactions
was given by the experiments. Indeed, nuclear experimental facilities have evolved over
the years to be able to produce more and more exotic nuclei far from the valley of the
[-stability. As the drip lines were approached, phenomena like nuclear halo in weakly
bound or unbound states, among others, were observed. Nuclei in a vicinity of the drip
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2 Introduction

lines play a significant role in astrophysical processes, such as, e.g., the nucleosynthesis
during stellar evolution and supernova explosions. Ikeda et al. [7] noted that there exist
a-cluster states close to the a-particle emission thresholds. Later it has been conjectured
that this observation is more general and one should find states close to any particle emis-
sion thresholds [8, 9]. These phenomena can be studied within unified theories like the
Shell Model Embedded in the Continuum (SMEC) [10], the Gamow Shell Model (GSM)
[11-15] and its realization in coupled channels [15-17], the ab initio approaches of the
no-core Shell Model (NCSM) with Resonating Group Method (RGM) [18, 19], the no-
core Shell Model with Continuum (NCSMC) [20-22], the no-core Gamow Shell Model
(NCGSM) [23, 24] and its coupled-channel representation [25].

In the realm of nuclear structure, resonances play a crucial role. Resonances, which
are quasi-bound states, have been of theoretical interest since Gamow’s seminal paper
on a-decay [26]. The scattering matrix (S-matrix) formalism developed by Heisenberg
[27] and the formulation of resonances by Rosenfeld and Humblet [28] paved the way for
a comprehensive theory of nuclear reactions. However, incorporating resonances into a
theory of nuclear structure remained challenging.

Resonance states in quantum mechanics are characterized by their decay time and
cannot be measured in the same way as bound states. Their characteristics are instead
extracted from scattering amplitudes and phase shifts, obtained from the S-matrix [27].
In experimental nuclear physics, resonance widths can be measured via phase shifts and
scattering cross-sections of nuclear reactions, where resonances appear as quasi-Lorentzian
peaks in the cross-section [28].

To describe quantum systems, one typically uses a complete basis of orthonormal
functions. A basis set is considered complete if any quantum state can be expressed as
a linear combination of these eigenfunctions. A well known example is the harmonic
oscillator (HO) basis. While this basis is complete and orthogonal, it is limited to de-
scribing bound states. In the 60s, Newton derived a completeness relation in Hilbert
space that included bound states and the non-resonant real-energy continuum but not
resonances per se. In 1968, Berggren introduced a different completeness relation where
bound states, resonances, and non-resonant scattering states are treated symmetrically
[29]. The Berggren completeness relation also introduces complex observables, reflecting
the interference between continuum and resonance states [29-31]. The main feature of
these completeness relations is the inclusion of a continuous spectrum. However, this
does not fit into standard Hilbert space quantum mechanics and requires a generaliza-
tion of Hilbert space into the equipped Hilbert space, the so-called rigged Hilbert space
(RHS) [32-34], to include continuous spectra and resonances in quantum mechanics in a
consistent way.

The configuration mixing approach based on Gamow states and the Berggren basis is
the GSM [11-15]. The GSM is a generalization of the standard SM in HO representation.
The symmetric treatment of the one-body resonant states (bound states and resonances)
and (complex energy) non-resonant scattering states in the Berggren basis means that
the corresponding many-body states are also treated symmetrically. This means that the
GSM not only can deal with well-bound nuclear states but is designed to also describe
exotic states in nuclei far from the stability. For well-bound states, the GSM and the SM
in a harmonic oscillator basis (SM-HO) become indistinguishable.

Nevertheless, the GSM is limited to studies of nuclear structure. This stems from
the fact that one cannot describe the asymptotic behavior of reaction channels in the
Slater determinant representation. This is remedied by going into the GSM in coupled
channel representation (GSM-CC) [15—-17]. Although originally formulated for the inclu-
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sion of single-nucleon decay channels [16, 17], the GSM-CC has been recently expanded
to describe deuteron-decay channels [35]. Further developments on the treatment of the
deuteron channels can be found in Ref. [36] and the treatment of heavier cluster channels,
namely A = 3,4 clusters, can be found in the present thesis.

One of the objectives of this work is to further the understanding of nuclear structure
by doing GSM-CC calculations with many reaction channels corresponding to several mass
partitions. Specifically, the aim is to do calculations of nuclear structure and reactions
with heavier projectiles in a large network of coupled reaction channels. Another advan-
tage of the method is that treating both cluster-like states and shell model-like states
symmetrically in the coupled channels framework provides insight into the competition
of both effects. The systems chosen for such calculations are “8Be and 7Li because they
posses both the low-energy cluster thresholds, and the intricate variation of the struc-
ture of many-body states in a narrow range of excitation energies, with coexisting 'shell
model-like’ states and the ’cluster-like’ states. However, to stress the advantage of the
GSM-CC over other models, we also present results for 42Sc, which were carried out with
a 40Ca core. Let us also mention in passing that the no-core GSM-CC has been recently
applied for a study of the first excited 0F state of *He [25].

Spectroscopic factors serve as an essential link between cross-sections and nuclear
structure, with complex SFs characterizing resonant states. Furthermore, the near-threshold
clustering, observed in various nuclei [8, 9], points to a general phenomenon present at
different emission thresholds. In this work, we investigate the near-threshold phenomena
within the framework of the GSM-CC, providing a comprehensive understanding of near-
threshold effects in nuclear reactions and their significance in the study of nuclear structure
in various nuclei. These studies are focused on the dependence of reaction channel prob-
abilities and SFs on a distance from the decay thresholds. Furthermore, the definition of
the continuum coupling correlation energy in GSM-CC, which could become in the future
a convenient theoretical tool to quantify the configuration mixing in resonance states has
been proposed in this thesis.

Near-threshold effects are crucial in unraveling the universal behavior of atomic nuclei.
The unitarity of the S-matrix ensures the preservation of probability flux, leading to the
redistribution of probability when particle emission thresholds are crossed. Wigner cusps
[37] play a vital role in understanding these effects. Experimental studies confirmed the
existence of cusps in cross-sections, and their implications extend to nuclear structure cal-
culations, particularly when dealing with resonances. Specifically, in this work we expand
on previous GSM results of near-threshold effects [38, 39] and further generalize it with
clusters in the GSM-CC framework. This analysis provides an insight into the clustering
as an emergent near-threshold phenomenon which is a consequence of the alignment of
near-threshold shell model states of an OQS with the cluster emission threshold. Indeed,
by looking at the distribution of reaction channels probabilities, SFs, and a continuum
coupling energy correction, we can analyze those effects in some details. This analysis is
done for the light nuclei: “®Be and "Li using a network of the coupled reaction channels
constructed with different partitions of the total masses of nucleons.

This thesis is divided as follows. Chapter 1 contains a brief introduction to the scatter-
ing theory concepts like the S-matrix and Gamow states. Afterwards, the focus is shifted
on introducing the Berggren completeness relation and the RHS.

Chapter 2 contains an introduction to various many-body approaches to nuclear struc-
ture. Both OQS and CQS formulations are addressed. Next, in Chapter 3, we introduce
the GSM and draw comparisons with other OQS approaches like the SMEC or NCSMC.

The coupled channel formulation of the GSM is presented in Chapter 4 alongside the



4 Introduction

comparison with other models. The results of GSM-CC calculations with multiple mass
partitions for spectra of "#Be, "Li, 4Sc, and the reactions corresponding to the elastic
scattering of 3He and triton on *He target, and the transfer reaction 4°Ca(d,p)*' Ca, are
discussed in Chapter 5.

Chapter 6 is devoted to the study of near-threshold effects. We present the concept
of Wigner cusp and then we show results of near-threshold effects in “#Be and “Li by
studying the probability weights of different channels, the SFs, and the continuum coupling
correlation energy appropriately defined for the GSM-CC. Finally, we summarize and
conclude this work in the conclusion. Few technical details are presented in the Appendices
A.1 and A.2.



CHAPTER 1

The single particle Berggren basis

Resonances have been of particular theoretical interest since its conception as quasi-bound
states in the paper of Gamow on « decay [26]. In the late 30s, Siegert [40] utilized complex
energies in the context of nuclear scattering to derive a dispersion formula for resonances.
These two developments meant that complex eigenvalues could be useful for the descrip-
tion of nuclei. At the same time, the S-matrix formalism has been developed by Heisen-
berg [27], building up from the work of Wheeler [41]. Although originally formulated for
quantum scattering, the S-matrix would later prove to have meaning in nuclear struc-
ture. Indeed, the poles of the S-matrix correspond to the resonant states of a system. A
few decades later, the concept of resonances has been rigorously formulated by Rosenfeld
and Humblet [28] in a comprehensive theory of nuclear reactions. This of course did not
address the problems of including resonances in a theory of nuclear structure.

In quantum mechanics, one can expand a solution of the Schrodinger equation using
a complete basis set. This of course is generally addressed when one deals with discrete
eigenvalues. Problems arise when trying to do so for a basis with continuous eigenvalues,
because the elements of such basis are not in the Hilbert space. For a complete theory,
we would need both discrete basis elements representing bound states, resonances and
continuous basis elements representing the scattering continuum. A method to normalize
Gamow vectors was proposed by Zel’dovich [42], hence one last piece was missing: how to
put both Gamow vectors and continuum states together? The first one to find a solution
was Berggren in 1968 [29], who proved the completeness relation that treats bound, reso-
nance and scattering states symmetrically. Nevertheless, a consistent formulation within
quantum mechanics arrived much later with the RHS formalism [32-34, 43]. In this for-
malism, the resonances find a place naturally alongside bound states and non-resonant
continuum states.

In this chapter, we attempt to give all the needed information to not only formulate
the Berggren basis but also to be able to build it numerically. We start by giving the
definition of Gamow states where we also introduce an important concept that comes
recurrently in the theory of resonances which is the complex k-plane with the S-matrix
poles. Then we give a refresher on scattering theory, the S-matrix and the Jost functions.
Afterwards, we introduce the Berggren completeness relation as originally introduced by
Berggren and also other completeness relations like the Newton or the Mittag-Leffier
completeness relations. We follow the theory with some practical steps to construct a

5



6 The single particle Berggren basis

Berggren basis for a given one-body interaction. Finally, we end up with some elements
of the RHS formalism. The latter part does not provide an extensive description but it is
aimed to include the necessary theory to understand resonant expansions.

1.1 Gamow states

In any quantum mechanics experiment, we find a system in either a bound (stationary)
state or a scattering state. A resonance or quasi-stationary state will decay over time
and hence one says that it has a finite lifetime. This means that resonances cannot be
measured in the same way as bound states, but should be measured via the characteristics
of the scattering states like scattering amplitudes and phase shifts. This information can
be extracted from the S-matrix [27].

In the advent of quantum mechanics, Gamow introduced complex energy eigenvalues
in his paper about a-decay [26]. The traditional definition of a resonance express it as a
solution of the Schrodinger equation W(r,t) = ®(r)exp (—itz/h) with a complex energy
eigenvalue: z = F'—il'/2. This means that the probability amplitude of the wave functions
is:

W O = [ exp (~51). (1.1)

where ® is the complex eigenfunction of this state, which together with the decaying
exponential factor is called quasi-stationary as W decays exponentially in time.

We follow Humblet and Rosenfeld’s [28] definition of the resonant states. Assuming
spherical symmetry, we can separate the radial and angular parts of the Schrodinger
equation. The angular solutions are the spherical harmonics and will not be discussed in
this work as they are already discussed in any elementary quantum mechanics book. The
radial Schrodinger equation is:

L (r k) = [W; D k?] (k). (1.2)

with boundary conditions:
UZ(O,IC) =0, (13)
u(R)uf (kR) - uj(R)uf (kR) = 0, (1.4)

where u, is the radial solution for angular momentum ¢, v; is the interaction (which for
atomic nuclei is nuclear + Coulomb interaction), &k is the momentum eigenvalue, R is a
radius greater than the range of the nuclear interaction, and wu; is the outgoing solution
with Ug(T’) =0.

The roots of Eq. (1.4) may be complex, hence we define for each eigenfunction wuy, =
ue(r, ko) a complex eigenvalue kg, as

kﬁn = Ren — i’%n . (15)

We can relate x and 7y to the well known energy E and widths I' via the following formulae

h?2 1
2 ko = Epy = ~iTyn 1.
o T T gt (16)
with
hZ 5 5 h2
Eln = (Iizn - /Yén)a an = 4’i€n7€n . (17)

2m 2m
We can categorize eigenstates by their asymptotics as follows:
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o if Kgy > Yo > 0 then uy, is a decaying narrow resonance state

o if Y4, > kg > 0 then uy, is a decaying subthreshold resonance state >
o Ifif kyy > 0> 7y, the uy, is a capturing resonance state

o if Ky, =0 and 7y, <0 then wuy, is a bound state

o if Ky, =0 and vy, > 0 then uy, is a virtual or antibound state

%[k] @ Bound
@ @ Antibound
@ Decaying
[ ] @ Capturing

o © @ g{ T [K]

O TN e

Figure 1.1: Schematic representation of the complex k-plane. Positions of S-matrix poles
corresponding to bound states, antibound states, decaying resonances and capturing reso-
nances are shown in magenta, green, blue and red, respectively. Classification of decaying
resonances is made explicitly as a subthreshold resonance is denoted SR, a broad resonance
BR and narrow resonances as NR. Decaying and capturing resonances are symmetric with
respect to the imaginary k axis because of complex conjugation symmetry. The -45° line
separates subthreshold resonances from other decaying resonances.

Before we shall discuss the experimental characteristics of resonant states, we stress
the difference between a resonance and a decaying particle. A resonance refers to the
energy distribution of an outgoing particle in a scattering process and is characterized
by its energy and width. Whereas a decaying particle is described in a time-dependent
setting by its energy and lifetime 7. Both are related by:

r-2
T

(1.8)
Experimentally, most systems allow for the measurement of either width or lifetime.

In nuclear physics, we can measure a resonance width via phase shifts/scattering cross-
sections of nuclear reactions. Resonances will show up as quasi-Lorentzian peaks in the

We stress the distinction between the terms resonant and decaying resonance. A resonant state
corresponds to a pole of the S-matrix whereas a resonance state corresponds to the definition given
above. Hence resonance, bound and antibound states are all resonant states.

2 Another way to distinguish narrow and subthreshold resonances is that narrow resonances are above
the 45° line in the fourth quadrant of the complex k-plane and subthreshold resonances are below the
45° line.



8 The single particle Berggren basis

cross-section. The ’quasi’ part is very important, because in a Lorentzian distribution the
peak would be at the energy of the resonance. However, for a resonance it is not necessarily
true. This means that the narrower the resonance is, the more a peak coincides with the
resonance energy and is better fitted by a Breit-Wigner distribution?®.

Contrary to bound states asymptotics that tend to zero for large distances, antibound
states have the following asymptotics:

ug(r) ~ even’, (1.9)

Therefore they grow exponentially at long distances. It is difficult to give a physical
interpretation to antibound states. Strictly speaking, antibound states live within the
second energy Riemann sheet which is inaccessible to experiments, hence one can say that
it is not actually a state but a feature of the system. Low energy antibound states greatly
increase the density of real-energy scattering states just above the threshold [44, 45]. This
means that antibound states influence the behavoir of the scattering cross-sections at low
energy. Some classic examples include the [ = 0 neutron-neutron scattering phase shift
[46], the scattering of slow electrons on molecules [47-49], and the eep-Coulomb system
[50].

1.2 Scattering states

Before we can introduce the Berggren basis, we need to add one additional final ingredient.
A scattering state is also a solution to the Schrodinger equation, however, it is not a pole
of the S-matrix contrary to the Gamow states. Physically, it describes the behavior of
particles that scatter away from each other and are no longer strongly interacting.

Broadly speaking, in an experiment one sends a projectile with the wave function
e towards a target. After the collision, ™ becomes an outgoing state ¢°'*. What we
measure is the probability of finding a particular projectile state 1°" given by:

(V) = ([S[™) (1.10)

where S stands for the S-matrix. The incoming states are determined by the preparation
of the experiment while the outgoing states are determined by both the initial condi-
tions through ¢™ and by the scattering process through the S-matrix. Finally, 1°u is
determined by the final conditions of the detection system.

More importantly, asymptotically the states ¢ and ¢° form the so called incoming
" state and outgoing ¢~ state in the remote past and in the distant future, respectively.
The probability amplitude (1.10) becomes:

(V™) = (47 |e7) (1.11)
Moreover, the states ¢ and 1°" are related to the states ¢* and v~ via the Moller
operators:
Q+¢in :SO+
Qo =)™, (1.12)

The physical interpretation of the Mgller operators is that they convert the free states
o™ and °" into the states ¢* and v~ that are equal to them in the remote past and

3Lorentz and Breit-Wigner distribution are the same. However, in physics we typically use the term
Breit-Wigner distribution when referring to resonance measurements.
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remote future, respectively. The theory of quantum scattering is rather broad. For more
details on the Mgller operators and what follows until the derivation of the cross-sections
one can see for example Ref. [51]. For a detailed physical interpretation of preparing an
experiment and what is measured by a detector see Ref. [52]. Ultimately, what really
matters in quantum scattering is the probability amplitude (1.10), (1.11), so there is focus
on the calculation of the incoming and outgoing states and/or the S-matrix.

Solutions to equation (1.2) which can be conveniently categorized as incoming and
outgoing, describe the behavior of a particle before and after it interacts with the nuclear
potential, respectively. We can do this separation because Eq. (1.2) is a second order
differential equation and hence, it has two independent solutions. In order to properly
define an incoming and outgoing solution we first consider the asymptotic solutions of Eq.
(1.2), which becomes:

(0+1)

72

ug(ra k) =

+2Lk:—k:2]ué(r,k), (1.13)
T

where 7 is the Sommerfeld parameter:

mJz

The solutions to Eq. (1.13) are the regular Fy, (kr) and irregular Gy, (kr) Coulomb wave
functions [53]. Moreover, from the asymptotic behavior of the Coulomb wave functions,
we can define the incoming and outgoing Coulomb wave functions as:

Hzn(k‘r) =Gy (kr) + i Fy,(kr) (1.15)
H[m(kr) =Gy (kr) —iFy,(kr). (1.16)
Thus, we have the following asymptotic solutions:

u(r k) = Corttt r~0

u(r, k)= C+Hy, (kr)+C-Hj, (kr) r— oo, (1.17)

where Cy,C*,C~ € C are constants to be determined. Now we can define the general
outgoing and incoming solutions with the following boundary condition:

u*(r.k)=H*(r,k), r—oo. (1.18)
Therefore, an arbitrary scattering state is:
u(r, k) =C*u*(r,k) + C u (r, k). (1.19)

In comparison, the asymptotics requirements of bound and resonance states require the
amplitudes u to vanish when r — oo, therefore C~ = 0 is necessary for these states.

1.3 The S-matrix and Jost functions

An important concept in scattering theory is the S-matrix. It is a mathematical object
that describes the behavior of a quantum system when two or more particles interact.
The concept was originally conceived by Wheeler in 1937 [41] and later expanded upon
by a series of papers of Heisenberg starting in 1942 [27]. Physically, the scattering matrix
relates the initial state with the final state of a quantum mechanical system. This lead
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Heisenberg to believe that the S-matrix would replace the Hamiltonian, however, it was
not the case [54]. Although the S-matrix theory is very broad and interesting, for the
purposes of this work it is better to skip part of the formalism before its description in
terms of the Jost functions.

The Jost functions were originally introduced by Res Jost [55]. The concept was con-
ceived as a means to describe the asymptotic behavior of the solutions to the Schrodinger
equation. One can define the Jost functions via the Wronskian:

JE(k) = Wlu(r, k), u*(r, k)] = u(r, k)u*(r, k) =o' (r, k)u*(r, k), (1.20)

where u* are the outgoing and incoming solutions. The Jost function is independent of
r. This can be easily proven by taking Eq. (1.2) and the derivative of the Jost function
with respect to r. The S-matrix can be defined from the Jost functions as:

J=(k) C+
k) = = 1.21
Sf( ) J+(k') C- ( )
Since the S-matrix is unitary, then it can also be defined as:
Se(k) = exp (2id,(k)) , (1.22)

where d,(k) is the phase shift of the scattering state u(r, k). Generally, phase shift refers
to the amount by which a phase of wave functions differs from a reference wave. In this
case the reference wave is that of a free particle.

1.4 The Berggren basis

One usually uses a complete basis or orthonormal eigenfunctions to describe a quantum
system. A basis set {|n)} is complete if any quantum state |¥) can be expressed as a
linear combination of the basis states |n):

W) = > cn|n), (1.23)

where ¢, = (n|¥). If the set is complete, then we have the completeness relation:

()W) = leal* =1, (1.24)

n

and the closure relation:

S(r—=r") =Y va(r)op(r'), (1.25)
where v, (r)/r = (r|n), which can be written as a projection operator:

1=>|n)(n|. (1.26)

In the theory of resonant states expansion, it is customary to call Egs. (1.25) and (1.26)
the completeness relations [56].

An example of a complete and orthogonal basis is the HO basis. However, due to the
nature of the HO potential one can only describe bound states using this basis. In the
60s, Newton derived the completeness relation in Hilbert space for neutral particles [51].
This completeness relation goes as follows:

ZW,n(T’)UZn(T') + /(;oo dkue(k,r)u;(k,r")y=6(r—r"), (1.27)
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where uy,(7) are bound states with positive imaginary momentum &, and u,(k, r) scatter-
ing states with real momentum. Even though it is possible to use the Newton completeness
relation (1.27) to describe resonance phenomena, however its application would be im-
possible in most cases as it would require a very fine discretization of the integral [15].
Thus if the resonance is narrow, one risks to miss it.

Nevertheless, it was this approach that Berggren used [29] to show the completeness
relation that included not only scattering and bound states but also decaying resonance
states. Here we show the outline of the proof of the Berggren completeness relation which
was based on the Newton completeness relation [51]. Berggren improved upon Newton by
instead taking a deformed contour in k-plane that would embed narrow resonances, i.e.
the poles in the second Riemann sheet of the S-matrix [29]. The Berggren completeness
relation reads:

S g ()i, (1) + [L dkug(hk, ) (k') = 5(r ). (1.28)

The difference with the Newton completeness relation is two-fold. First of all the discrete
sum contains not only bound states but also narrow resonances. Second, the contour
integral over non-resonant scattering states is deformed into the path L* in the fourth
quadrant of the complex k-plane embedding all important resonances. This allows for the
simultaneous treatment of bound, resonance and non-resonant scattering states.

The idea of the original proof of Berggren was to evaluate the integral:

I(r):/;kdk;fooodr’h(r’)Gg(—k,r,r’), (1.29)

where h is at least square integrable, Gy is the Green’s function associated to Eq. (1.2)
and C' is a contour to be defined. The contour C that is used for Gamow Shell Model
(GSM) applications is a semicircle in the upper k plane and a deformed contour that
encloses the resonance poles as shown in Fig. 1.1. The integral can be divided into two
parts: the outer semicircle I and the deformed L part I;. It can be shown using the
asymptotic properties of the regular and irregular solutions of Eq. (1.2) alongside the
properties of the Jost functions that

Ir(r) =imwh(r). (1.30)

On the other hand:
Iu(r) = —in fo Z ' h () /L dkug(k,r)iig (k). (1.31)
where u; are non-resonant solutions of Eq. (1.2) and the tilde refers to time conjugation.

Lastly, the integral in Eq. (1.29) can be evaluated using the analytic properties of the
Jost functions and the Cauchy residue theorem. It gives:

I(r) = im fo T b)Y e (r) g, (1) (1.32)

where u;,, are bound or resonant solutions of Eq. (1.2). Using Eqs. (1.30, 1.31, 1.32) we
find:

fowdr'h(r')&r—r’) = fowdr’h(r') [Zum(r)ﬂzn(r’)JrfD dkue(k,r)a; (k,r")|. (1.33)
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Hence, the Berggren completeness relation is:
5(r—1") = 3t (r)iig, (") + f dk ug(k, )i (k, ). (1.34)
n L*

Here we have skipped the definitions of resonant and non-resonant solutions of Eq.
(1.2) in terms of Jost functions and the incoming and outgoing solutions, but details can
be found in Refs. [29, 51, 56].

An issue with this proof is that it assumes that the interaction v; is analytic in the
upper complex k-plane. This is not the case for the Coulomb interaction. However, a
complete proof has been given by Michel [57] for not only Coulomb interaction but also
for non-local potentials. The tilde in Eq. (1.27) and (1.28) corresponds to time reversal.
Indeed, differently from standard quantum mechanics where the inner product takes the
form (uylu;) = [ druj(r)ui(r), the inner product is not the standard one. This requires
a reformulation of quantum mechanics in RHS [32-34]. In the theory of RHS the inner
product changes and all observables for unbound states are complex.

Eq. (1.28) includes only bound states and few resonances, however it is not unique.
Indeed if one were to modify the contour of integration, one can derive relations that
include different combinations of poles of the S-matrix [56] which will redistribute the
imaginary part from the sum to the integral or vice-versa. To distinguish among the
following completeness relations we introduce the labels a,b, c,d for antibound, bound,
capturing resonance and decaying resonance, respectively. If we were to use a contour
that includes both capturing and decaying resonances, the completeness relation would
be:

(1) = T, (1) + 5 X )i () + [ dbueChn)i (k). (139

n=c,d

where W is the red contour shown in Fig. 1.2 which includes bound, decaying and
capturing resonances. If now we also include the antibound states using contour U from
Fig. 1.2 then we would obtain:

1
o(r-r")= 5 Z wen (1), (r") + / dkue(k,r)u;(k,r'"). (1.36)
U
Moreover, the completeness relation that arises using the Mittag-Leffler theory [58] is:
1
S(r—-r") = 3 Z wen (r) g, (1), (1.37)

where the sum goes over all poles of the S-matrix. The relation (1.37) is valid for a given
radius R, smaller that the range of the potential generating the basis {ug, }.

Egs. (1.35), (1.36) and (1.37) are called overcompleteness relations. This comes from
the fact that the basis states are not linearly independent, and this is embodied by the 1/2
factors. Eq. (1.35) is not useful in practice as we are just double counting the resonances
as their contribution is the same due to symmetry under complex conjugation. Eq. (1.36)
has a 1/2 factor that indicates that the antibound states may have a similar contribution
as bound states. However, the need of both bound and antibound states may indicate
that the eventual difference between them is formally important and not compensated by
the integral.

Finally, Eq. (1.37) may seem more practical due to the absence of a contour integral,
however it is difficult to deal with the non-orthogonality in numerical application because
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Figure 1.2: Schematic representation of the complex k-plane with different possible con-
tours. Positions of S-matrix poles corresponding to bound states, antibound states, de-
caying resonances and capturing resonances are shown in magenta, green, blue and red,
respectively. Figure inspired from Ref. [50].

one has to solve generalized eigensystems. Additionally, the absence of the integral im-
plies that the contour integral from the other completeness relations is equivalent to the
infinite sum of the resonances outside of them. To achieve convergence, one would re-
quire a large cut-off radius. Moreover, the amplitude of antibound and resonance states
increase exponentially with r, adding instability to any calculation. Hence, even though
the Mittag-Leffler completeness relation seem to be more practical at first glance, it is in
fact not. This is why we stick to Eq. (1.28).

Another feature of the Berggren basis are complex observables. The mean value of an
observable O is complex and is given by:

(O)=Re[O] +iIm[O], (1.38)

where the real part is the measured mean value of this observable and the imaginary part
can be interpreted as its uncertainty [29-31, 59] coming from the interference between the
continuum states and resonance states.

Lastly, even though the aforementioned completeness relations work for a basis {u,}
generated by a real potential, they also work for eigenfunctions generated by complex
potentials [15]. This can be proven by using a potential:

V(A r)=Vr(r)+ AVi(r), (1.39)

where A € C. If X is real then the potential is real. One can make it complex by an
analytic continuation such that A = ¢. This has to be done cautiously because if one
has a spectral singularity (a resonance on the real axis) [60], then nonanalytic points are
generated and it is not possible to use a real energy contour. Nevertheless, this is easily
avoided by deforming the contour and the spectral singularities can be normalized with
complex scaling.

Another case when the analytic continuation does not work for complex potentials cor-
responds to the exceptional point (EP) [10, 61-64]. EPs appear when two resonances with
the same quantum numbers coincide in the complex k-plane. This makes the Berggren
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basis incomplete. However one can regain completeness by adding the derivative with
respect to k of the wave functions associated to the exceptional states [65]. The latter
happens because u,(r) and du,(r)/dk are linearly independent.

1.4.1 Normalization and regularization of the Berggren basis

Due to the complex nature of the momentum k, the magnitude of the resonance states
oscillations increase exponentially in space. This poses a problem when trying to compute
observables and also in the normalization of the basis. Integrals that appear in the
calculations for resonant and scattering states have to be regularized. One method of
regularization has been proposed by Zel’dovich [42]. This method consisted in adding an
exponential factor with a limit:

Reg fomdrw(r)@(r)ui(r) =leiirolfooodre‘“z)uf(r)@(r)ui(r), (1.40)

where O is an arbitrary operator. This method though formally correct, is not useful in
practical applications as the convergence requires very large computational resources to
obtain stable results [66]. Nevertheless, this allowed Berggren [29] to normalize the Gamow
states. A more convenient approach, called external complex scaling, has been proposed
by Gyarmati and Vertse [66]. This method relies on the wave functions being regular in
the first quadrant of the complex plane. By using the Cauchy Theorem, integrating in
the contour given by:

r R<r<oo onCy

L= lzle |z| > o0 0<a<¢ onCh (1.41)

R + pei® arctan%<gb<§7r 0<p<oo onCy

(see Fig. 1.3) yields zero. Thus, for a radius larger than a given rotation point R we can
do a change of the variable.

Since the integrands are regular, the contour integral is zero. This allows for a substi-
tution r - R + pe?®, where 6 is an angle that is chosen to ensure convergence [13]. In this
way, we are able to construct numerically a Berggren basis of normalized single-particle
eigenstates. Following Kukulin et al. [67], we introduce the functional on (-0, Vi, ):

NN}’

F(Vy) = (1.42)

which is just a matrix element where the Gamow vectors are assumed to be not normalized.
Using the complex rotation method, the normalization factors are:

Nz= [Tarady+ [T dpur(R e pe)e, (1.43)
0 0

and the not normalized matrix elements are:
R N oo RN ) ) )
O, = f drug(r)O(r)u(r) + f dpus(R+ pe®)O(R + pe®)u;(R + pe'®)e'® . (1.44)
0 0

In Ref. [67], the analytic continuation of Eq. (1.42) was done using Padé approximants.
In contrast, the complex rotation method allows the calculation for potentials with V{ >
Viim. Regardless if u; and uy are bound or resonance states, one defines the following angles
a;,ap from the momenta k; = |k;|e’® and ky = |k¢|e’. One also knows the asymptotics
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Figure 1.3: The integration path in the complex plane corresponding to the complex
rotation technique at a point R with an angle 6. R is large compared to the nuclear
radius which means that the nuclear potential is negligible for » > R. The blue lines
indicate the integration done in practice that is equivalent to integrating on the real axis.

of the radial wave functions u(r) — a(r)e?*", where a(r) is an increasing function of
polynomial order*. Hence, the second integrand in Eq. (1.44) becomes

ap(R+pe®)O(R + pe'®)a; (R + pei®)eikithp)Rgid ilkitks)pe'? (1.45)

Assuming that O is also a function of polynomial order, the only term that can make the
integrand equal to zero at the limit p — oo is the term ei(ki+kn)ee™  In particular, if we
separate the argument of the exponential in real and imaginary parts, only the imaginary
part leads to the exponential decay. We have the following inequalities that would allow
for convergence
Im (ki +kg)pei?] > 0
Im[(ki+kf)e?] > 0 (1.46)
Im[|ki|ei(@=) + |ksle?@en] > 0.

Relations (1.46) mean that we need to rotate the momenta of resonances in such a way
that the sum of both imaginary parts are positive. Additionally, since every other part
of the integrand is of polynomial order, the exponential decay will make the integral
converge. Therefore, all integrals are properly regularized. The result is independent of
the choice of ¢, however it must follow the condition:

20> ap +aq;. (1.47)

Lastly, this method can be used also for the regularization of scattering states but
one must consider separately the incoming and outgoing parts of the wavefunction u(r).
Contrary to resonances and bound states, the presence of both incoming and outgoing
parts in the same integral does not allow to find a unique path in the complex plane
along which the integrand decreases exponentially. Hence, the one-body matrix element

4By polynomial order we mean that the function increases or decreases as fast as a polynomial function.
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for scattering states is:

F(h) = [ drTug(r)V ()] + AP AF, (k)
+ AfBZ'FJr_(ka) + BfAZ'F_Jr(ka) + BfBZ'F__(k?f) , (148)

where
o us(r) = Agpui(r) + Bruz(r)

o u;i(r) = Ajuj(r)+ Bjup(r), where k; in F'(ky) is fixed and u;(r) can be either bound,
resonance, or scattering state

« Foo=Jy dxujcf(R +2)O(R+ z)uf (R + ) with sz, s, € {+,-}.

Additionally, the normalization of scattering states cannot be done in the traditional sense
because the integrals diverge. Therefore the normalization to the Dirac delta function is
used:

v/ooodru(k:a,r)u(kb,r) =0(ky —ks), (1.49)

which leads to the normalization condition

2nC*C™ =1, Vuy. (1.50)

1.4.2 Numerical calculation of Berggren basis states

In this subsection, we shall discuss how to generate a Berggren basis. The outline can be
found in Ref. [15] and here we develop from there. There are two problems: first we have
to be able to calculate the wave functions u for any k£ € C, and second we would like to
find where the poles of the S-matrix are, otherwise we would never be able to compute
bound and resonance wave functions. From Eq. (1.21), we need to find the zeroes of
JH(k).

We need both boundary conditions in Eq. (1.17). Next we choose a matching radius
R,, which is of the order of the nuclear interaction range. Typically if one uses a Woods-
Saxon potential, one would set R,, = Ry. This is what is done in GSM calculations.

We start by integrating in the interval r € [r;, R,,] using the first boundary condition
in (1.17) where r; is a very small initial radius. This allows to obtain u(R,,,k). Next,
we integrate in the interval r € [ R,,, Rimax] using the second boundary condition in (1.17)
where Rp.x is big enough so that the nuclear interaction is negligible. This allows to
obtain C*uy, (kRy)+ C uy, (kRy). Finally, we end up with the system of equations to
solve for C* and C~:

C+Uzn(kRm) +C_Uzvn(kRm) U(Rnwk) (1 51)
Cruyt (kRm) + Cuy (kRm) = /(B k). '
This is true for both scattering and resonant states. However, for resonant states C~ =0
and this is what will allow us to find the poles of the S-matrix.

To find the poles of the S-matrix, we use the following algorithm:

1. We start with an initial guess kg which can be from the diagonalization of the
potential with a HO basis or may as well be obtained with a bisection method if it
is loosely bound, antibound or resonance state.
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2. We obtain the wave function for r € [r;, R,, ], integrate it in the interval r € [ R, Riax ]
where R, >> R,,, and also set the constants C* =1 and C~ =0. C* is set to unity
for convenience, whereas C'~ is zero from the definition of resonant states with out-
going asymptotics.

3. We calculate the Jost function J*(k). We find the zeroes of this function by means
of a Newton-Raphson method calculating new wave functions until convergence.

Afterwards, we just have to normalize the basis as it was discussed in Sect. 1.4.1. Similar
figures to Fig. 1.1 are usually shown in the literature to showcase the different S-matrix
poles, however, it is quite different for practical cases.
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Figure 1.4: Modulus of J* for different ¢; partial waves in the complex k plane for neutrons.
Each calculation was done with the Woods-Saxon parameters (Vp,Ry,d,Vso) and all were
done for an A=4 core with the exception of (b) which is an A=16 core. (a) p3/» (45 MeV,
2 fm, 0.65 fm, 3.8 MeV), (b) ds2 (55 MeV, 2 fm, 0.65 fm, 3.8 MeV) (c) s1/2 (53 MeV,
2.2 fm, 0.65 fm, 0 MeV), (d) s1/2 (55 MeV, 2 fm, 0.65 fm, 0 MeV). Some values were not
included in the figures as they were very large.

Fig. 1.4 shows examples where this algorithm can be employed. Here, we have the
logarithm of the modulus of the Jost function. Capturing and decaying resonances mirror
each other. This is a consequence of Eq. (1.2) being symmetric under complex conjugation
of k. Figs. 1.4a and 1.4b are typical cases that come up in calculations with ‘He and



18 The single particle Berggren basis

160 cores. A particular difference between them is that Fig. 1.4b has an antibound state.
However when one does a GSM calculation one would select the decaying resonance.

On the other hand, Figs. 1.4c and 1.4d showcases particular issues that may arise in
GSM calculations and in fact will be mentioned again in Chap. 5. These would be the
Jost functions for a *He core calculation. The bound state will typically correspond to
the frozen core 0sy/o shell. Hence, calculations with a “He core are generally stable as
long as we include only the p-shell. However if one would like to do a *He calculation in
the psd-shell, one would have to deal with the antibound state in Fig. 1.4c.

Lastly, Figs. 1.4c and 1.4d show how changing the Woods-Saxon parameters change
the nature of the S-matrix. For example, the antibound state can become a broad reso-
nance. Moreover, the further one goes away from the real axis, the bigger are the values
of the Jost functions. This can lead to numerical inaccuracies and tells us that one must
not choose a contour L* that extends too deep into the complex plane for the scattering
states.

It may happen that the potential needed for a particular calculation gives very un-
bound poles of the S-matrix. A way to circumvent the numerical limitations is by applying
the Berggren completeness relation. One typical application consists of expanding high
energy, unbound single-particle states in a more stable basis generated by a binding po-
tential [13]. Such an expansion of a one-body state uws in a basis generated by another
potential {ug} is:

uws(r) =Y crup(k;,r) + ./L dk c(k)up(k,r), (1.52)
where, due to the basis being normalized, the overlap amplitudes follow the condition:
Y i+ / dkc*(k)=1. (1.53)
i L+

For certain applications it is useful to use the properties of a HO state. For ex-
ample, one can expand matrix elements in Berggren basis using the HO basis. This is
particularly useful when calculating two-body matrix elements. Another example is the
transformation from relative to laboratory coordinates using a Talmi-Brody-Moshinsky
[68, 69] transformation. This transformation is straightforward in the HO basis, however
it is computationally demanding in any other basis. This difficulty has been circumvented
in Berggren basis by expanding the two-body matrix elements with a HO basis truncated

t0 Npax:
Nmax

(ablVied) = 3 (@BV]yd)(ala) (b]B) (c|o) {d]d) (1.54)
afBvyo
where the Latin letters correspond to the Berggren basis, the Greek letters to the HO
basis and V' is a generic interaction [70]. This method is not limited to the Hamiltonian
matrix elements but can also be conveniently used for the computation of electromagnetic
operators.

1.5 Rigged Hilbert space

We began the discussion of the previous section by defining a completeness relation for a
space that has only discrete states and then proceeded to derive the Berggren complete-
ness relation and discuss other overcompleteness relations which are comprised of both
a discrete part and a continous part. In standard quantum mechanics, one would work
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with the former as those eigenfunctions would belong to the Hilbert space. We define the
Hilbert space for three dimensions as the space of square integrable functions:

L2:<{f@j|Jg3dﬂj(rﬂ2<<m,reIR3}. (1.55)

One can easily prove that a system with a continuous spectrum does not fit in the Hilbert
space. Let us take as example the free particle case® of Eq. (1.2) with angular momentum
[ = 0 whose solution is:

Upeo(1) = A (1.56)

where A is a normalization constant and its norm is:
IWm0W=A~WmeW=£ drA? = oo (1.57)

Hence, ¥y is not in the Hilbert space.
One can make sense of these cases and also of Dirac’s bra-ket notation in the RHS [32-
34, 71, 72]. RHS is neither an extension nor an interpretation of the physical principles
of quantum mechanics [34]. The main idea of the RHS is to include distributions in the
theory in a consistent way. Without too many details®, a RHS or Banach-Gelfand triple
[43] is a triad of spaces:
P cHcd, (1.58)

where H is a Hilbert space, ® is a dense subspace of H and ®* is the space of antilinear
functionals over ®. Every RHS (1.58) has associated another RHS:

®cHcd, (1.59)

where ®’ contains instead the linear functionals over ®. Mathematically speaking, ®
can be interpreted as the space of test functions while ®* the space of distributions. On
the other hand, physically, ®* and ®’ will include kets and bras, respectively, that are
eigenstates which are not necesarilly normalizable in the traditional sense. This is very
important, as it will give a raison d’étre to those wave functions that are not square
integrable like the Dirac delta [78, 79].

The construction of the space @ has been discussed for example in Refs. [73, 74] for
the Lippmann—Schwinger bras and kets; in Ref. [75] for the Gamow states; and in Ref.
[34] for the one-dimensional case with a potential barrier. More interestingly, we can
define a ket in the context of RHS. Given a function f(r) and a space of test functions ®,
the antilinear functional F' that corresponds to the functions f(r) in an integral operator
whose kernel is precisely f(r):

Flg)= [ drg ()1, (1.60)

Rewriting (1.60) in Dirac’s notation, it becomes:

(PlF) = [ dr{ele) (alf). (161)

5This may seem like a one dimensional case, however the other two dimensions are within the angular
part.
6See for example Refs. [32-34, 43, 71-77] for a more rigorous definition.
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A

Let us consider the position Q and momentum P operator which have continuous
spectra:

Qlry=rlr), [Irl* < oo

Plp)=plp), [lpl* < o0, (1.62)

whose wave functions:

(r'lr) =57 )
1 i
-~ _ewpr
(rlp) IR (1.63)
are not square integrable, hence they do not belong to the Hilbert space. However, if we
choose the functional F' in Eq. (1.61) to be the position and momentum:

(plry = '/Ooo dro*(r)é(r'-r) = —/Ooo dr {plr) (r'|r) (1.64)

(eln) = [ g () et = [ (el ). (1.65)

then the fact that the eigenfunctions with continuous spectrum are distributions and
are well defined in RHS becomes explicit. Moreover, the definition of a bra can be done
analogously to the ket except that they will be defined in a linear space. The completeness
relation (1.28) has both a discrete and a continuous part, therefore we need a formalism
that allows to properly define normalization for both. Normalization for eigenfunctions
with a continuous spectrum is done via the Dirac delta normalization [34].

In conclusion, the RHS allows for the natural inclusion of resonances and non-resonant
continuum states in the formulation of quantum mechanics. Here we can include a con-
tinuous spectrum part in the completeness relations, unlike standard quantum mechanics
that do not allow this because of the requirements of the Hilbert space. Moreover, the nor-
malization of scattering states also makes sense as concepts such as delta normalization
make sense within the RHS framework. Thus, making the RHS ideal as the theoreti-
cal framework to include the Berggren basis completeness relation (1.28) into quantum
mechanics.



CHAPTER 2

Closed versus open quantum systems

Across different fields in physics, the definition of an OQS varies. In particular, in nuclear
physics an OQS is a system A that is coupled to system B, where A is a studied microscopic
localized system and B is the environment. In contrast, a CQS is the system A that
is decoupled from the environment B. Although many applications exist for an OQS
description in other fields like e.g. nanoscience and mesoscopic physics, the focus of this
work is in its applications to the atomic nucleus.

In the standard SM [, 2], one describes the nucleus as completely isolated from the
rest of the universe (environment). This approximation is satisfactory for bound states
in particle stable nuclei because they are almost decoupled from the environment, as
they do not decay and their separation energies are high. However, if we move towards
the drip lines far from the valley of stability we encounter a different situation. In this
region, we have to deal with weakly bound or unbound nuclei, hence a CQS treatment
would be insufficient as the environment of decay channels and scattering states play here
an important role. One might argue that it could be possible to treat the continuum
perturbatively. However, Fano realized that the perturbative approach is inadequate
[80]. Indeed, beyond the drip lines or above the lowest energy reaction threshold, nuclei
may decay via the particle emission. This means that the decay channels have to be
coupled somehow to the bound and resonance states. Moreover, a SM description of
resonances is impossible as it yields real energies (no widths and no information about
emission thresholds) and/or no information about scattering (no S-matrix therefore no
phase shifts, hence no widths) processes.

In this chapter, we describe some many-body approaches for the description of the
atomic nucleus both in CQS and OQS frameworks with the aim to draw comparisons with
the GSM in Chaps. 3 and 4. We start first with the SM described originally by Goeppert-
Meyer [1] and Haxel, Jensen and Suess [2]. Then we move to the ab initio method NCSM
[81-83] that treats all particles in the A-body system as active. Afterwards, we move to
approaches that include some continuum effects such as the NCSM with RGM [18, 19]
approach that treats the atomic nucleus as a pair of clusters and the NCSMC [19, 20].
We end this chapter with the CSM [5, 6] and its recent realization the SMEC [10, 84-89)]
that are based on the Feshbach projection formalism [3, 4] to define the environment.

21
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2.1 Shell Model

The SM is perhaps the most emblematic tool for studying nuclear structure. In its simplest
version, the SM was used for explaining the magic numbers of nucleons in a one-body
picture. The principal innovation was a spin-orbit coupling that allowed grouping shells
in such a way that the magic numbers appeared naturally. The skeleton of the SM is
provided by single-particle eigenstates. Each state is labelled by quantum numbers like
angular momentum and parity. Improvement of the model consisted of using different
two-body interactions in valence space. On one hand, we can find interactions that fit the
one- and two-body matrix elements like for example the so-called KB3G interaction [90]
and on the other hand, interactions that focus on symmetries like Elliot’s SU(3) model
[91] and Dufour and Zuker multipole Hamiltonian [92].
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Figure 2.1: Example of a single particle spectra for protons and neutrons including the
degeneracies of the HO and the spin-orbit coupling cases. Taken from Ref. [93].

The basic idea of the SM is assuming an inert spherical core consisting of fully occupied
orbitals. This inert core is 'surrounded’ by valence nucleons that can be in any shell in
the valence space and may not be outside of this valence space. The first approximation is
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that the nucleons in the inert core exert an effective one-body interaction on the valence
nucleons. The other is the choice of the nucleon-nucleon interaction.
The A-nucleon Hamiltonian of the SM, restricted to two-body interactions is:

H=Y T+ ¥ Vi, (2.1)

ieval i<jeval

where T; is the kinetic term and Vj; is the two-body interaction term. Since in SM we
assume an inert core that exerts an effective mean field for the valence particles, we can
express Eq. (2.1) as:

Sx
Il

Y [LG+U@m)]+| X Vij— 2 U(r:)

ieval i<jeval ieval (2 . 2)

HO + Hres = Z hO(Z) + Hresa

ieval

where H, describes the motion of the A nucleons as if they were independent from each
other, H,e is the so-called residual interaction which generates configuration mixing and
ho(1) is the single particle Hamiltonian for particle i. Hj term generates the single particle
basis that is later used to build the Slater determinants of the A-nucleon wave function.
An example of U(r;) can be a HO potential with a spin-orbit coupling term:

1 B
U(r;) = §mw2ri2 +Vso (ﬁ . §) , (2.3)

where m is the particle mass and 57, § are the angular momentum and spin, respectively.
Fig. 2.1 shows the splitting of the HO degeneracy by a spin-orbit coupling and how this
splitting generates the correct magic numbers.

The SM wave function |¥) that describes a nucleus is a linear combination of Slater
determinants |®,) such as:

W) = 30, [0,). (2.4)

where b, is the amplitude of each Slater determinant. The Slater determinants |®,) are
built using the single particle basis eigenstates |¢;) generated by Hy. We should also
remember that for a chosen inert core and valence space, we have an effective interaction
Heg and, hence, effective wave functions |Weg). This means that we cannot use the same
interaction in different model spaces.

2.1.1 Diagonalizing the Shell Model interaction: the Lanczos
method

The Lanczos method [94] is the numerical method of choice to solve the SM [95]. The
idea of this method is to express the interaction first as a tridiagonal matrix and then
diagonalize. The aforementioned matrix arises from the orthogonalization of the states
Hg|1), where the Hamiltonian H.g is applied repeatedly on a basis state |1), called pivot.
This state is a linear combination of Slater determinants. The first step of the Lanczos
algorithm is:

Heg|1) = Eqp 1) + E12|2), (2.5)

where E;; = (i|Heg |7). Er2 can be obtained by applying (2| to:

E19)2) = Heg |1) — E11 1) = (Heg — E11) [1) . (2.6)
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The next step is:
Heff|2> =E21|1>+E22|2)+E23|3), (27)

where the hermicity of the Hamiltonian implies Eiy = Fa1, Fas = (2|Heg |2) and FEog is
obtained by normalization:

Ea3|3) = (Heg — E2)|2) — Eo1|1) . (2.8)
Finally, we get the recursion relation:
Hot|N) = Exy_1|N = 1) + Exy [N) + Exner [N +1), (2.9)
where Exni1|N +1) = (H - Exn)|N). These leads to a tridiagonal matrix:
Eyw Eis O 0 0
Eiy Esy FEsz 0 0

0 FEy Ez3 FEsg 0
0 0 FEs Eu Egs

(2.10)

[N e B an B an B an)

This algorithm has variational properties and the convergence to the lowest eigenvalues
is very efficient [96]. However, it slows down if more eigenvalues are calculated since the
more eigenvalues we have the greater the number of steps. In the n-th step there is an
n x n matrix to be diagonalized, leading to n eigenvectors, therefore each step becomes
increasingly demanding. Eventually, the energy of the first m eigenvectors converges and
these are the ones that are kept [95].

2.2 No-core Shell Model

The NCSM is a many-body approach for the description of the atomic nucleus. This
method was first used by Navratil and Barrett [81]. It differs from a standard SM as
it does not assume a pre-existing frozen core, instead it treats all A nucleons as active.
In this model, one considers an A-body system of point-like non-relativistic nucleons
that interact by a realistic interaction that may be NN or NN + NNN. Therefore the
Hamiltonian is:

1 . —ps)?
H = ZZM + ZVNN7ij + Z VNNN,ijk- (211)

i<j 2m i<j i<j<k
J J J

The NCSM uses a HO basis because it allows for the use of second quantization
representation while conserving translational invariance. The many-body wave function
|@4T) is therefore expanded over a complete set of antisymmetric A-nucleon HO basis
states |ANiJ™T) characterized by a HO length b that contain up to Npy.x HO excitation
above the lowest possible configuration:

NHlax
0Ty = ; Y cna|ANaJ™TY), (2.12)

where N is the total number of HO excitation above the minimum configuration, J™ is the
total angular momentum and parity, 7" is the isospin and « contains any other quantum
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number associated to the HO state. Moreover, Jacobi coordinates are used because the
NN and NNN interactions depend on relative coordinates and/or momenta:

& :\/%[rl +To++T4]
& =\/g[1°1 — T3]

211

Ezf §[§(T1+F2)—P3]

[A-1 1
§a1 = T[A_1(I“1+F2+"'+1“A—1)—1“A]

The antisymmetrization procedure of the Jacobi-coordinate HO basis is discussed in Refs.
[81-83].

As the number of particles increase, so does the computational resources necessary to
antisymmetrize the wave function. A generalization to systems with A > 3 nucleons can
be done with Slater determinants [97, 98]. The Slater determinant basis is constructed
from single nucleon HO wave functions such as:

Prlimmy (ﬁ 0,T; b) = Rnf(r; b) [Ye(f)X(O)]zn X(T)mt > (213)

where R, are the radial HO wave function, b the HO length and y are spinors for spin
o and isospin 7. The wave functions in Eq. (2.13) are eigenstates of a translationally
invariant Hamiltonian that can be factorized into a relative part and a CM part. Thus,
the HO many-body expansion of the wave function |¥4'T) ., in the Cartesian coordinate
Slater determinant basis is:

SD

max

N,
™ SD T
(rp.ra| W4T = cg\,a ) (ry..14|®% Mep s (2.14)
N «

-0

where [®4"T),, corresponds to a HO many-body state. NCSM calculations require a
renormalization procedure to facilitate convergence of calculations. Such methods are the
Lee-Suzuki or Okubo-Lee-Suzuki schemes [99-101] and the Similarity Renormalization
Group [102]. More details can be found for example in Ref. [97].

One of the main difficulties of the NCSM is the rapid increase of the model space as
one includes more particles in the calculations. An amelioration to the model has been
proposed with the symmetry adapted NCSM. This model reduces the basis by considering
only the physically relevant elements considering the SU(3) € SO(3) subgroup chain[103,
104] or the symplectic SP(3,R) group [105, 106]. Another approaches that allow for all
nucleons to be active are the Monte Carlo Shell Model [107-109] and the Green’s Function
Monte Carlo approach [110, 111].

2.2.1 No-core Shell Model and continuum

Although originally developed for the study of nuclear structure, the NCSM has been
extended to include nuclear reactions. The first extension came by combining the NCSM
with the RGM [112-116]. The basic idea of the RGM is to describe the nucleus as a
collection of clusters rather than a single entity. This allows for the inclusion of cluster
effects for example.
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In NCSM/RGM [18, 19], the wave function for a scattering process involving a pair
of clusters can be cast as:

9% e

through an expansion over binary-cluster channel states of total angular momentum J,
parity m and isospin 7T'. This binary-cluster channel states are:

2l T(T)A 77T (2.15)

]J’“T 0(r=74-0.a)

@7 T = [(|A aa1]”1T1)®|aa21”2T2)) Yi(fa-a.a) —

, (2.16)

where clusters 1 and 2 have A—a and a nucleons respectively, angular momentum I, parity
m; and additional quantum numbers «; for i = 1,2. The symbols Y; and § correspond to
a spherical harmonic and Dirac delta, respectively. The CM of clusters are separated by
the relative radius:

R 1 A-a 1 A
YA-a,a = TA-a,al A-a,a = A-a Z r;, — 5 Z r;, (217)
-a ;3 j=A—a+1

where {r;,i =1,2,..., A} are the single particle coordinates. Finally, the channel index ¢
includes the following quantum numbers ¢ = {A - a o ITT1;a o IT Ty}

The goal of the NCSM/RGM is to solve the Schrodinger equation spanned by the
basis states (2.16):

JT JTT (0 “EfﬁT(T) 2
Z/drr H (r',r) - EN. 7’,7’)]—7‘ dr=0, (2.18)
r
where
HIT () = (@ T A HA DT (2.19)
NI ) = (@ T A AT (2.20)

are named the Hamiltonian and norm kernels, respectively, and H is the intrinsic A-
nucleon Hamiltonian. Once the relative wave functions u/"7(r) are determined, one can
extract the S-matrix with the asymptotic form for large distances:

ul"T(r) = %vc_l/z [5cngn(/ﬁcr) - SgiﬂTHan(mcr)] , (2.21)

where 57T is the S-matrix for a particular entrance channel i and exit channel ¢ and v,
is the velocity of the projectile.

Another ab initio approach is the NCSMC [20-22]. This method assumes that the
many-body wave function includes both an A-body square-integrable (from NCSM) and
a (A-a,a) binary cluster continuous basis (from NCSM/RGM) as:

T .
W4T =3¢ |A>\J”T)+Z/d7’r2ucT(r)Ac|<I>ng). (2.22)
A c

NCSM NCSM/RGM

The NCSM sector of Eq. (2.22) describes the short to medium range A-body structures
and the NCSM/RGM sector provides the capability of the theory to handle scattering
physics. Thus, Eq. (2.22) is capable of describing both bound and unbound states. The
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quantities to determine are the discrete ¢, and the continuous u/ 7' (r). For this end, one
solves the coupled equations
c
] -

e i1

where Hycgy is the NCSM Hamiltonian, A is the NCSM/RGM Hamiltonian, and h and
g are related to the Hamiltonian and norm kernels from the NCSM/RGM formalism,
respectively.

Details of the NCSM/RGM and the NCSMC formalisms are out of the scope of this
work. More details can be found for example in Refs. [19, 20]. Moreover, these ab initio
approaches obtain the widths and any other scattering information from the phase shifts,
something that, as will be explained in Chaps. 3 and 4, is done differently in the GSM.

Q)
— Q)

2.3 Continuum Shell Model

The CSM describes the nucleus as an OQS by coupling a continuum space to the SM
space via the Feshbach projection formalism [3, 4]. As described in Refs. [5, 6, 10], one
can define a set of two Schrédinger equations:

[HSM - ESM]|g5™M) = 0 (2.24)

and

Z [Heer = E] |€;JI(+)> =0, (2.25)

C’

where H5M is the SM Hamiltonian and H,.. = Hy + V. is the standard Hamiltonian of

res
coupled-channel calculations. In its simplest version, the main idea of the CSM is to

partition the A-nucleus wave function into an A -1 part |¢:7!) given by Eq. (2.24),
and an unbound particle state |(§,) whose relative motion to the residual (A - 1)-nucleus
determines the channel ¢ and is given by Eq. (2.25).
The basic idea of the Feshbach projection formalism [3, 4] is to divide the total space
into two subspaces such that:
QO+P=1, (2.26)

where @ and P are projection operators. In the CSM one defines them as:

N A oo
Q=217 o) P:;[;dM&M@L (2.27)

where N and A are the number of shell model states and number of channels, respectively.
Moreover, the wave function |¥¢) of the whole system has its own Schrodinger equation:

[H-E]|¥g) =0, (2.28)
where the Hamiltonian follows
H=(Q+ PYH(Q+ P)
=QHQ+PHP+QHP+PHQ
:HQQ+HPP+HQP+HPQ7 (229)
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where we use the convention X HY = Hyy. A third equation can be obtained by solving
the coupled-channel equations with a source term:

W) = G HpoleSM), (2.30)

where 1
¢ _-p_—__p 92.31
P E— HPP ( )

is the Green’s function in the P subspace. |%(+)) can be understood as the continuation
of |p$M) into the scattering continuum.

Using the three sets of wave functions {|¢$™)}, {|€4)} and {|wi(+))}, one can obtain
the solution of Eq. (2.28):

[05) = 165) + 2 (165) + [ ) (SMI(E - Ha(B)) 6™ (65 Horleh),  (2:32)

where E is the total energy, and () is the effective Hamiltonian in Q-space given
by:
Hpo(E) = Hoo + HopGS (B)Hpq . (2.33)

The effective Hamiltonian J#,¢(E) is Hermitian for energies below the particle emission
threshold and non-Hermitian above the threshold. The effective Hamiltonian can be
interpreted as the SM Hamiltonian with a perturbation H pGg;)(E )Hpg that represents
the correction coming from the coupling to the continuum. Moreover, the wave function
V¢, contains two terms that describe the direct reaction part and the resonance reaction
part.

We can describe bound and resonance states via the effective Hamiltonian in ()-space.
The A-nucleon system will have a set of discrete states |¥,,) following the Schrodinger
equation (H - E)|¥) =0 and by using the projectors @ and P we can separate the wave
functions as |¥,) = [Vg) + |¥p). Indeed, the states V) are eigenstates of the effective
Hamiltonian:

[E - Hao(E)][Vq) =0, (2.34)

with complex eigenvalues E,(F) —il',,(E)/2. Now we define the extension of the wave
function in ()-space into P-space as:

5$7) = GO(B)Hpg [ W) . (2.35)
Hence, an eigenstate n of the A-nucleon system will be:

[O7) = W) + GL(B)Hpg|Wq) = W) + (@) . (2.36)

Additionally, one can expand the states [Uf) and |(IJ7(1+)) using the basis sets {|¢?M)} and
(+))

lwn ), and define their completeness relations, respectively as:
W) = Zaﬂ@sM), ZI‘I’%)(‘I’5| (2.37)
() = 2 alw™)y Z w8 (@ (2.38)

where «; are normalization constants. Finally, one can write the solution as:

= |6) + ZIQ+ e (;7; G (2.39)
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where
T = (VG HoplE) (2.40)
represents the coupling between pure scattering states in P-space and pure SM states in

(Q)-space. The states |¥.) and |Q,(1+)) are analogous to each other. The former consists of a
scattering state corrected for the influence of resonant states whereas the latter consists
of a resonant state corrected for the influence of the continuum.

In the CSM, given an entrance channel ¢y and an exit channel ¢, the S-matrix is given
by:

Suey = SO —iexp[i(80 + &° Ve , 2.41

) FXT i) (241)
where Sé?o) is the non-resonant part of the S-matrix, §° are the phase shifts associated to
a scattering channel ¢ and 77 = (§|Hpq|V5).

The CSM allows for the unification of nuclear structure and reactions as we can use
it to calculate both spectra and cross-sections with the same Hamiltonian and using the
same many-body framework. The cross-section describing the scattering process involving
the incoming/entrance channel ¢y and outgoing/exit channel ¢ is given by

do

2
d—Q(CO—>c)=k12 SN2V (0,0) (Seey = Oec)| (2.42)

co |£,0/,m'

where Y, are spherical harmonics and £, is the momentum of the entrance channel.

2.4 Shell Model Embedded in the Continuum

So far we have not discussed the Hamiltonian H used in the CSM. Generally, in the CSM
one uses a schematic phenomenological interaction. In contrast, in SMEC [10, 84-89)]
one is using a more realistic SM interactions. In SMEC, we identify the Hamiltonian
in @-subspace with the SM Hamiltonian H5M = Hg and the P-subspace Hamiltonian
as H.. = Hpp. The coupling between () and P-subspaces is generated by the residual
Wigner-Bartlett contact interaction. In general, the effective Hamiltonian in ()-space is
non-Hermitian and energy dependent. Below the lowest decay threshold, eigenvalues of
the effective Hamiltonian are real, whereas above the threshold, the eigenenergies become
complex.

The main difference between CSM and SMEC corresponds to the construction of @)
and P-subspaces. In the CSM/SMEC, @-subspace contains bound states and localized
part of the resonance wave functions, P-subspace contains scattering states and tails
of the resonances included in the @Q-subspace[6, 10, 117]. The separation between the
localized part of the resonance inside the potential and its tail is rather arbitrary in
CSM. It is characterized by a cut-off function, like for example a Fermi distribution [118],
but the cut-off radius is arbitrary. This induces arbitrariness in the definition of ) and
P-subspaces, which has influence on calculated cross-sections and energy spectra. This
problem is solved in SMEC with the method of anamneses [119]. The method consists
of replacing the resonances wave function by the anamneses, i.e. the quasi-bound state
embedded in the real-energy continuum. The anamnesis is constructed by:

1. Projecting the pole of the S-matrix corresponding to the resonance at ks in the
complex k-plane, on the real axis R(k) > 0: = /R(kZ,).
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2. Joining the solution of Eq. (1.2) in the inner region [0, R] with the scattering wave
function in the external region [R, o) at, yet, an arbitrary matching radius R.

In the external region, we require that the anamnesis of the resonance has the bound state
asymptotic behavior corresponding to k£ = ix. The continuity of the resonances anamnesis
wave function and its first derivative is fixing the matching radius R. It should be stressed
that the so-defined resonance anamneses in ()-subspace and its real-energy scattering wave
function tail in P-subspace reproduce exactly the phase-shifts of the original resonance
[119].



CHAPTER 3

Formulation of the Gamow Shell Model

The coupling to the scattering continuum and the decay channels change properties of
the wave functions. For bound states, virtual scattering to continuum states modifies the
nucleon-nucleon interaction. For unbound states, nuclei interact with neighboring nuclei
by decays and captures which explicitly modifies the wave functions. The cornerstone of
the SM success is the description of the magic numbers of nucleons. However far from
stability, one might ask if magic numbers remain unchanged. Indeed, in the case of the
nucleon drip lines there are three main components that change the structure of the shell
orbits [120, 121]: the tensor interaction which modifies the mean field as orbits are filled
[122, 123], the many-body correlations that involve weakly bound and unbound nucleons
which become significant when the nucleon (neutron/proton) separation energy is small
[10, 14], and the presence of particle emission thresholds [8, 9, 14]. The last two require
an OQS description of the nucleus.

In Chap. 2 we briefly introduced the SM. The SM has proven to be an excellent tool
for studies of nuclear structure in stable nuclei. Nevertheless, in SM one assumes that the
atomic nucleus is decoupled from the environment of scattering states and decay channels.
This of course is a good approximation for well bound states in the valley of stability.
In Sects. 2.3 and 2.4, we introduced the CSM and the SMEC. These models equip the
SM with the coupling to decay channels and allow for the description of resonances and
reaction cross-sections with simple projectiles.

An alternative many-body approach, introduced in Refs. [11-15] is based on using
the Berggren complete single-particle basis which allows for the symmetric treatment of
resonant and scattering single-particle states. The many-body basis based on Berggren
single-particle basis is used in the Gamow Shell Model and allows for the description of
many-body states in all regimes of bindings. In this chapter, the Gamow Shell Model,
which provides the generalization of the standard SM, will be discussed in some details.

Analogously to the standard SM, the many-body antisymmetric states are built with
Slater determinants of single-particle basis states. Even though the Berggren basis is
complete, an approximation has to be made in the completeness relation. The infinite
number of scattering states are approximated by the discretization of the integral in the
completeness relation in Eq. (1.28):

ey k') = S (), (), 1)

31
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where we discretize the contour L* with a Gauss-Legendre quadrature for a number Ny of
points with momentum k; € L* each [13]. Therefore the Berggren completeness relation
becomes:

N . B N 5 Ng B
S (r)ay, (r') + Jo~ dkug(k,r)ag (k') = Supn(r)ig, (r') + 2 e (r)ag, (r')
" ﬁ‘*’Nd _ ’

= X u&n(r)uzn(T') )

where N is the number of poles to be taken inside the contour. This leaves us with a
discrete single-particle Berggren basis {u,}. Typically in GSM applications, we use a
contour as shown in Fig. 3.1 where important resonances lie between the real axis and
the triangle defined by kpeax and kniq. The choice of k. is generally between 2 and 3
fm~1, where one usually achieves convergence. It is important to stress that there is a
contour for each partial wave and they do not necessarily need to be the same.

Using the discretized Berggren basis, we can now build the the many-body complete-
ness relation:

Z |SDn> (S\]jn| ~1 ) |SD> = |u€1lufz2-'-u€MM> 5 (33)

where different Slater determinants are obtained by occupying bound, resonance and
discretized single-particle scattering states. The precision of this relation depends on the
achieved precision of the discretized completeness relation (3.1). The tilde in Eq. (3.3)
keeps its meaning of time reversal. The many-body completeness relation will be used to
expand many-body states that go as e?*"Y};,, (6, ¢), hence its applicability will depend on
its domain of k. This limits the value that a width of a resonance can have. Additionally,
one must select k., big enough so that it becomes possible to expand the high-energy
many-body states [15].

S [k]

kmid kmax

° R [k]v
L—i—
kpeak

Figure 3.1: Typical contour enclosing the resonance pole for a GSM calculation in the
complex k-plane.

3.1 Diagonalizing the Gamow Shell Model Hamilto-
nian: the Overlap method

An identification of resonances in GSM requires a special procedure. Even though it exists
a Lanczos method for complex matrices, it cannot be used in GSM because the Lanczos
algorithm yields the lowest energy eigenvalues. However, in GSM, we not only have bound
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and resonance states but also scattering states that are eigenstates of the Hamiltonian.
This means that resonances are embedded in a discretized continuum of scattering states
and the scattering states may have lower energy than the resonance. Fig. 3.2 shows
the first states given by a Lanczos algorithm for ®He in GSM. One can clearly see the
ground state because it is below the scattering continuum. However, as soon as the state
is embedded within the scattering states, it is impossible to differentiate scattering states
from a resonance. One way to overcome this difficulty is by doing several calculations
with different contours. The eigenvalues corresponding to the scattering states are going
to move in the k complex plane, whereas physical resonances will be stationary [12—14].

2.5 4
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State number

Figure 3.2: First few states with spin 0" and 2* given by the Lanczos method of a 5He
calculation with GSM. The physical states that are obtained via the overlap method are
marked with an X.

This is not very practical so a different approach, the so-called overlap method, was
developed. This method consist of doing a full diagonalization with an incomplete basis
including only poles of the S-matrix (bound and resonance states) to extract a pivot [¥g).
Afterwards, one finds the many-body state |¥) with the full Berggren basis that maximises
the overlap |(Wo|W)| [13] using the Jacobi-Davidson method [124].

3.2 Hamiltonian in Cluster Orbital Shell Model co-
ordinates

In a SM calculation, one removes the CM excitations using the Lawson method [125]. This
method cannot be applied in the GSM [12—-14]. One option is to use Jacobi coordinates,
but its application is numerically demanding. In most applications GSM is solved in
the core + valence particle approximation. To deal with the problem, we transform the
Hamiltonian from the laboratory coordinates to the relative Cluster Orbital Shell Model
(COSM) coordinates [126]. The COSM coordinates are defined as:

r;, = { ri,lab - RCM,core 1€ Val (34)

T Jab 1 € core
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where r; 1,1, is the coordinate of a nucleon in laboratory coordinates and

1
RCM,core = M— Z mM;Y5 1ab (35)

core gecore

is the coordinate in laboratory of the CM of the core. A schematic representation of
COSM valence particle coordinates which are defined relative to the CM of the core is
shown in Fig. 3.3.

r;

I'j lab

RCM ,core

Lilab =T

Figure 3.3: Schematic view of COSM coordinates (see Eq. (3.4)). The core is represented
by the bigger black circle, and a valence nucleon by the small blue circle. A nucleon inside
the core is denoted by a red circle.

Following Ref. [15], let us transform the Hamiltonian in laboratory coordinates to
COSM coordinates. First, let us note that the momentum is:

o 0
o (92) (3.6)

The transformation of the differential operator of coordinates x; a1, to COSM coordinates
reads:

=—1hV; = —Zh(— +

0 m; e
- — 1 ecore
0 — 88IZ jeval Mcore 81']‘ (37)
O 1ab i €val
8%
The other coordinates are the same, and thus, we obtain the momentum in COSM coor-
dinates
> UL p; ¢ € core
p. p— .
Pijlab = ' jeval Mcore ! (38)
Pi 1 € val

On the other hand, the CM linear momentum P, in COSM coordinates is a function of
core linear momentum only:

Pur= ), Di- (3.9)

iecore

Moreover, the squared momenta are:

2
my;
pi+ X ( )pj'pj’_22

Pijab = J,j'eval Meore jeval Mcore
p; ieval

pi-P; i €core (3.10)
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for the individual particles, and:

lab_ Z p2+2 Z Pi Py, (311)

iecore 7,<_] €core

for the CM linear momentum. Using Eqgs. (3.10) and (3.11), one can calculate the kinetic
part of the Hamiltonian in COSM coordinates:

A 2 1 N pz
zz; m 2M i;l 2:“’1 MCOYG z<]zex:/al Pip;
1
. - . 3.12
i€core 2/’% z<g§(::ore Pirbi™ MCOT@ ieé:re P jggml P ( )

where M is the total mass of the A-system and p;, ) are the reduced masses given by:

1 1 1 1 1 1
1% m; Mcore ,UJ: my; M

The coupling between core and valence particle will vanish because typically the core will

be coupled to 0* (e.g. *He, 10, 4°Ca, etc.) and Y. p; is a spherical tensor of rank one.
iecore

Two-body matrix elements are straightforward to calculate in COSM coordinates and
their calculations will not differ from standard SM methods if they involve either only
core states or only valence states. Indeed, from Eqs. (3.4) and (3.8) one obtains

Iilab = Tjlab = T; — I; (3~14)

Pilab — Pjlab = Pi — Pj (3-15)

so that the result is not different from using relative coordinates. On the other hand, if
it involves a core-valence coupling, Egs. (3.4) and (3.8) yield:

Tilab — rj,lab =r; - rj + RCM,core (316)
m .
Pilab — Pjlab = Pi —Pj + Z M : p; - (3.17)
j'eval +¥tcore

One would like to avoid working with these extra terms. A solution is to make the
core-valence coupling vanish. We can achieve this with a SM treatment of the interaction
similar to Eqs. (2.1) and (2.2). We consider an effective Hamiltonian H=T+U+V, where
U is the one-body mean field interaction, and V is a two- body interaction in laboratory
frame. Since the core is inert, it is not considered in the Hamiltonian. Therefore, the
effective Hamiltonian in COSM coordinates is:

A

H:Z(22+U(r,)

ieval 7

Z pb: P+ Z ‘A/ij(|ri_rj|)7 (318)

core i<jeval i<jeval

where XA/,-]- is translationaly invariant, therefore laboratory or COSM coordinates lead to
the same results. U; in Eq. (3.18) is the one-body operator of the mean field acting on
particle 1.

We now focus on the mean field term U;. First we separate U; in central and spin-orbit
terms in laboratory coordinates:

Ui(xisan) = U (Ti0an) + U (21100 ) (ligan - 5) - (3.19)
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In order to transform from laboratory coordinates into COSM coordinates, one expands
Ui(r;1ab) in a Taylor series. We begin with the central term:

~ . L~ 1 ~
UZ(C) (ri,lab) = Ul(C) (rz) + RCM,core : VUZ(C) (rz) + §RCM,core : AUl(C) (rz) : RCM,core + h-O- ) (32())

where A[Afi(c) is the Hessian matrix associated to (A]Z-(C). Higher order terms are neglected.
Similarly the spin-orbit part is expanded as:

UZ'(LS)(ri,lab) = Ui(LS)(riJab) [(rz + RCM,core) X pz] - S;
= Ui(LS)(Fz‘)(lz‘ “8;) + Ui(LS)(I“i) [RCM,core X Pi]-s;
+ (RCM,core . vﬁZ(LS) (rz)) (11 : Si)

RCM,core : VUZ(LS) (rz)) [RCM,core x pz] "5

1 N
+ 5 (RCM,core . AUZ-(LS)(ri)) : [RCM,core X pz] -s; + h.o. (321)

+

—

The first order terms of Eqs. (3.20) and (3.21) vanish because the core is coupled to 0*
and Rcacore 15 a spherical tensor of rank 1. The second order terms involving R%M core
are of the order of AU/M_. Furthermore, the Laplacian of a Woods-Saxon poterftial
is around five times smaller than the potential itself and the derivative of the LS part is
even smaller. However, this means that removing the second- and higher-order terms will
induce an error in the calculations. This error is of the order of 5% for the worst case of
the lightest core: the “He core [127].

3.3 No-core Gamow Shell Model

The Berggren basis applications in nuclear physics is not limited to the SM. Indeed, one
can use the Berggren basis in a no-core SM approach, the so called NCGSM [23, 24]. The
potential used to generate the Berggren basis is the one-body self-consistent multi-Slater
determinant Hartree-Fock potential Uyspur(r) [15, 128-130]. Therefore, the one-body
Schrodinger equation to solve for generating the single-particle basis is:

ug(r) = [E(ETJ; D + %UMSDHF(T) +Ve(Z,r) - k‘Q] ur(r), (3.22)

where Vo (Z,r) is the one-body Coulomb potential.

By adopting such a single-particle basis, we describe the nucleus with 3A coordinates.
However, this breaks translational invariance, where one would need 3A-3 coordinates
instead. In the NCSM approaches with HO bases, it is possible to separate the relative
and center-of-mass degrees of freedom [y} ® [thcp) by using properties of the HO single
particle basis in a full NhAw space. Nonetheless, this limits the application of the method
to well-bound systems.

In NCGSM the separation between the relative part and the CM part is not guaran-
teed. Thus one must check the factorization numerically. Assuming that the relative-CM
factorization is valid and also that the wave function of the CM part has a Gaussian
shape, one can check the expectation value of the CM Hamiltonian given by:

1 mAw? 3
HCM = MP%M + TR%M - éhw, (323)
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where hw is the parameter that characterizes the Gaussian wave function [131]. If (Hen) ~
0 then the relative-CM factorization is valid [132]. Nevertheless, this condition works only
for bound states. Currently, the elimination of the spurious CM excitations in unbound
states is an open problem in the NCGSM [15].

3.4 Applications of the Gamow Shell Model

Since its conception at the turn of this century, the GSM has been applied in the descrip-
tion of the various neutron rich nuclei like #7280 [12, 13, 87, 133, 134], 8Ni [11, 135],
5-10He [13, 127, 136], >*MLi [127, 128, 136, 137] and their mirrors [137], 5-7Ca [138],
A=18-22 proton rich nuclei with a O core [139]. In Refs. [134, 136, 137, 140, 141]
the Density Matrix Renormalization Group technique [142, 143] has been applied for the
diagonalization of the GSM Hamiltonian. Many phenomena that have been investigated
in the GSM include, among others, studies of: (i) near-threshold spectroscopic properties
in light nuclei associated with the presence of particle emission thresholds [14, 38, 39]; (ii)
influence of antibound states [144, 145]; (iii) Thomas-Ehrman shift in light nuclei [137,
146]; (iv) halo nuclei [144, 147, 148]; (v) asymptotic normalization coefficients [149]; and
(vi) charge radii and the neutron-neutron correlations [150]. The implementation of Lee-
Suzuki regularization method [100] in GSM has been discussed in Ref. [151] for schematic
interactions and in Refs. [70, 152, 153] for realistic chiral N3LO interactions [154]. For
some additional applications see Refs. [14, 15].

Similarly to Sect. 2.2, the NCGSM has been proposed for the study of well bound
and unbound states of light nuclei with a realistic N3LO chiral interaction [23]. Studies
of NCGSM employ the density matrix renormalization group method [140, 141] to reduce
the size of the matrices to be diagonalized without decreasing the accuracy of the calcula-
tions. The NCGSM has been applied to study the tetraneutron hypothesis [155, 156], the
unbound isotopes of heavy hydrogen nuclei [23, 24, 156, 157], A=4 T =1 isospin triplet
states [156], and heavier light nuclei like 5Li [158].

3.5 Interaction for Gamow Shell Model

Over the years, the interaction for generating the one-body elements of the Berggren basis
for GSM has been the Woods-Saxon (WS) potential with a spin-orbit and a Coulomb
parts. The WS potential used is:

V() = ~Voul(r) ~4¥so, (7-5) 2D g

where the form factor f(r) of the WS potential is given by:

F(r) = [1 +exp (7" ‘dROv‘)]_l . (3.25)

¢
In the equation above, V{, is the potential depth, V5o is the spin-orbit strength, R, is
the radius of the potential and d, is the diffuseness and Uq(r) is the Coulomb field. In
some applications, the potential for each partial wave ¢, has different parameters because
it can be useful to fit the single particle energies where the shell separation energies may
not be correct if the potential is homogeneous in /. The Coulomb field is generated by a
spherical Gaussian charge distribution given by

Uc(r) = 2762e f(iﬁ;)’ (3.26)

C(T) s (324)
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where R, is the charge radius.

On the other hand, the two-body interaction used for GSM has evolved over the years.
In one of the first applications of GSM, a surface delta interaction [159] was used [13] for
the nucleon-nucleon interaction. Nowadays, it is common to use the Furutani-Horiuchi-
Tamagaki (FHT) finite range interaction [160, 161] which consists of a central, spin-orbit
and tensor terms with Gaussian form factors. The general form of a nuclear interaction
was derived early in the 40s [162] by symmetry arguments.

The central, spin-orbit and tensor terms of the FHT interaction are given by:

~ 3 n
Vo(r) =Y V(Wr+ BP, - HI'P, - M!'P, P, )e™" r? (3.27)
n=1
~ = = 2 n 2
Vis(r)=L-S> Vi«(W}s - HpgPr)e P is™ (3.28)
n=1
~ 3 n
Vi(r) = Sy > Vi (Wit = HE P )r?e % (3.29)
n=1

respectively. Here W, B, H, and M correspond to coefficients of the Wigner, Bartlett,
Heisenberg and Majorana forces, respectively; P, and P, are spin and isospin exchange
operators, respectively; L is the relative orbital angular momentum; S = (0;+0;)/2; and
Si;j =3(0;-7)(0;-7)—0;-0;. Each part of the interaction contains a Gaussian distribution
with a different range: the first to account for the hard core of the nucleon, the second
for mimicking the one-pion exchange potential, and the third for a description of an
intermediate range. An exception is done for the spin-orbit part as it will not contain a
long-range part [163].

Because we are dealing with a SM problem where the interaction is an effective in-
teraction that depends on the valence space, the interaction listed in Eqgs. (3.27), (3.28)
and (3.29) should be modified to be easily applicable in a designated model space for a
particular GSM calculation. This is achieved by rewriting the FHT interaction in terms
of spin-isospin projectors Ilgp [164, 165]:

Vo(r) = V() + VO £20(r) e + VI £20(r ) oo + V2 £ () g (3.30)
Vis(r) = (L-S)VELfL(mIy (3.31)
VT(T) = Sij I:Vzll %l (T’)HH + le() %O(T)Hlo] s (332)

where the parameters to be optimized are reduced to seven interaction strengths in spin-
isospin channels: V10, V10, V90 V0 V1AL VT VIO The form factors f27g . are linear
combinations of the radial form factors of Eqgs. (3.27), (3.28) and (3.29). They are
normalized to the first parameter V;LS’T for each central, spin-orbit and tensor term so
that they are dimentionless. The remaining parameters, namely the Wigner, Bartlett,
Heisenberg and Majorana strength, the relative strength of the Gaussian components,
and the Gaussians range remain unchanged from Ref. [160] and are listed in Tab. 3.1.
Additionally, one must consider the Coulomb interaction between valence nucleons.
We follow the method introduced in Ref. [166]. The Coulomb part of the interaction is
Ug“’re + V¢ and because the one-body Coulomb term is additive one can end up with:

_ Z-1 Z\/ 1-1
UCoul - UC + VC - UC T (333)
~— —
Infinite range Short range

where we have separated the infinite and short range parts. The short range part can be
expanded with a HO basis as:

Vo= UZ = 35 laphagl Vo~ UE"" hahadl (3.34)
aBy
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Table 3.1: Parameters of the FHT interaction as given in Ref. [160]. The depths V" of
the central and spin-orbit interaction are given in MeV, whereas the tensor part in MeV
fm=2. The W, B, M and H parameters are dimensionless.

n Voo pgrjfm?  Wn Mn B H”
Ve 1 -6.0 0.160 -0.2363 1.1530 0.5972 -0.5139
2 -546.0 1.127 0.4242 0.4055 0.1404 0.030
3 1655.0 3.400 0.4474 0.3985 0.1015 0.0526
Vs 1 1918.0 5.0 0.5 -0.5
2 -1519.0 3.0 0.5 -0.5
Vr 1 -16.96 0.53 0.3277 0.6723
2 -369.5 1.92 0.4102 0.5898
3 1688.0 8.95 0.5 0.5

where Eq. (3.34) is reminiscent of Eq. (1.54). The infinite range part of the Coulomb
interaction is taken exactly into account. Since GSM involves an inert core, the treatment
of the Coulomb interaction is not exact, namely, we neglect the contribution to the ex-
change term arising from the protons in the core and neglect charge symmetry-breaking
electromagnetic terms like the Coulomb spin-orbit interaction [166].

3.5.1 Optimization of the interaction

When we optimize the interaction, we have to assess the statistical uncertainties of the
interaction parameters. Following Refs. [127, 167], given a model with N, parameters
p = {p1....,pn,} to be adjusted to describe Ny observables O; (i = 1,..., Ng), the penalty

function to minimize is: )
2 & (Oi(p) - O
X*(p) = Z;( 50, ) , (3.35)

where O;(p) are calculated observables, O;* are experimental data used to constrain
the model, and 00; are the adopted errors whose contribution stems from experimental
uncertainties, numerical inaccuracies and theoretical errors due to model deficiency.

There is some arbitrariness in the choice for the theoretical error. Part of this ar-
bitrariness can be removed or at least mitigated by adopting errors that are consistent
with the distribution of the residuals similarly to a case of a purely statistical distribution
[167]. In particular, one can require the penalty function to be normalized to the number
of degrees of freedom (dof) Ngof = Ny — N, at the minimum pg [168]:

e (3.36)

If there is only a single type of data (e.g. excitation energies) and assuming that exper-
imental and numerical error are negligible, then the condition (3.36) can be achieved by
doing a global scaling of the initial adopted errors:

2
50, — 50 [P0 (3.37)
Ndof
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At the end, one can find the uncertainties of the fitted parameters with the correlation
matrix. More details on the treatment of the correlation matrix can be found in Refs.
(127, 167).

The probability distribution verified by p is arbitrary and has to be postulated based
on physical grounds. An option is to demand a Gaussian distribution with a dependence
on x*(p) [167]:

P(p) o< exp(-x*(p)), (3.38)

where the factor of proportionality is determined by normalization.

The standard procedure to calculate statistical errors in this framework is the Bayesian
analysis. For this, a prior probability distribution of parameters is postulated, from which
a posterior probability distribution is calculated, which can then confirm or infirm the
hypothesis borne by the prior. The theory of Bayesian analysis can be found, for example,
in Ref. [169]. The implementation of Bayesian analysis in GSM has not been implemented
yet.

3.6 Differences with other methods

Having introduced the theory behind GSM, we can now compare it to other methods
for nuclear structure described in Chap. 2. First big difference from methods like SM
or CSM is that GSM is formulated in RHS. As depicted in Fig. 3.4a, one can think of
CSM/SMEC as taking a subset of the Hilbert space and dividing it into two parts: Q, the
subspace of localized states, and P, the subspace of non-resonant continuum states. Here
our quantum system is represented by Q and therefore it is modified via couplings to the
designated external environment P. However, in the case of CSM/SMEC one chooses P,
hence one could say that the environment is encapsulated inside the topological sum of
@ and P which is the closed quantum system. This is why in Fig. 3.4a the outer circle
is depicted with a straight outline, and we conclude that the system as a whole Q U P is
closed.

On the other hand, Fig. 3.4b depicts an OQS, like GSM formulated in the RHS.
Here we have the resonant states in the subspace D, and the background part containing
complex-energy scattering states in the subspace B. The OQS here is the combined system
D u B since otherwise the basis would not be complete. In principle, it is an ideal OQS,
however in practice we need to do some approximations like the discretization of the
continuous part in B and truncation of a single particle basis by choosing a kpax.

Let us now compare GSM with the traditional SM. From the practical point of view,
the GSM basis is going to be significantly larger than that of a SM basis. For SM in
m-scheme, given a choice of valence space we will have n, possible proton basis states
and n, possible neutron basis states. Let r, and r, denote the number of protons and
neutrons in valence space for a given nucleus. The number Ngy of possible many-body

states is:
Neat = ("”)(””) . (3.39)

Tr/\Ty

For GSM, we take n, and n, as the possible pole states and we add m, and m, as the
total possible single particle scattering states from the discretized continuum part. Then
the number Nggy of possible many-body states is:

Nasu = (n7T N mﬂ)(ny N ml’) : (3.40)

T'r Ty
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Figure 3.4: Schematic representation of the OQS in (a) Hilbert space and (b) rigged
Hilbert space. Figure inspired from Ref. [15].

This limits the number of particles and the size of the model space that we can consider
in GSM. To this end we assume that the many-body states become less important as the
number of particles in the continuum increases. Therefore if we truncate the basis up to
sy and s, particles in the continuum and up to s total particles in the continuum, the
number Nagu truncated Of many-body states becomes:

NGSM,truncated = Z ( i )(mﬂ)( T )(mu) . (341)
ij=0 \I'm =1 ? Tv=J/\ ]
1+)<s
Let us take a simple example of 8Be with a He core, i.e. two protons and two neutrons
in the valence shells. Taking only [; : ps/2, p1/2 shells in the pole space and 30 shells in the
discretized contour for each [;, we have a staggering 296 012 025 elements in the many-
body basis. If we truncate the basis to 2 particles in the continuum it becomes 1 682 325
many-body states. Hence, a reduction of two orders of magnitude is significant from a
practical point of view. For the sake of completeness, a SM (or the pole approximation
for GSM) calculation with the same valence space would be only 225 many-body states.
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CHAPTER 4

Coupled channel representation of Gamow Shell Model

Nuclear reactions should be treated within the formal theory of quantum scattering [170—
172]. The reactions of interest in this work are the direct reactions. Direct reactions are
defined as those that quickly and directly proceed from initial into final states without
forming an intermediate compound state. Indeed, if the initial and final states are un-
changed we have elastic scattering and if there is some excitation in the final states we
have inelastic scattering. This happens because the atomic nuclei have internal degrees
of freedom which can be excited in a proces of collision. Another case is that of transfer
reactions, where there is an exchange of nucleons between the target and the projectile.
The other two cases are the break-up reactions, where the projectile breaks into two or
more fragments; and the knock-out reactions, where a nucleon or cluster is removed from
the target after a collision.

In the preceding chapter, we argued that in GSM, which is formulated in the Slater
determinant representation, one cannot define reaction channels as the many-body scatter-
ing eigenstates in GSM are generally a linear combination of many channels and therefore
we cannot describe the asymptotic behavior of a reaction properly. We define a channel
as the arrangement:

A+x—>B+y, (4.1)

where A, B are the initial and final states of the target, respectively, and z,y are the
initial and final states of the projectile, respectively!.

In order to do calculations of cross-sections and phase-shifts, one formulates the GSM
in the representation of coupled channels. The GSM-CC formulation, allows the definition
of entrance and exit channels with correct asymptotics and hence, allows the calculation
of reaction observables. In this representation, we can also calculate spectroscopic observ-
ables. This yields a unified theory of nuclear structure and nuclear reactions in Berggren
basis.

The asymptotic Hamiltonian for a particular reaction channel between a projectile
particle with a nucleons towards a target particle with A — a nucleons is:

Hasymptotic = HA—a + ‘/a + Ta + VC ) (42)

where H4 , is the full nuclear Hamiltonian of the (A — a)-nucleon system, V, is the
nuclear interaction for the a-nucleon projectile, T, is the kinetic term of the a-nucleon

Tn here we are disregarding break-up reactions involving three of more particles in the exit channel.

43
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Figure 4.1: Schematic representation of the two asymptotic situations that should be
properly addressed for a simultaneous treatment of nuclear structure and reactions. The
(A - a)-nucleon target system is depicted with the big blue circle and the a-nucleon
projectile system with the small red circle. (a) Is the situation where projectile and target
relative distance r is less or similar to the nuclear interaction range R. (b) Is the situation
where projectile and target are far from each other and thus decoupled.

system and Vi is the Coulomb interaction. This is the situation depicted in Fig. 4.1b.
We can diagonalize such a Hamiltonian but we cannot define an initial and final reaction
channels.

This chapter presents the formalism of GSM-CC. We follow closely Ref. [15] and refer-
ences therein, however clarification and some additional details are given when considered
necessary. Particular detail has been given to angular momentum couplings. Sects. 4.1-
4.5 deal with the definition of the target and projectile wave functions. Sect. 4.6 deals
with the calculation of the kernels of the Hill-Wheeler equation in the context of GSM-
CC. Afterwards, the methods to solve the Hill-Wheeler equation are presented in Sect.
4.7. The nuclear reaction solution for the calculation of cross-section is presented in Sect.
4.8. We finish the chapter with the past applications of the GSM-CC formalism in Sect.
4.8.1 and a comparison with other methods that attempt to unify nuclear structure and
reactions in Sect. 4.9.

4.1 Definition of channels in Gamow Shell Model

We proceed as in the RGM [113] to define channels with proper asymptotics. We begin
with the usual definition of the channel wave functions

Ja
My’

e,y = A{|T7) © [T77)} (4.3)
where the indices T' and P refer to target and projectile, respectively. The quantum
number ¢ > {Z -z, N-n, Jp;z,n,{, Ji, Jp} includes the quantum numbers of both target
and projectile which are proton number, neutron number, and spin. In particular, ¢ is
the angular momentum of the projectile, and Ji,; is the intrinsic spin of the projectile.
The spins are coupled as £+ J;s = Jp and J1 + Jp = Ja. Here we can define the channel
completeness relation as:

Z /:o drr?|c,r){c,r| =1, (4.4)

and we can use it to expand the solution of a Hamiltonian for a particular nucleus with
A =7+ N nucleons. One obtains:

Ja
0 wp (,r)
i =% [Tarrt ey, (45
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where u/4 is the radial amplitude that describes the relative motion of the projectile with
respect to the core with a total angular momentum J4.
With this expansion, the Schrodinger equation:

can be written as:

> foo [Hew (ry7") = E New (1, 1")] ue(r) r2dr =0, (4.7)

c J0 r

where

Ho(r, ") = (r, c|H|r" ) (
Neer (ryr")y = (r, c|r’, ) (

4.8)
4.9)
are the interaction matrix elements and the overlap functions, respectively. Eq. (4.7)
is called Hill-Wheeler equation. The channel states |c,r) are expanded in a one-body
Berggren basis |c,n) to calculate the kernels H..(r,r") and N« (r,r"). The many-body
matrix elements N, are computed using the Slater determinant expansion of the cluster
wave functions |c, n).

4.2 Hamiltonian in the coupled channel formalism

Since we are constructing the total wave function with a product of the target and pro-
jectile wave function, one would like to separate the total Hamiltonian into projectile and
target parts. Indeed, as the target and projectile at high energy do not interact any longer
due to a large difference in momenta, one can express the Hamiltonian H as:

F[:F[T+[A{p+ﬁTp, (410)

where H is the standard SM Hamiltonian, Hy is intrinsic Hamiltonian of the target, Hp
is the projectile Hamiltonian and ﬁTp = H- fIT - ﬁp.

In particular, one would like to separate the CM part from the intrinsic part in the
projectile Hamiltonian. To this end, the total Hamiltonian in laboratory coordinates is:

f{: Zpi,lab +Z‘7z'j; (411)
T 2m; i<j
where 7, 7 goes over all nucleons and Vij is the nucleon-nucleon interaction in laboratory
coordinates. From the point of view of the projectile, the nucleons in the target will

generate a mean field UZT acting on the projectile nucleons:

> Vi — U, (4.12)

jeT

where 7 is a nucleon in the projectiles and UZT is assumed to be spherical. Thus, under
this approximation, one can write the projectile Hamiltonian as:

2
fp - z(%+0f)+ S, (4.13)

ieP 2m; i<jeP

———
one—-body two-body
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Now we transform Eq. (4.13) into COSM coordinates [126]:

(I) 1PCM)
Hp = Vij+ 4.14
R L At o S
Intrinsic part CM part

where Py = Y p; is the CM momentum of the projectile, m; is mass of nucleon ¢, and
P
Mp is the reduced mass of the projectile.
The last step is to define the mean field. Assuming the cluster approximation where
~ Rowm, the central part of the mean field Ucy ¢ created by the nucleons in the target

can be approximated by:

Ubn.c(Rem) = 2U° o(Ron) +nUL o(Row) (4.15)

where p and n sub-index refer to proton and neutron, respectively; z and n is the number
of protons and neutrons in the projectile, respectively; and ¢ is the angular momentum.
Moreover, the cluster approximation also implies that £; ~ Ley/a and Y s; ~ Jiy, there-

P
fore the spin-orbit part of the potential can be expressed as:
A Za n A
UéM,SO(RCM) = 5 If,so(RCM) + EUﬁ,so(RCM)- (4-16)
Finally, the mean field potential part reads:
P UL = Uby(Ren) = Uy o(Rea) + = UCM so(Rem) (Lion * Jine) (4.17)

icP

and will be used to generate the |Kcy, Lom) wave functions.

4.3 Construction of the target and projectile wave
functions

Before we can solve the Hill-Wheeler equation, we must define the wave functions of the
projectiles and the targets in order to generate the channels. Following from Ref. [15], the
target wave functions will be calculated with a GSM calculation, and it will be expressed
in Slater determinants:

T Z Ay |SDim.aa) (4.18)

where the single-particle basis used can be a Berggren basis or a HO basis. In the case
of a nucleon scattering it is possible to use the Berggren ensemble, however, as will be
explained later, we use a HO basis if clusters are involved.

On the other hand, projectiles are not calculated in the GSM but within the NCSM
framework. Additionally, we can divide the projectile wave function into CM part and
intrinsic (int) part:

W77} = [[KemLo) ® K Ju) 17, (419

where Koy and Loy are the linear and angular momentum of the CM, respectively, Ky
is the intrinsic linear momentum, and Ji, is the intrinsic angular momentum. The two
parts couple as Jp = Ji¢ + Loy. One would like to express the projectile wave function in
Slater determinants similarly to the target wave function:

(U7F) =" ¢, [SDh) - (4.20)
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However, the overlap:
(U W) = 6(Kom - Kéy) (4.21)

is difficult to treat numerically [35]. This is because the treatment of the Dirac delta
would require a fine discretization of the continuum for the CM/int separation of the
projectile wave functions at large distances.

The solution to this is to proceed indirectly and use the properties of the HO basis
that the Berggren basis lacks. Hence we define the projectile wave function in the HO
basis as:

HO J
W) = [[NosLow)™© ® K mt)HO]A: =S Cn|SDN )", (4.22)
PN

where |NCMLCM)HO is a CM HO state, |KintJint)HO is the intrinsic projectile cluster state
expanded with a HO basis, [SDyq)" is a Slater determinant made with the one-body
HO states.

The intrinsic part |KiyJine) is constructed by diagonalizing the NN interaction, e.g.
the chiral effective interaction, in the intrinsic part of Eq. (4.14). This leaves only the
CM part. To this end, one begins by calculating with the Lawson method the ground
state of the cluster with a 0s CM part:

|NCM = 0, LCM = 0, MCM = O) ® |<]intMint> . (423)

We introduce the rank-1 spherical tensor ladder operator AL’CMQ to calculate the rest of

the HO states:
N Mw A 1 4
t _ 1)y _ . 1)
Alom = oh R, —iy/ Mo P, (4.24)

where R,Sl) and P,Sl) represent the position and momentum of the projectile in CM system:

sy L& : s
RO - ~ S0 BV =yt (4.25)

L
i=1 =1

where rz(lu) and pl(lu) are the position and momentum of nucleon 7 in the center-of-mass

system, respectively. Nevertheless, the action of AT over |SD Nﬂ)Ho is computed in second
quantization using:

(1 1 ~(1 PXIDN (1 ~(1 At A
D = =S (alifVB)ehes, P = 3 (alpiP18) s, (4.26)
a,f a,p

where the kets with greek letters represent one-body HO states, and éL, Cp are the creation
and annihilation operators.

Now we take a look at what happens when applying A" on a state |[NLM). Firstly,
applying the A" tensor increases 2N + L by one unit:

2N+ L —2N+L+1=2N"+1L' (4.27)

Afterwards, we couple Af and |[NL) to L'M":

L/ rrr/ 12 / 7

2;1=-1,0,1 for a rank-1 spherical tensor.
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where we have suppressed the intrinsic part as it does not play a role in these couplings.
The coefficient CY;* can be found as follows:

rrr / / / LI
CNY = (N'L'M'|[ATINL)],,,
= Y (LM1p|L'M') (N'L'M'| A} N LM)
uM

1
= LM1u|L' M\ (LM1u|L'M'y ——— (N'L'||AT||N L
(LML) (LML) e (V'L ATINE)
1
=———— (N'L'||AT|INL), 4.29
—— (N'L|ATINL) (4.20)

where we have used the orthogonality properties of the Clebsch-Gordan coefficients and
the Wigner-Eckart theorem.

Now we can build a set of HO states {|NoyLomMem) ® |Jing Ming) } because the degen-
eracy induced by AL is lifted by coupling to Lcy. It follows that we can couple the CM
part and the intrinsic part to the total angular momentum .Jp of the projectile with the
appropriate Clebsch-Gordan coefficients ( Loy Mom Jint Ming| Jint Ming ). Finally, the coupled
states:

[[NemLow) @ [ Ty, = ]EV:CN |SDy.a)", (4.30)
can be expanded in the Berggren basis via the many-body completeness relation:

221Dy} (SDual =1, (4.31)

as follows:

@77y =3 Cn |S D o)™
N
=3 Cn S |SDya) (SDpalSDw o)™
N n

= ulSDna), (4.32)

where we identify the constants ¢, with

o= Y COn(SDp|SDn o)™ . (4.33)
N

Because [SD,,) and |SDa7n)HO are built from different one-body bases, the overlap
is calculated using the Slater determinant definition as a linear combination of non-
antisymmetrized tensor products:

(SDyalSDn )0 = Y (2)%* (51...50|Pilo..00) (4.34)
k

where Py is the permutation operator labeled by an index k that goes over all permu-
tations, |s;) are the single-particle states of the Berggren basis occupied in |SD,, ), |o:)
are the single-particle states of the HO basis occupied in |SDN,Q)HO, and (-)%* is the
reordering phase associated with the permutation F;.
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4.4 Construction of the total many-body wave func-
tions

Now that we have derived the projectile and target wave functions, we can proceed to
coupling them together in order to generate the A-body wave function. This will yield
the A-body wave function |¥) that will be used to evaluate the matrix elements in a com-

plete basis of A-body Slater determinants. Defining A’ 5., as the projectile
HNCMLCR/[)@\Jint)]AfP

creation operator, the expansion of the A-body wave function is:

) = [AT 5 (WY ]M an 1SDaa) | (4.35)

[[NcMLewm)®|Jint )]

where |SD,_ 4) are A-body Slater determinants. To this end, we use the Slater determinant
expansions of the projectile and target wave functions as in Eqgs. (4.18) and (4.20), which
are obtained from the diagonalization of the GSM Hamiltonian:

W) Z B4™|SDg a-q) (4.36)

[|NCMLCM> ® |Jint MP = ZB'L; |SD7,a> ’ (437)
Y

where we have made explicit the number of nucleons in each of the Slater determinant
coefficients. Using Eqs. (4.35), (4.36) and (4.37) one can obtain the uncoupled fully
antisymmetrized A-body wave function:

Af (T = Z Bi-

SDg aq
[lNCNILCM>®|Jmt)]M Jp | B:A )

\NCMLCM)®|Jint)]MP

- Z By B A[|SDg a-0) ® |SD50)]
By

P

= Bi|SDa.a), (4.38)

where [SD, 4) = A[|SDsaa) ®|SD, )], and Bzl = (-)#»Bf~*Bg, with (-)# a rear-
rangement phase. In particular, if |SDg 4_,) and |SD., ,) share a particle with the same
quantum numbers then the corresponding |SD, 4) vanishes. The final step is to couple
the result of Eq. (4.38) to a total angular momentum J, with projection M, using the
appropriate Clebsch-Gordan coefficients. Few more details concerning Eq. (4.38) are
discussed in Appendix A.1.

4.5 Orthogonalization of composites with respect to
the core.

As stated in Sect. 3.2, all occupied states should be orthogonal to the core. In princi-
ple, should the target and projectile satisfy the orthogonalization condition they can be
diagonalized with the same Berggren basis, where the occupied core one-body states are
removed. An option to ensure the orthogonalization is through the use of a basis of HO
states or Jacobi coordinates. However, it is cumbersome to apply [15].

We instead proceed with an alternative method to impose the orthogonalization condi-
tion for composite eigenstates with a cluster projectile. Indeed, the cluster wave function
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can be factorized into a CM part times a relative part. In order to avoid problems aris-
ing from the change between COSM- and CM-relative coordinates, one can define the
projectors [3]:

QCM = Z |NCMLCMJintJPMP> <NCMLCMJintJPMP| (439>
Ncem<NoM, min
Por=1-Qou, (4.40)

where Newmin 1S chosen so as to include the cluster eigenstates of Hp sizably occupying
the core. We can now redefine Hqy as:

I:[CM - PCMﬁCMPCM = }AICM - C?CM]:]CM - }AICMQCM + CA?CMI:ICMC?CM ) (441>

which adds an additional short-range interaction to Hp in Eq. (4.13). This also changes
the coupling between target and projectile, even though, H does not change. This proce-
dure has been checked to be numerically reliable and stable [15].

4.6 Calculation of the kernels of the Hill-Wheeler
equation

Repeating from Sect 4.2, it is convenient to express the Hamiltonian as H=Hp+
Hp + HTP, where Hr and Hp are the target and prOJectlle Hamiltonians, respectlvely
Moreover, it was shown that H p can be decomposed as H p = Hmt + HCM, where Hmt
describes its intrinsic properties and Hey the dynamics of its CM.

The action of the projectile and target Hamiltonians is considered over non-antisymmetrized
A-body wavefunctions as:

Ar[[wr) @ (Wi = [Hp W) @ [whn)]

o _ET[|\IJJT)®\\IJHP)] o (4.42)

My

e [[wgr) o (W37

[[v7") @ Hp I\I’HP)] —(ECM+Emt)[|\PJT)®!‘I’H’°)] :
(4.43)

My

where E7, Ecy and Ejyy are the target energy, the projectile CM energy, and the projectile
intrinsic energy, respectively. Thus, we now show how to compute the kernels (4.8)
and (4.9). First of all, we expand the A-body wave functions with the Berggren basis
{INeam Loy )} 2 generated with Heyy such that we have the completeness relation:

> INew Lo ) (Nem Loyl = 1, (4.44)

Newm

3Here we are not including the projection of the angular momentum Mcy. This only means that the
corresponding spherical harmonic is not included in the wave function. The dependence on Ly comes
from the angular momentum in the Schrédinger equation used to generate the Berggren basis. Moreover,
Ngm depicts the number of the discretized states of the Berggren basis and has nothing to do with the
HO basis.
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and thus
J
W) = A[[w5) ® [[RevLon) ® [ )]
J
= A[|%7) ® [|Rost Low) ® [Lear) © i) ]
Jp 174
-4 [IW) o [ S [Nentons ) (Nert o Rentin) @ Lon) @ |Jmt>] ]
Ncwm My
U R J
_ Ay Yven o) gy o (1Ney o) @ | Loar) @ )]
Ncwm RCM 4

Ja
My’

Ay DenlBon) ey o (N, Los) @ )]

4.45
Rou (4.45)

Ncm

where we have defined the wave functions Uy, (Rem)/Rem = (Nom Loy | Bom, Ly ) and at
some point we separated the radial and angular parts of the CM wave function.

We calculate the overlap and Hamiltonian kernels (4.9) and(4.8), respectively, using
the results of Eq. (4.45):

UNCM (RCM) UN’CM (R,CM)

N (Rows Rew) = 30 N (New, New) ; (4.46)
Newm, Nby Rom Ron
U R Uny,, (R
Hy Y™ (Row, Row) = 30 Ho ™M™ (Now, Now) e (Fow) NCM,( o) , o (4.47)
Nem, Ny Rem R
where we identify the overlap and Hamiltonian kernels in Berggren basis as:
Noa M4 (Nont, New) =
Jp174 T p , PR 2
[(U77 | ® [(Now. Lewl ® (ul} ], AA[IW7) @ [N L) @ 1T |

H: " (Now, Noa) = (4.48)

J A , ,
[(U7 @ [(New. Low| @ (Juall Ty AHAI7) @ [INow. Low) @ 1701 |
(4.49)

Ja

The overlap kernels are straightforward to calculate:

NT2Ma(Rey, Rioyy) =

— Z UNCM(RCM) UN(’}M(ReM)
Rew Reay

(v7]A 7)

A Jp A J |
New Ny [INomLom)®|Jint)ar, [|NCMLCM)®|Jim)]AfP T

= Z UNCM(RCM) UNéM(R,CM)

CACA(SD, AlSDy 4) . 4.50
Fon e %, CaCi SDaalSDar) (4:50)

Nom, Ny a,a’
The targets will consist of bound or resonance states, thus their high-energy components
in Berggren basis are extremely small. Therefore, if the projectile momentum is moderate
to high, then antisymmetry does not play a role, and thus channels become orthogonal
[16].

Afterwards we define a particular N,,, whose momentum is large and divide the sum
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in Eq. (4.47) into four cases:

U (Ron) Ungy, (Rey)
o™ (Rews Rew) = 3% M (Now, Noa) =5 =52 =435
Ncom<Nmax
Now<Nows i

UNCM (RCM) UN(’jM (REM)
Rom Ré]M

Ja,May /
+ Z Hcc’ (NCM7NCM)
NCM>Nmax
Nep<Nmax

UNCM (RCM ) UNICM (R,CM )

+ oy HZ M (New Now)

/
NeMm<Nax Rom RCM
NCM>N1',nax
Un:. (Rip)
Ja, My / UNCM(RCM) Nep \teM
+ Z Hcc’ (NCM7NCM> R R . (451)
Ncar>Nmax CM CM
NéM>Nmax

The first term is finite and thus, can be computed using standard SM formulas. Since
antisymmetry can be neglected when Ncy > Nyax 0F Nl > Niax, the matrix elements
in Berggren basis are:

H M4 (Neat, New) =

J 7 7 FS 1 ’
= (@ | [{Nows, Lon [ (el 11, (B + Hp + ABrpA) [[975) [[Néas, Lear) [ )™ |
= [ET + ECM + Eint] 600'5NCMN(’3M + Z C(;?COI?/ (SDA7Q|HTP|SDA7Q>

Ja

Ma

= [ET + ECM + Eint] (Scc’(sNCMN’CM + Z <@6| (‘Z‘es - UO) h/(;) (SDA,a|aLa;a5a'y|SDA,a> .
aaﬁcfyyé
It can be proven that the residual matrix elements which involve target-projectile coupling
at high energy can be neglected [15, 35]:

(Oéﬁ| (‘A/;"es - UO) |f}/5> ~ 0 if 3(717]) € {Oé, 6777 5} | kl < kmax and k; g kmaxa (452)
where |a),[8),|7),|0) are Berggren states with momentum k,, kg, k, ks and Kpax is an
arbitrarily large one-body momentum corresponding to Ny.x. Therefore, the second and
third sums in Eq. (4.51) are zero because N¢yy # N{y; and the matrix elements satisfy
condition (4.52). Hence, Eq. (4.51) simplifies to:

Un'. (R
M (Ross Ring) = %, HIA™ (N, Ny DcstHean) P Uen)

NCMSNmax RCM R,CM
NEai$Nmax
U R U Ry
+ Z [ET + ECM + Eint] 506/ NCM( CM) NCM,( CM) . (453)
NCI\/I>NmaX RCM RCM

The second sum in Eq. (4.53) can be written as:
D D DI D (4.54)
NCM>Nmax NCM NCMSNmax

where the terms in the first sum can be expressed in terms of Dirac’s delta due to the
completeness of the {Up,,, } basis:

> [Er+ Ecum + B 6, ,UNCM(RCM) Unea (Hew)
Newm Rem Ré}M

§(Rom - Riyy) - 0(Roy - Rly) -
+ 1T + Ucni( Ront, Ring) s 4.55
RCMRICM CM RCMR,CM CM( CM CM) ( )

= (ET + Eint)
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where Ty and Uy are the kinetic and potential CM parts in Eq. (4.14). The final result
for the Hamiltonian kernels is:
H M4 (Row, Risyy)
2 2 2 O(Rev — R
B h 82 N h LCM(LQCM"‘l) + Ep+ By ( CM : CM)
2M, ORZ,, 2Mp REw Rem Ry,
+0eeUom(Rem, Royy) + Ve (Rom, Roy) 5 (4.56)

= 6cc’

where V. includes the short-range terms and is given by:

UNCM (RCM) UNéM (RICM)

Vie(Rom, Rong) = . HIZMA(Now, Noy)

I
NCMSNmax RCM RCM
Né I\/I SNrnax
/
_ Er+ E. E.16 UNow (RCM) UNew (RCM)
Z [ T+t LcoMm+ int] cc! R R, .
Ncem<Nmax CM CM

V.. contains the calculation of (af] (\A/res - [70) |yd) matrix elements. Since the residual
interaction is of short range, then we can use a HO oscillator basis expansion to calculate
them. Using the method in Eq. (1.54) allows for a more stable calculation.

4.7 Solution of the Hill-Wheeler equation

The coupled-channel and Slater determinant representations of GSM are mathematically
equivalent, however truncations of model spaces in both representations are not. Indeed,
in the Slater determinant representation we truncate the number of allowed Slater deter-
minants. On the other hand, the truncation at the level of channels consists of choosing
the relevant channels under the assumption that only a few of them contribute to the
total wave function. Therefore in practice the solutions of GSM and GSM-CC are going
to be different.

So far, we have gathered the necessary tools to begin solving the Hill-Wheeler equation
(4.7) in the context of GSM-CC. First, we will transform the generalized eigenvalue prob-
lem into a standard eigenvalue problem. Afterwards, we will solve the entrance channel
by direct integration. Then, we will solve for the resonant states using a version of the
overlap method discussed in Chap. 3. Finally we will solve for the scattering states using
a Green’s function method.

4.7.1 Transformation to a standard eigenvalue problem

Eq. (4.7) is a generalized eigenvalue problem which is solved by first transforming it into
a standard eigenvalue problem. One starts by rewriting it in the matrix form as:

HU = ENU. (4.57)

By defining: W = NY2U and H,, = N-Y2HN-1/2 where W is a vector containing the
orthogonal channel wave function and #,, is the modified Hamiltonian [16], Eq. (4.57)
becomes:

W = EW. (4.58)

One can separate the overlap kernels in their orthogonal part and their short-range target-
projectile coupling part N: i
N=1+N, (4.59)
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which means that we can express N'=1/2 similarly as
N1+ A, (4.60)

where A will carry all contributions from the short-range interaction. In particular,
N-1/2 is calculated using the Moore-Penrose pseudo-inverse. The modified Hamiltonian
in matrix form becomes:

Hon =H+HA+ AH + AHA. (4.61)
This allows to write equation (4.58) as:
HW + (HA + AH + AHA)W =HW +DW = EW, (4.62)
where we identify:
D=HA+AH+AHA, (4.63)

and which in non-matricial form is:
Z / dR,CM RgMHcc’(RCMa R,CM)wC’(R,CM)
+ Y [ AR Ry D (Rens, R Jwe () = Bwe(Bo) . (4.64)

In this equation, we identify D..(r,r') as the matrix element of D and w.(r) is the
orthogonalized wave function. Plugging Eq. (4.56) in Eq. (4.64) we get:

h2 B 82 + LCM(LCM + 1)
oMy \ oR2,, R2,,

+ Z / ngM RICQMVCIE?H_IOCM(RCMa R,CM)wC’(R,CM) = EwC’(R,CM) : (4'65)

) ‘B E] wo( Reat) + U (Royg)wo(Rens)

Here we have identified the local potential coming from the mean-field, and the non-local
part given by:

vaeneal( Rent, Riy) = Ve (Rem, Riat) + Dee (Rem, Ry - (4.66)

The final missing piece after solving Eq. (4.65) is to recover the non-orthogonal wave
functions u.(Rcn). One obtains the physical channel wave functions via:

ue(Ren) = we(Re) + ¥ [ dRon Ry daw (Rent, Rinwo (Rens) s (467)

where the kernel A (Rem, Riyy) = (Rowms ¢|A|Rgy, ¢) -

4.7.2 Solution in the coordinate space: the equivalent potential
method

In this section we will describe the method to solve Eq. (4.65). It consist of a gener-
alization of the equivalent potential method described in Ref. [129]. We will express
the system of equations with non-local potentials into a system of equations with local
potentials and a source term. We define the following equivalent potential:

1-F.(Rem)

VENR =00 Ux (R
cc( CM) ( CM)+( W (RCM)

) f dRCM R %29H710€31(RCM7 R,CM)wc’(RéjM) )
(4.68)
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and the following source term:
512 Y Fl(Rew) [ ARy REVE" (Ron, R Jwe(Riy) . (4.69)

where we have used a smoothing function F.(Rcy). The job of this function is to remove
the singularities due to the zeros of w.. We require that F, ~ 1 close to the singularities
of we and zero elsewhere*. We also define the following matrix:

Lom(Lem+1) 215 L 2Mp
R, n?

M = l VeI Ren) (4.70)
where k? = (2Mp/h?)(Er + Eyy + E). Finally, the equivalent potential equation in matrix
form becomes:

W(RCM) = Meq(RCM)W(RCM) + Seq(RCM) s (4.71)

and is solved iteratively. As any other iterative method, it is crucial to have a good
starting point. It is obtained by diagonalizing Eq. (4.65) with the non-local terms set to
Zero.

We now move into details of the boundary conditions. In particular, we expand w, in
the forward basis in the interval r € [0, R] corresponding to the internal region where the
nuclear potential is non-negligible:

wc(RCM) = Z Cl()O)wg;))(RCM) ’ (472)
b

and we expand w, in the backward basis in the interval r € [R, Ryax] corresponding to
the asymptotic region where the nuclear potential is negligible:

«(Rew) Zc“) 8 (Rom) +w (Rew). (4.73)

Here we have included the entrance channel, which is zero if we are describing a resonant
state. The idea of using these bases is that they have a simplified asymptotic behavior,
namely:

RLCM,b+1 c=b
(0) CM
w, (Rem ~ 0) ~ (4.74)
! O(Rg™) cxb
for the forward basis, and:
(+) C(+)HZCM bﬁb(kbRCM) c=b
0 ctb

for the backward basis. In particular, the backward basis is zero for different channels
because there is no channel-channel coupling in this region. On the other hand, we
cannot ignore the channel-channel coupling in the internal region. Thus we need to find
the behavior of w,; for ¢ # b.

We can rewrite Eq. (4.71) for small CM distances in the forward basis as:

LCM(LCM + 1) ]
3 +a
RCM

”<°>(R \) = wgf;)(RCM) - acc,wgffg(RCM), (4.76)

ctc!

4In particular, this means that for Roy ~ 0 the source term is zero as the channel wave functions are
non-zero in that region.
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where we made the identifications:

2M

ac= =3PV (Roy — 0) ~ K (4.77)
2M

Qeet = h pVeq(RCM g 0) (478)

If ¢ # b, then Eq. (4.76) becomes:

174 L L ]_
(0)(R ) CM(RZCM + ) (0)(RC ) + abRLCM‘b+1 4 O (RLCM,b+1) . (479)
CM

The terms O (RLems*1) are neglibible and thus, Eq. (4.79) becomes a simple differential
equation problem, which can be dealt with by the ansatz:

CR! Love # L +2

DRoyIn(Rom)  Lome = Loy +2

and solved for the constants C,D,t. This allows to write the full solution in the internal
region for the forward basis:

RéCMM’b+1 C = b
Lem,p+3
ap R ’
" ) oM +b, Love # L +2
wey (Ron) = (Lemp +3)(Lomp +2) = Leme(Lene + 1) T e o
a
mRéi’f{“g In(Rom) ¢#b, Lowe = Loy +2

(4.81)
Finally, with both the forward and backward bases properly defined, we move to
the determination of the constants cl(,o),cl(,+). This is straightforward from matching the

forward and backward solutions and its derivatives at a matching radius R,,:

Z[C(O) (0)(Rm) (+) (+)(Rm):| ((:_)(Rm) (4.82)
b
dw®(R,,) dw'}) (R,,)
O Zeb ) () Teb T )Ry 4.83
Zb: % " dRey “ " dRou we " (Bm) 59

If it is a scattering state, the system to solve is of the form AX = B, and thus, straight-
forward to calculate. However, for a resonant state, it is of the form AX =0 and thus the
problem is solved when det A = 0. This allows the interpretation of det A as a generaliza-
tion of the Jost functions described in Sect. 1.3. Once the solution for det A = 0 has been

found, the constants c( ) and cl(,+) are given by the eigenvector X of A of zero eigenvalue.

4.7.3 Bound and resonance states: overlap method in the con-
text of coupled channels

The method presented in the previous section is iterative, and thus it can present instabil-

ities. To calculate spectra, it is more convenient to use a different method. Reminiscent

to the GSM, we can also use the overlap method. In order to do this, we expand the
channel wave functions in the Berggren basis as in Eq. (4.45) and then use Eq. (4.58)
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which yields a complex symmetric matrix for the modified Hamiltonian. However, it can
be casted using orthogonal channels defined as:

6 4
A ey, = 2, (4.84)
rr

where the transformation from the non-orthogonal channel basis {|c, )} to the orthogonal
basis {|c,7),} is given by |¢,r) = N2 |c,r) . This allows to write Eq. (4.58) as:

. d(Rom — R;
> f dR{y Rén ( (¢, Rt|Hle, Rem), - E (Fou ) CM)(SCC,) o/, Rbyl®772) =0
c! RCMRCM o
(4.85)
where |¢]{§‘A)O = N1/2 |kIfJMAA) , and we do the following identifications:
o (¢, RolHle, Ren), =(¢', Ryl Homle, Row) (4.86)
:wc(RCM)

o (), R,CM|CI)J{;IAA>0 = (4.87)

Rcom

Diagonalizing this matrix yields eigenstates consisting of bound, resonance and scat-
tering states. The resonances are embedded among the scattering states, which is the
same situation as in the GSM, and thus it is possible to use the overlap method to find
the resonances. In the context of coupled-channels, the pole approximation consists of
building channels only with the pole states of the Berggren basis coming from the projec-
tile CM Hamiltonian. Finally, the overlap is maximized in the same fashion as described
in Sect. 3.1.

4.7.4 Scattering states: solution via Green’s function method

We need an alternative and more stable method to calculate the scattering states. This is
done with the Green’s function method [35] to get the scattering solutions of Eq. (4.65).
The idea is to proceed perturbatively, so we define the zeroth-order Hamiltonian HO and
its eigenvector |¥(0)):

70 - 4 Upasis (nucleon) (4.88)
| Tem+Ucn (cluster) '

HO @) = g |g©) (4.89)

To be more specific, HO) is a matrix whose off-diagonal elements are zero due to the
absence of channel-channel coupling, and only one nonzero diagonal term corresponding
to the entrance channel ¢y that is activated. Hence, Eq. (4.89) is a one-dimensional
differential equation.

We now separate the total Hamiltonian H and the total wave function |\I/]{§‘A) into
their zeroth order parts and the rest:

]:—] = FI(O) + ﬁrest (490)
|\I]]{;[4A> = |\Ij(0)> + |\Ilrest) . (491)

Using Eqs. (4.6),(4.89),(4.90), and (4.91), one obtains:

(H - E) |\I[rest) = _ﬁrest |\I](O)> = |\IIS> ) (492)
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Figure 4.2: Typical contour enclosing the resonance pole for a GSM-CC calculation in
the complex k-plane.

where we have introduced a source term |Ug). Eq. (4.92) implies that the asymptotic
behavior of the source term is lim, .., Ug(r) = 0 because I:Irest is of finite range. This
means that the source term can be expanded in the Berggren basis generated by f]o, SO
that Eq. (4.92) becomes a linear system:

[Wrest ]y e = (75 €| Wrest) (4.93)
[(ME], e = (10, d|H - Eln, ¢) (4.94)
[Us],. = (n,c|¥s) (4.95)
MpUreqt = Vs, (4.96)

where |n,c) is a Bergren basis state with index n and of the channel ¢. The matrix
elements of H are calculated with the complex scaling method.

To solve Eq. (4.96) one has to invert the matrix Mp. However, similarly to the
Lippmann-Schwinger equation, Mg is not invertible on the real axis. Thus, the solution
is to impose a small imaginary part ¢ — 0% such that £ - E +is. Additionally, since
channels other than the entrance channel consist only of outgoing wave function parts,
one can impose an outgoing wave function condition for u.(r) when ¢ # ¢y. Nevertheless,
this method becomes unstable for small ¢.

This instabilities are mended by defining the contour of the discretized part of the
Berggren basis differently than what was shown in Fig. 3.1. Instead we choose a contour
like the trapezoid shown in Fig. 4.2, where the contour points have non-zero imaginary
part. Additionally, the outgoing wave function behavior for W, is guaranteed in a
Berggren basis representation. Indeed, from the Parseval equality:

et * = 3 e sl |7, (4.97)
n
it can be deduced that the |U,) is a localized state when complex rotation is applied
because the Berggren basis states are.

This method offers a numerical advantage over the method of equivalent potential
for the solution of the GSM-CC. It is sufficient to compute one representation of the
Hamiltonian H in the Berggren basis, and then solve for different energies. Nevertheless,
it has been checked that both the equivalent potential method and the Green’s function
method yields the same solution for PI’%?A) [15, 35]. Additionally, due to the increased

numerical cost of solving the GSM-CC as compared to the GSM, the matrix H is first
transformed into a diagonal or tridiagonal form.
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4.7.5 Summary of the numerical methods to solve the coupled
channels equation

In the previous subsections, we have described different methods used to solve the GSM-
CC equations (4.6). However, it is fair to ask why the equivalent potential method
has been introduced in this work if it can be replaced with the overlap method and the
Green’s function method. Indeed, current GSM-CC calculations for spectra and spectrum
related calculations are done with the overlap + Green’s function method. However, the
calculations for reaction observables need the equivalent potential method as the S-matrix
elements are constructed via the ¢(®) and ¢(*) constants in Eqgs. (4.82) and (4.83).

4.8 Calculation of reaction observables

After calculating the scattering and resonant solutions of the GSM-CC equation (4.6),
we can now move on to calculate reaction observables from standard scattering theory
formulas. In order to do this, one has to build the many-body scattering wave functions
with the correct asymptotics. Indeed, as we build these wave functions we obtain in-
formation about the S-matrix and hence, the phase shifts. Finally, we can extract the
scattering amplitude from the scattering wave functions, which allows for the calculation
of cross-sections.
We rewrite Eq. (4.5) as:

|\Pe,JA>_Z oodR R2 U?JA(RCM)l R > (4 98)
Myl = . J CM CM—RCM ¢, ficMm) 5 :

where the entrance channel e has been made explicit and the channels ¢ indicate all
possible exit channels. We repeat the definition of the channels wave functions:

Ja

le, Reu) = A[¢77) @ [|[RemLew) ® |<]int)]JP]MA ; (4.99)

where we use the angular momentum coupling scheme:
LCM + Jint = Jp (4100)
Jp-‘rJT:JA. (4101)

Ultimately, the choice of coupling scheme does not matter as there exists the unitary
transformation using angular momentum algebra that relates one coupling scheme with
another.

In the presence of a spherically symmetric short range potential, the asymptotic be-
havior of the radial amplitude associated to the channel ¢ is given by:

1 _ . c
U?JA(RCM) - Z [566HL%1VI77€ (KCMRCM) B Sé]CA H+CCM7IC(KCMRCM):|

= OecF g . (K Rom) + T Hp o (KéyRom) (4.102)

where Fre , and Hj,  are the regular and outgoing /incoming Coulomb wave functions,
/ CM

1
respectively. Si4 is the S-matrix element representing the scattering to the channel ¢ with
TJA the T-matrix element and they are related by:

Ja
Sec B 560

TIa =
ec 2Z

(4.103)
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In a reaction, the magnetic number is to be conserved. Therefore, the physical scat-
tering state must contain this information. Additionally, since the Schrodinger equation
is a linear, a linear combination of solutions is also a solution. Moreover, light projectiles,
particularly those that have four or less nucleons, can be assumed to be not excited in
the reaction. Given these assumptions, the physical scattering state® is:

AJ;(LEMJM)J;JA
~ ME ME Je (Le Jin )JéJ
ALY — W (4.104)
JeJ A

where we separate the channel set of quantum number ¢ into the set (¢, Lg,,, J5) and
thus ¢ is the set of quantum number that completely defines a target state. Moreover, we
have made explicit the angular momentum coupling scheme with the superscripts.

The factors A N’;e(fﬁM Jint) T T4 have to be chosen such that we obtain the correct asymp-

totic behavior for the scattering state |p¢ e ). The idea is that if there was no short-range
P T

potential, we could recover the asymptotic of a Coulomb scattering. The appropriate co-

efficients are therefore:

Aﬁgf}%MJi“t)J%JA = (L0 Ming | JEMEY (JEMETEME|TAM 5} i5em [Am(2LE,, + 1)e™Hen

(4.105)
where o, = arg[['(¢+1+1in)] is the Coulomb phase shifts. The first Clebsch-Gordan
coefficient in equation (4.105) contains a zero term for the projection of the CM angular
momentum Lg,,. This is a consequence of assuming that the incoming beam is aligned
with the z-axis. This allows to use the properties like [173]:

et(kr—nIn(2kr))

 Fu(k roco
S it/ A (20 + 1)6202%%(9) 5 gilkzrnin(h(r=2))] 4 fo(e)f . (4.106)

14

It can be shown that the scattering state defined in Eq. (4.104) using the coefficients
in (4.105) gives the correct asymptotic behavior. That is to say:

7 —>00

(RCM|90M5 Mc) — e i[K&yztnIn(K&y (Rov—2)) ] |J1ntMP) ® W}e JT)
cU(K&mBom-nIn(2K &y Rom))

Rcem

+ Jenre vz wenz iz (0,0) [Tt Mp) ® 005 JT) )

EMEME
(4.107)

where the scattering amplitude has the expected behavior fo(6) + f/(6,¢) due to the
inclusion of the nuclear potential:

féMﬁM%—»EMf,M% (0,9) = 5éa5MgMg 5M;;M§ fe(0)

OJ; (L& Jint) JET S (L Jint ) J&

iy MpMeMp My T y ou (6,6), (4.108)
Le, JELE IS K¢ eLomTpelomTp ™ Mp+Mp-Mp-Mg 272 /7 A
oM/ plom/p/a CM

5This is not to be confused with a scattering solution pertaining to the complex contour in the k-plane
in the Berggren basis.
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where:

O L) I T (L) 5
ME&MEMEME,

= (LEn0Jue MBI Jp ME) (L (MG + MG — M - M) Jue M| T (MF + Mg - M)
x (JpMpJEME| T4 (M + ME)) (J5 (M + MG — ME) |Ja (M§ + Mg))

x iEen—Lomy [4m (208, + 1) e"("LEM ”L%M) . (4.109)
Thus, the cross-section follows as:

doenz Mz —em Mz K&y

2
Fenae vz ~ensz naz (0, ¢)’ : (4.110)

However, generally a scattering process involves non-polarized beams, so the cross-section
is the average of all possible random configurations of magnetic numbers:

dO'é_>5 1 Ké
(6.0) - y o

N 2
¢ — |femg iz ez (0,0) - (4111
e (2 + D(2J7+ 1)y pi ez Kom Feuspasg-eargarg ’QS)‘ ( )

The sum in the amplitude (4.108) goes over infinite partial waves J4 and the angular
momentum Lcy;. However, in practice one has to do truncations in the calculation of cross-
sections, i.e. selecting relevant partial waves for a particular studied process. Moreover,
we also truncate the maximum allowed angular momentum Lcy. Additionally, we are
neglecting, for convenience of notation, the parity tag so that all previous formulae goes
as Jy —» J}.

Since we start from a SM calculation, the construction of certain partial waves may
sometimes prove to be difficult due to the choice of valence space. The S-matrix elements
are calculated with the equivalent potential method described in Sect. 4.7.2 and in this
form is currently used for such calculations in the GSM-CC scheme. Since we know
that the equivalent potential method is unstable for purely scattering states, trying to
construct a partial wave with scattering states can lead to unstable results.

4.8.1 Applications of the Gamow Shell Model in coupled chan-
nels representation

The GSM-CC formalism was applied first for the description of proton scattering on 8Ne
[16]. Soon after, it was extended to the studies of radiative capture [17] of nucleons.
These studies include the reactions ®Ne(p,p) [16]; ¥O(p,p) and the spectra of °F and
16N [174]; "Be(p,y)®B and "Li(n,y)8Li [17]; *Li(p,y)"Be and 6Li(n,y)7Li [175]; 8Li(n,y)°Li
[176]; and ®Be(n,y)?B [177]. The previously mentioned studies involve reactions with
nucleon projectiles only. However, the GSM-CC formalism was extended to clusters and
first tested with the elastic scattering reaction 4He(d,d) [35]. The GSM-CC with clusters
has been used to study the transfer reaction 4°Ca(d,p)*'Ca [36], which will be presented
in Chap. 5. Additionally, it has been used to describe "Li and "Be and the evolution of
spectroscopic factors and probability weights as a function of the distance to the emission
thresholds [178]. This will be presented in both Chaps. 5 and 6. Recently, the coupled-
channels version of the NCGSM has been developed and applied to study the 05 resonance
of 4He [25].
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4.9 Differences with other methods

Having introduced the theory behind GSM, we can now compare it to other methods for
nuclear structure described in Chap. 2. In the case of the no-core approaches and the
continuum shell model approaches, focus is on the calculation of phase shifts. From the
phase shifts one extracts the widths. On the contrary, in GSM-CC the focus is on the S-
matrix. Additionally, the width arises naturally in the diagonalization of the Hamiltonian
because of the inclusion of the Berggren basis. Moreover, in GSM-CC we do not have
divergent wave functions for resonances as we can regularize them with complex scaling.

Nevertheless, the biggest difference between the GSM-CC and the no-core approaches
discussed in Sect. 2.2 is the inclusion of a core. This, of course, presents advantages
and disadvantages. The main advantage is that we are not bound to light systems and
we can instead use heavier cores to do calculations in heavier nuclei. Of course, the
disadvantage is that the effect of nucleons in the inert core is reduced to a mean field
effect and the excitation energies are restricted to those below the threshold of inelastic
channel corresponding to the core excitation. Another advantage is that the interaction
is an effective interaction that can be fitted depending on the chosen model space. And
again, paired to this is the disadvantage of not using the interaction derived from first
principles. This difference is of course no longer valid for comparing SMEC and GSM-CC
results. The difference here is similar to GSM as was discussed in Sect. 3.6. Hence we do
not repeat the arguments related to the difference in the respective definition of OQS in
both approaches.

One may notice that the coupled channels approach is very similar to the RGM [113].
However the difference between both method lies in the calculation of the wave functions
of the components of the target-projectile system. Indeed, in GSM-CC one uses Slater
determinants similarly to no-core approaches to build the wave functions, whereas in
RGM one construct the wave function as a linear combination of many different basis
functions, where each basis function represents a possible configuration of the nucleus.
These basis functions are constructed by treating the nucleus as a collection of clusters or
groups of nucleons, and then taking linear combinations of these cluster wave functions
to construct the total wave function of the nucleus. This means that the RGM includes
clustering in a more phenomenological manner and GSM-CC in a more mathematically
rigorous manner.



CHAPTER D

Multiple mass partitions in Gamow Shell Model Coupled Channel
representation

Low energy nuclear reactions are of great importance in nuclear astrophysics, particularly
in the study of stellar nucleosynthesis. By examining reaction rates, scientists can gain a
valuable insight into essential processes of the nucleosynthesis such as the proton-proton
chain of reactions and the CNO cycle. These reactions provide a deeper understanding
of the birth, evolution, and energy production of stars. Additionally, they play a vital
role in unraveling the mechanisms behind supernova explosions, neutron star formation,
and the synthesis of heavy elements in the Universe. Moreover, the investigation of low
energy nuclear reactions enables to probe fundamental properties of the matter under
extreme conditions, paving the way for conceptual advances in both nuclear physics and
astrophysics.

The conventional method in reaction theory involves constructing few-body nuclear
systems using uncorrelated cluster wave functions. Cross sections are then calculated by
employing coupling potentials, which are directly adjusted to match experimental data.
One popular framework for such calculations is the R-matrix theory, as discussed by
Descouvemont and Baye [179]. In Chap. 4 we have described the GSM-CC approach
for a unified description of structure and reactions. Moreover, in Chap. 2 we have
discussed other approaches for a description of nuclear reactions and nuclear structure
like the NCSMC and SMEC. Particularly, the "Be and 7Li nuclei have been studied in
the NCSMC approach [180, 181] where up to two mass partitions were studied. Unlike
in the GSM-CC, these two mass partitions have not been coupled. "Be and 7Li have
also been studied within the GSM-CC framework [175], however this was done with one
mass partition involving nucleons. Recently, 8Be was also studied in the multiple mass
partition NCSMC framework [182].

"Be and "Li offer particular conditions that make them ideal candidates for pioneering
studies of GSM-CC with multiple mass partitions. Unlike heavier nuclei, they have a
small density of states, which means that calculations of cross-sections do not need a
suppresion of any important partial wave. One can see that by adding one more valence
particle, the density of states around and above the proton and neutron thresholds increase
significantly, like in 8Be. Moreover, we do not need to worry about core excitations, as
the first excited state of 4He is more than 20 MeV above the ground state. On the other
hand, the advantage of the GSM-CC over ab initio approaches is the possibility to do
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calculations with heavier systems because it uses an inert core approach. Hence, the
calculations with several valence nucleons outside of the cores: 2C, 160, 40Ca, etc. are
possible.

In this chapter, we present results of GSM-CC studies with the multiple mass parti-
tions. We begin with the definition of spectroscopic factors in Sect. 5.1. In Sect. 5.2
we present the spectra of "Be and "Li and cross-sections of elastic scattering of clusters
and protons. Afterwards, in Sect. 5.3, we show results for the spectrum of 8Be. Finally,
in Sect. 5.4 we present results of the deuteron transfer reaction *°Ca(d,p)*' Ca and the
spectra of A =42 nuclei calculated with a 4°Ca core.

5.1 Spectroscopic factors in GSM

Experimentally, the SF is given by the proportionality coefficient between the cross-section
in a single-particle model and the measured cross-section in a given channel:

i
Ontjm = Sngjmang_m. (51)

In this expression, Sy is the SF associated to the state with quantum numbers nfjm
and a?_f,]:m is the cross-section containing all the kinetic dependence related to the transfer
of the nucleon of the projectile and without the nucleon-nucleon interaction [170, 183].
To get the total cross-section o, one sums over all quantum numbers (nfjm)

o= Z Ontjm - (5.2)

néjm

The SF can be interpreted as a measure of the occupancy of a particular j-shell. The
information about internucleon correlations is contained in the SF.

Theoretical calculations of SF' are based on some configuration interaction approach
like the SM. Usually, in standard SM calculations, one takes only one major HO shell.
Such a space is incomplete, which creates a spurious basis dependence of the calculated
SFs [184-188].

In SM calculations, the one-nucleon spectroscopic factor 82 is given by:

!
C2J4+1

2
(@7 llaf; 1) (5-3)

82

<I>i(‘ and @j{‘ll in this expression are the wave functions of nuclei with A and A -1
nucleons, and az ; is the creation operator related to the oscillator shell (¢, j). Eq. (5.3)
is approximately valid for states that are well bound, and should not be applied for near-
threshold and unbound states.

A consistent definition of the theoretical SFs can be obtained in the Berggren basis,
extending Eq. (5.3) to OQS. We can define the SF as the norm of the radial overlap
function Ip;(r) [170, 171, 183]:

T (r) = (U [y @ 16, 5) ] (5.4)

where \Ifi(‘ and \I/j{‘ll are the wave functions of nuclei with A and A — 1 nucleons, re-
spectively, and |/, j) is the angular-spin part of the channel functions. The radial overlap
functions can be expanded using a complete Berggren basis as:

1) = ¥ (Tl (B0 (rt1B). (5.5)
B
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where B runs over all Berggren basis states |B), including resonant and discretized con-
tinuum states with quantum numbers (¢, 7). azj(B) in Eq. (5.5) is the creation operator
associated to the state |B). Finally, the one-nucleon spectroscopic factor S2 is given by:

2 _ 1
2JA+1

L (@l B (56)
B

Since the SF in Eq. (5.6) is defined in a complete basis, therefore it is basis independent.
As such, it is useful in any regime of binding energies: for well bound states, weakly bound
states or for resonances in the continuum.

In GSM-CC, the spectroscopic factor is calculated in the following way :

[ - u(r)? dr
0

+oo (HO)
[ > Al s (New) - /0 Uc(r)sz] ; (5.7)

Nowm

2
SLCM Jp

+

where c is the non-orthogonalized channel associated to the Ley and Jp quantum numbers
(see Chap. 4), the superscript (HO) indicates than one projects wave functions on a basis
of HO states, and Ay, (Near) is the k-particle spectroscopic amplitude :

(WAlAN Lol Pack)
‘ALCMJP(NCM) = .
V2J AT 1
In Eq. (5.8), U4 and W4, are the wave functions of the systems with A and A -k
nucleons, respectively. J4 is the total angular momentum of the system with A nucle-
ons, and AEVCM LengJp 18 @ Creation operator associated with the HO projectile basis state
|Nem Lo Jing Jp). Integral of the u.(r)? in Eq. (5.7) is the GSM-CC spectroscopic fac-
tor where asymptotic properties are included exactly but antisymmetry between target
and projectile is neglected. As antisymmetry is localized inside the nuclear region, it is
restored by adding the GSM spectroscopic factor projected in a HO basis, where antisym-
metry is exactly taken into account via the use of Slater determinants, and by removing
the HO projected u.(r)? function.
One should stress that the SFs are not observables [189, 190]. On the contrary, the
radial overlap function is an observable, at least its asymptotic behavior. Indeed, for a
particular process a — b + ¢, the radial overlap function I in the asymptotic region is:

(5.8)

1
Ty (1) = ;Céjw—meﬂ/z(?f‘ﬂ“), (5.9)

where W_,, 1,12 is the Whittaker function, Cy; is the asymptotic normalization coefficient
(ANC), and r is the relative distance between particles b and c. In this expression:

k=125 h? (5.10)

where p is the reduced mass of b+ ¢ and S the separation energy of particle ¢ in the
nucleus a. The ANCs being measured directly [191, 192] makes the radial overlap function
an observable.

Let us consider the case that either the A-nucleus or the (A-1)-nucleus is unbound. In
this case the corresponding radial overlap integral is complex and its asymptotic behavior:

]z’j(r) ~ e”", (511)
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is determined by the complex one-nucleon separation energy [39]:
Sz E(A-1) - E(A) :Sln—%[F(A—l)—F(A)]. (5.12)

In this expression, Sy, = Re[E(A-1)] - Re[E(A)] is the standard, real one-nucleon
separation energy [38].

5.2 Description of "‘Be and "Li

"Li and "Be hold significant importance in nuclear astrophysics, particularly concerning
the Big Bang Nucleosynthesis (BBN). The radiative capture reaction H(*He,y)"Li plays
a crucial role in determining the primordial abundance of “Li. The intriguing abundance
of 6Li and 7Li has sparked a substantial interest within the field of nuclear astrophysics.
The origin of “Li in hot, low-metallicity stars is believed to stem from BBN, while 6Li is
thought to originate from spallation and fusion reactions in the interstellar medium [193].
Consequently, the abundance ratio of °Li and Li can serve as an effective time scale for
stellar evolution [194].

In the determination of the fraction of branches in the pp-chain resulting in “Be and
8B neutrinos, the radiative capture reaction 3He(*He,y)"Be plays a pivotal role [195, 196].
Considerable attention has been devoted to the study of reactions that can produce "Be
in stellar environments, with particular emphasis on the %Li(p,y)"Be reaction, which is
essential for the removal of 6Li and the formation of “Be. Recent experimental investiga-
tions of this reaction have suggested a potential resonant enhancement of the 5Li(p,y)"Be
cross section near the threshold [197].

Calculations of "Be and "Li were done using two different mass partitions. For "Be
we use the partitions: *He + 3He and SLi + p, which represent the two lowest particle
emission threshold. Similarly, for Li we use the partitions: “He + 3H and SLi + n.
The theoretical framework for the calculations of spectra and reaction cross-sections is
the GSM-CC, described in Chap. 4. Both partitions are treated symmetrically in each
calculation. In Sect. 5.2.1 we define our model space and is Sect. 5.2.2 we obtain an
effective interaction to reproduce experimental spectra of %7Li and "Be.

5.2.1 Model space for 5Li, "Be, and "Li

The GSM calculations of the SLi targets are performed using a He core with two valence
nucleons (one proton and one neutron). This means that the 0s;, HO shells are fully
occupied and inert. The valence space consists of two resonant-like HO shells Opg/2, Op1 /2
and several scattering-like subdominant HO shells in {s12}, {ps/2}, {p1/2} {ds/2}, {d3/2},
{f72}, {f5)2} partial waves, with n € [1:4] in s,p waves and n € [0 : 4] in other partial
waves. The small number of scattering-like HO states approximate the non-resonant
continuum, and additionally, this approximation reduces the size of the GSM matrix.
Moreover, the basis of Slater determinants is truncated by limiting the excitation energy
to 8hw.

The internal structure of 3He and 3H projectiles is calculated using the N3LO in-
teractions [198] without the three-body contribution, fitted on phase shifts properties of
proton-neutron elastic scattering reactions. The N3LO realistic interaction is diagonalized
in six HO shells to generate the intrinsic states of 3He and 3H. The oscillator length in this
calculation is b = 1.65 fm. With this space and oscillator length, the calculated energy of
the ground state 1/21 of 3He is -6.35 MeV, whereas the experimental value is -7.71 MeV.
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A similar discrepancy is found in 3H, where the calculated ground state 1/27 energy is
-7.14 MeV, compared to -8.48 MeV experimentally. These modifications of binding energy
add no significant changes to the structure of the wave functions. In the coupled-channel
equations of GSM-CC, we use the experimental binding energies of *He, 3H to assure
correct *He + ®He and “He + 3H thresholds .

Antisymmetric eigenstates of the GSM-CC are expanded in the basis of channels:
[*He(01)®*He(Lowm Jint Jp)]7" and [SLi(KT)®p(L5)]/" for "Be, and [*He(07)®*H(Lcn Jint Jp)]7"
and [SLi(KT) ®n(¢5)]’" for "Li. Here, the considered SLi target states are: KT =17, 37,
07, 27, 25 and 13. Of course, the formalism discussed in Chap. 4 applies for projectiles in
a single J™ states, hence we only consider the ground state 1/2] of 3He/3H.

The relative motion of the 3He and *H and the *He target is calculated in the Berggren
basis generated by proton and neutron Woods-Saxon potentials. For the clusters, this
Berggren basis includes different Loy = 0,1, 2, 3 partial waves with 3, 3, 2, 2 pole states,
respectively, which are included along with the respective contours. On the other hand,
for protons and neutrons we take only the poles for the Ops; and Opy/, shells but we
include contours up to ¢ = 3 shells. All contours consist of three segments, defined by the
origin of the K¢y complex plane and the complex points Kcy: 0.2-i0.1 fm=!, 1.0-i0.1 fm~!
and 2 fm~'. Each segment is discretized with 15 points, so that each contour possesses
45 points. All unbound pole states lie below the Berggren basis contours, so that they
do not belong to the considered Berggren bases. The CM parts of 3He and 3H projectiles
bear Lcy < 3, therefore the total angular momentum of 3He and 3H projectiles satisfies
Jp <7/2.

The use of two different interactions to deal with the structure of "Be and "Li and
the elastic scattering of 3He and *H on a-particle is necessary as we have two different
pictures in the GSM-CC. Before and after the reaction occurs, cluster properties of the
projectiles are prominent, whereas during the reaction, properties of the composite nuclei
"Be and “Li are decisive. The FHT interaction is defined from properties of the SLi, "Be
and 7Li nuclei, therefore, it cannot describe the cluster behavior of the projectiles at large
distances. Conversely, the N3LO interaction cannot be used in a core and valence particles
approximation. Added to that, the N3LO interaction generating *He and 3H projectiles
makes use of laboratory coordinates, which are directly replaced by COSM coordinates
when building channels.

It is cumbersome to transform from laboratory to COSM coordinates and its effect is
also much smaller than the other assumptions of the model, such as a restricted number of
reaction channels, truncated model spaces, etc. Moreover, as the N3LO interaction enters
only the basis construction of 3He and 3H, it is not explicitly present in the Hamiltonian
but just insures that the projectiles 3He and 3H have correct both the wave function
(binding energy) and the asymptotic behavior. This also implies that the use of both
laboratory and COSM coordinates is consistent therein, as they coincide asymptotically.
Indeed, cross sections are always calculated in the asymptotic region, whereby ry,, —
Réc&re) ~ Tpap AS T, — +0o therein and ( Rg&re)) equals a few fm. As a consequence, the
use of both realistic interaction for projectiles and effective Hamiltonian for composites
induces no problem in the GSM-CC framework.

5.2.2 Interaction for A=6,7 systems

We remind ourselves that as in any other SM, we are working with an effective interaction
in an effective model space. This means that we cannot directly use interactions like those
of Ref. [127] (see Sec. 3.5). However, since we are working with the same core in a similar
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Table 5.1: Parameters of the one-body potential for protons and neutrons optimized to
describe spectra of 6Li, "Be, "Li in GSM. From top to bottom: central potential depth,
spin-orbit strength, radius, diffuseness and charge radius. The numbers in parentheses
correspond to the statistical uncertainties given by the fitting procedure.

Parameter Neutrons Protons
Vo (MeV) 52.9(0.9) 52.2(0.7)
Vis (MeV fm?) | 3.39(1.04) 3.77 (1.38)
Ry (fm) 2.0 2.0

d (fm) 0.65 0.65
Rch (fm) - 2.5

space it can give us a fair initial point for fitting the spectra of A = 6,7 nuclei. In this
work, we use the optimization scheme outlined in Sect. 3.5.1.

The systems that we optimize are SLi (for the target), "Be and 7Li (for the combined
systems). The basis of channels used for a GSM-CC calculation is not complete because
channels made of non-resonant continuum states of the target nucleus are not included.
Nevertheless, the GSM and GSM-CC results should be similar if all relevant channels are
taken into account in the GSM-CC. Moreover, for bound states, like the ground states
of "Be and "Li, the SM calculation in HO representation (HO-SM) is a good approxi-
mation of the GSM calculation. Therefore, the optimization of the interaction is done
within a HO-SM framework. Furthermore, the matrix elements of the microscopically
calculated channel-channel coupling potentials will be modified by tiny corrective factors
to reproduce the experimental particle emission thresholds.

For 6Li we take the following states: KT =17, 07, 27 and 23. Out of all these states, the
most important is the ground state 17, because it gives the position of the one neutron
and one proton thresholds for "Li and "Be, respectively. We do neglect the 37 state
because it is close to the deuteron emission threshold and we cannot account for deuteron
correlations in a Slater determinant formulation. The remaining 07, 27 and 23 states are
fitted to obtain the correct order of states. The 15 state is excluded from the fit and its
energy will be used as a check of the validity of the fitting procedure. We are not including
other states as the next known state of °Li is the 2] state with an excitation energy of
17.98 MeV, which has too large particle emission width for the HO-SM approximation to
be justified.

For "Li and "Be we take the states: J = 3/27, 1/27, 7/27, 5/27, 5/23, 3/23, 7/25,
and 1/2; ("Li only ). The most important states are the ground state and the first four
excited states. Particularly 7/27 and 5/27 show up in experimental cross-sections of 3He
and 3H scattering on *He. Moreover, 5/2; shows up in the elastic scattering of protons
over a SLi target. Furthermore, the 3/2;, 7/2;, and 1/2; ("Li only) states are included
because one risks obtaining these states too close in energy to other states, what would
contaminate the calculated cross-section.

Parameters of the optimized one-body potential which imitates the effect of *He core
on valence nucleons are shown in Tab. 5.1. Only the potential depth V[, and the spin-orbit
term Vs were fitted, whereas standard values were taken for the radius Ry, the diffuseness
d and the charge radius R.,. The statistical properties of the FHT interaction parameters
for p-shell nuclei have been analyzed in Ref. [127], where it has been noticed that they

IThe 1/25 state for “Be has not been observed.
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Table 5.2: Parameters of the FHT interaction used in this study to describe "Be, "Li and
8Be nuclei are compared to the FHT parameters reported in Ref.[127] for p-shell nuclei.
The statistical uncertainties of the calculated parameters are given in parentheses.

Parameter | FHT [127] FHT (this work) FHT(®*Be)
e 3.2 (220) 13.8 (232) 11.5 (26.4)
V10 5.1 (10) 538 (0.24)  -6.16 (0.47)
V00 21.3(66)  -31.5 (145)  -12.5 (9.3)
V0 5.6 (5) 5.3 (0.33)  -5.19 (0.33)
Vil 540 (1240) 2492 (2.7)  -202.3 (0.3)
Vil 121 (795) <111 (20) 194 (14.2)
V10 -14.2 (71) 20.05 (47)  0.05 (6.68)

bear a sizable statistical error. Because the effective space used in Ref. [127] is different
than the effective space used in our work, we expect that these two interactions will be
different. Nevertheless, we find that they are rather similar.

Table 5.2 compares parameters of the FHT interaction optimized in this work with
those given in Ref.[127]. One can see that the parameters of the interaction obtained in
the present optimization agree with those of Ref.[127] within the statistical errors.

5.2.3 Spectra of "Be and “Li

The lowest particle emission thresholds in “Be and "Li are *He + 3He and “He + 3H,
respectively. Therefore, the description of low-energy states in “Be and Li requires the
inclusion of the coupling to *He and 3H continua in “Be and 7Li, respectively. In this
section, we shall discuss the spectra of mirror nuclei “Be and “Li in the channel basis
comprising [“*He(07) ® *He(Lem Jint Jp)]7", [CLI(KT) ® p(£j)]7" in "Be, and [*He(07) ®
SH(Lew Jing Jp) )77, [CLI(KT) @ n(4j)]/" in "Li.

Figure 5.1 shows the GSM spectrum of SLi and the GSM-CC spectrum of “Li and
"Be. Wave functions of SLi states shown in this figure are used to build channel states in
"Li and "Be. To correct for missing channels in the model space, the matrix elements of
the channel-channel coupling potentials involving nucleon-projectile channels have been
multiplied by the tiny real factors c¢(J™) for 3/27, 1/27, 7/27, and 5/2; states. These
scaling factors are: ¢(3/27) = 1.0092, ¢(1/27) = 1.0156, ¢(7/27) = 1.0173, ¢(5/27) = 0.9955.

The agreement with experimental data for resonance energies is excellent. The cal-
culated widths are smaller than found experimentally. One may notice a change in the
order of higher lying levels 1/2;, 3/23, 7/2; between "Be and 7Li due to different threshold
energies and Coulomb energies. All energies of the states are given relative to the energy
of *He core. Calculated particle emission thresholds: *He + 3He and Li + p in "Be and
4He + 3H and SLi + n in 7Li, are corrected in the coupled-channel equations so that the
threshold energies correspond exactly to the experimental values.

The channels [SLi(KT) ® p(¢5)]”" ([SLi(KT) ® n(¢j)]’") in "Be ("Li), are built by
coupling the SLi wave functions with KT = 17, 11, 37, 07, 27, 27 with the proton (neutron)
wave functions in the partial waves £j: s1/2, pi/2, P3/2, d3j2, dsj2, fs72, fr/2. The cluster
channels [*He(07) ® 3He(Lowm Jint Jp)]7" ([*He(07) @ 3H(Lew Jint Jp)]7") are constructed
by coupling 3He (*H) wave function in partial waves: 2Sy/2, 2Pij2, 2 P39, 2Ds3j9, 2Ds)s,
2Fy)9, 2F7j9, with the inert *He core in J = 07 state. Detailed information about the
wave functions of low-energy "Be and "Li states can be seen in Tabs. 5.3, 5.4.
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Figure 5.1: (Color online) The calculated energy spectra of 7Li and "Be, are compared
with experimental data [199]. "Li and "Be are calculated in GSM-CC using the channel
basis with two mass partitions: 4He +3He, 6Li+p and *He +3H, SLi + n, respectively. The
spectrum of °Li is calculated in GSM and wave functions are expanded in the HO basis.
Numbers in the brackets indicate the resonance width in keV.

Fig. 5.2 shows the information about proton and 3He channels in "Be. As it can be
deduced from Tab. 5.3, the mirror system “Li shares a very similar channel decomposition
of the states as seen in “Be. The definition of orthogonal channel probability weights is
given by:

(W) = > [wewe )P = > b2 =1+0i. (5.13)

The sum over all channels of the real parts of channel weights Re[b?] is normalized to
1, whereas the sum of imaginary parts Zm[b?] is equal to 0. Additional information is
provided by the spectroscopic factors §? and by the occupancies of single-particle shells
for dominant configurations in the considered states (see Tab. 5.4).

Major amplitudes of channels [*He(07) ® 3He(Lem Jine Jp)]7", [CLI(KT) @ p(£7)]7" in
"Be are given in Tab. 5.3. A significant probability of the channel wave function [*He(01)®
SHe(Lom Jie Jp)]7" is seen only in low-energy states: JT = 3/27,1/27,7/27,5/27, which
are close to the He + 3He threshold. In higher lying states, the probability of this cluster
channel drops below 1%.

The ground state 3/27 and the first excited state 1/2] are influenced mainly by the
channels [*He(0}) ® 3He(Lcewm Jine Jp)]?" and [Li(17) @ p(p12)]/". In the 7/27 resonance,
the dominant contribution to the resonance wave function comes from the closed proton
channels: [6Li(37) ® p(psj2,1/2)]7/? . [PLi(2%) ® p(ps/2)]™/? ", and the open *He channel:
[*He(07) ® *He(*Frj2)]"/*.

The 5/27 resonance has still a significant component of the open channel [*He(07) ®
SHe(?F3/2)]°/?". However, the dominant contribution in the wave function of this res-
onance comes from the closed proton channels: [6Li(2]) ® p(psje,1/2)]%/?", [°Li(13) ®
p(ps/2)]?/? . The contribution of the open proton channel [(Li(17) ® p(ps/2)]*/? amounts
to about 2%.
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Table 5.3: Major GSM-CC probabilities of channels [SLi(K7) ® p(£j)]’" and [*He(07) ®
SHe(Lem Jimt Jp)]?" for "Be, and [CLi(KT)®@n(¢j)]’" and [*He(07) ® *H(Lom Jine Jp)]7"
for 7Li. Re[b2] denotes the real part of the channel probability (@ |w,)’. &2 corresponds
to the GSM-CC spectroscopic factor. The imaginary parts smaller than 0.01 have been

suppressed.
"Be;Jv 6Li; K™ 3He p TRe[b?] §? "Li;Jr SLi; K, SH p  Re[b?] §?
3/2; 2Py 0.31 0.04 3/2, 2Py 0.28 0.04
17 pya 022 0.43 13 pyp 023 0.44
13 pija 0.10 0.20 13 pijp 0.1 0.22
37 D3/2 0.18 0.41 37 D32 0.18 0.43
0 py2 0.10 0.22 0 py2 0.10 0.22
27 D1)2 0.02 0.05 27 D1)2 0.03 0.08
23 D3/2 0.03 0.07 23 D32 0.03 0.07
23 P1/2 0.03 0.08 23 D1/2 0.02 0.07
1/2; 2Py 0.33 0.04 1/2] 2Pyjs 0.31 0.03
1 psa 0.31 0.64 1 psp 033 0.67
17 D1)2 0.06 0.05 17 D1)2 0.03 0.06
0 pip 007 0.17 0 pip 008 0.19
2 pya 0.12 0.27 2t pya 0.11 0.23
2 psp 0.06 0.14 2% psp 008 0.19
13 P2 0.06 0.12 13 piya 0.06 0.13
7/2; 2F7/2 0.22 0.03+0.021 7/2; 2F7/2 0.21 0.034-0.01i
37 D3/2 0.33 0.70 37 D3/2 0.32 0.68
37 D1)2 0.18 0.37 37 D1)2 0.19 0.40
2 pyp 0.07 0.16 2t pyp 0.1 0.23
23 psy 0.19 0.43 2 psp 017 0.38
5/2, 2F5 0.24  -0.1540.06i 5/2, 2Fss 0.26 -0.094-0.08i
1t py2 0.02 0.02-0.02i 13 pyp 0.01 0.01-0.02i
37 D3/2 0.05 0.11-0.07i 37 D3/2 0.05 0.11-0.04i
21 pya 022 0.45-0.11i 21 p3p 0.19 0.40-0.08i
27 D1)2 0.09 0.19-0.061 27 D1)2 0.08 0.14-0.031
2 py2 0.05 0.09-0.04i 2 pyp 0.07 0.13-0.04i
2% D1)2 0.10 0.23-0.06i 23 D1)2 0.11 0.27-0.061
15 pyp 023 0.47-0.12i 13 pyp 023 0.47-0.10i
5/2, 2Fy 0.01  -0.01+0.01i 5/2, 2Fy 0.01  -0.004-+0.006i
17 D3/2 0.46 0.61+0.061 17 D3/2 0.54 0.674+0.04i
3 pap 018 0.2740.02i 3t pya 0.15 0.24-+0.01i
37 D1)2 0.27 0.40-0.041 37 D1j2 0.25 0.37-0.041
2 py2 0.06 0.10-0.07i 2t py2 0.05 0.08-0.05i
23 D3/2 0.01 0.03+0.01i 23 D3/2 0.01 0.024-0.01i
23 D1/2 0.01 0.03-0.03i 23 D1)2 0.01 0.02-0.021
3/2, i py2 0.2 0.16+0.02i 3/2, 17 P32 0.13 0.1740.02i
17 D1)2 0.35 0.46+0.01i 17 D1)2 0.35 0.46-+0.021
37 D3/2 0.04 0.05+0.021 37 D32 0.04 0.05
2f paja 0.28 0.42-0.05i 27 Py 027 0.41-0.06i
2 piz 0.09 0.14-0.01i 2t Pz 0.09 0.15-0.02i
13 psyy 012 0.18-0.03i 1 psp 010 0.16-0.03
15 pija 001 0.02 13 pip 0.01 0.01
1/2, i py2 0.02  0.03+0.01i 1/2, 17 py2 0.03 0.0340.01i
17 D1)2 0.45 0.61+0.021 17 D1)2 0.46 0.6040.04i
21 pya 0.1 0.16 21 pyp 0.11 0.17-0.01i
13 D3/2 0.39 0.60-0.071 13 D3)2 0.37 0.59-0.081
13 pip 0.02 0.03 13 pip 0.02 0.04-0.01i
7/2; 37 D3/2 0.45 0.61+0.051 7/2; 37 D32 0.48 0.664-0.061
37 D1/2 0.40 0.53-0.061 37 D1j2 0.36 0.50-0.041
2 py2 0.16 0.23-0.07i 2t py2 0.16 0.24-0.02i
23 D3/2 0.01 0.0014-0.003i 23 D32 0.01 0.014-0.01i
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Figure 5.2: The channel decomposition for selected states of "Be. In different colors, we
show the summed GSM-CC probabilities of p and 3He channels. Detailed information
about major GSM-CC channel probabilities and spectroscopic factors in individual states
of "Be can be found in Tab. 5.3. Information about the number of protons and neutrons
in different shells is given in Tab. 5.4.

The close lying 5/2; resonance has a completely different structure than the 5/27 res-
onance. The amplitude of *He channel: [*He(07) ® 3He(2F55)]%/?", is close to 1% and the
wave function is influenced mainly by the open proton channel: [SLi(17) ® p(ps/2)]*/?,
and the closed proton channels: [SLi(3])®p(psj2,1/2)]°/% . Hence, we predict that 5/27 res-
onance is excited mainly in “He + 3He reaction and decays mostly by the emission of 3He,
whereas 5/2; resonance is excited mainly in 6Li + p reaction and decays predominantly
by the proton emission.

In the 7/25 resonance, the summed probability of [*Li(37) ® p(ps/2,1/2)]7/? channels
is 85% and the weight of the cluster channel [*He(07) ® 3He(?Fr/2)]7/? is negligible.
In the resonances 3/2; and 1/2;, the channels [SLi(1}) ® p(psj2,1/2)]’" dominate with
a summed probability of 47%. Slightly smaller contributions come from the channels
[SLi(1%) @ p(psje,1/2)]2, [PLi(27) ® p(psj2,1/2) %% for 1/25 and 3/23, respectively. Other
channel wave functions, including the [*He(07) ® 3He(Lem Jine Jp)]”” channel, have a
negligible weight in these states.

Major amplitudes of the channels [*He(07) ® 3H(Lcm Jime Jp)]?" and [SLi(KT) ®
n(¢7)]’" in "Li can be found in Tab. 5.3. As in "Be, a significant probability of the
channel wave function [*He(07) ®3H(Lcm Jine Jp)]7" is seen only in the low-energy states:
Jr=3/27,1/27,7/27,5/27, which are close to the *He + 3H threshold. At higher excitation
energies, the probability of the [*He(07) ® *H(Lcym Jine Jp)]?" channel diminishes rapidly
below 1%.

In general, mirror symmetry between low-energy wave functions in “Be and "Li is
satisfied very well. Major probabilities are close in higher energy resonances 3/2;, 5/25,
and 7/2; states. For example, the probability of channels: [°Li(17) ® p(ps;2)]** and
[SLi(37)®p(ps/2,1/2)]*? in "Be are 0.46 and 0.45, respectively, whereas the mirror channels
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Table 5.4: Number of protons (neutrons) in resonant shells: ¢ =1 (p) and non-resonant
shells of the scattering continuum: ¢ =0 ({s}), £ =1 ({p}), £ =2 ({d}) are shown for the
largest configurations in different GSM eigenfunctions of "Be ("Li). Re[a?] denote real
parts of the studied squared configuration amplitudes. Only occupancies higher than 5%
are shown.

JT b {p} {d} {s} Re[al] J._p  {p} {d} {s} Ref[al]
Be 3/27 2pln 0 0 0 0.83 Li 3/27 1p2n 0 0 0 0.83
1p 0 1pln O 0.06 1p 0 1Ipln O 0.07

1/27 2pln 0 0 0 0.82 1/2; 1p2n 0 0 0 0.83
7/27 2pln 0 0 0 0.84 7/27 1p2n 0 0 0 0.85
5/27 2pln 0 0 0 0.83 5/27 1p2n 0 0 0 0.83
5/2; 2pln 0 0 0 0.77 5/2; 2pln 0 0 0 0.78
1pln  1p 0 0 0.09 1pln 1n 0 0 0.09

1p 0 1pln O 0.05 1n 0 1pln O 0.06

3/2; 2pln 0 0 0 0.75 3/2; 1p2n 0 0 0 0.76
1pln 1p 0 0 0.12 lpln 1n 0 0 0.11

1p 0 1pIn O 0.05 1n 0 1Ipln O 0.05

1/2; 2pln O 0 0 0.75 1/2; 1p2n 0 0 0 0.77
lpln 1p 0 0 0.11 In 0 1Ipln O 0.05

1p 0 1pln O 0.06 1n 0 1pln O 0.05

7/2; 2pln 0 0 0 0.77 7/2; 1p2n 0 0 0 0.78
lpln 1p 0 0 0.13 lpln  1n 0 0 0.11

in “Li have the weights 0.54 and 0.40.

Occupancies of single-particle shells in the GSM wave functions of "Be and 7Li are very
similar in all considered many-body states. The probability of occupying the scattering
continuum shells in "Be and 7Li is small and does not exceed 15% (see Tab. 5.4). However,
even in low-lying states: JT = 3/27, 1/27, 7/27, 5/27, the occupation of shells in the
scattering continuum, i.e. the complement of the resonant-shell probability (proton only
in Tab. 5.4), amounts to about 17% and increases to ~25% for higher lying states.

Table 5.3 shows also the real part of GSM spectroscopic factors for different states
of "Be and °Li. One may notice a good qualitative agreement between the real part of
the one-proton channel weights and their corresponding SFs, i.e. large probabilities of
channels: [SLi(KT) ® p(¢j)]’", are closely related with the large SFs: "Be(J™) — p(4j) ®
SLi(KT). Similarly for 7Li, there is a close qualitative relation between the magnitude of
the channel amplitudes: [SLi(K7)®n(¢j)]/" and SFs: "Li(J™) — n(¢j) ®Li(KT). Hence
the channel amplitudes and the SFs, both independent of the choice of the single-particle
basis, provide useful information about the structure of many-body states. One may also
notice the negative SFs for the cluster wave functions. These require a different analysis
to give an interpretation and will be discussed in Chap. 6.

5.2.4 Reaction cross-sections involving "Be and "Li as composite
systems

In this section, we shall discuss the reaction cross-sections ‘He(*He, 3He) , “He(3H,
3H), and SLi(p,p). The GSM-CC cross sections are calculated by coupling the real-
energy incoming partial waves to the states of 4He or 6Li given by the Hermitian Hamil-
tonian. GSM-CC calculations are performed using COSM coordinates [126] but the
reaction cross sections will be expressed in the CM reference frame. The initial en-
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Figure 5.3: (Color online) The GSM-CC elastic differential cross sections of the reaction
4He(3H,*H)*He, calculated at four different CM angles, are compared with the experi-
mental data (in dots) [199]. 3H bombarding energy is given in the laboratory frame.

ergy is F(COSM) = E;S)(j)SM) + EéCOSM), where E(COSM) EISSD?SM), and EéCOSM) are the

total energy, the projectile energy, and the GSM target binding energy, respectively.
One has Eéii?) ~ 1.25 EI()S)?SM) for *He(®*H,*H)*He and *He(®He,*He)*He reactions and

Em™) 1 07 BCOSM ¢or the 6Li(p,p)SLi reaction [15].
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Figure 5.4: The same as in Fig. 5.3 but for the reaction *He(3He,3He)*He. Experimental
data (in dots) are from Ref.[199].
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Figure 5.3 shows the *He(*H,?H)*He differential cross section calculated in GSM-CC
(solid line). Triton bombarding energy is given in the laboratory frame. The calculation
is performed using the same Hamiltonian and the same model space as used in the cal-
culation of the spectra of %7Li. 3H energies in Fig. 5.3 are in the CM reference frame.
The estimated error on experimental results varies with the 3H bombarding energy and
amounts to about 10% [199]. Peaks in the calculated cross section correspond to 7/27,
5/27, and 5/25 resonances (see Fig. 5.1). The agreement between theory and experi-
ment is satisfactory at backward angles whereas at forward angles the GSM-CC approach
underestimates experimental cross-sections.

Similarly, Fig. 5.4 shows the “He(*He,>He)*He elastic differential cross section calcu-
lated in GSM-CC (solid line) at different CM angles. The GSM-CC cross section provides
a good description of experimental cross-sections at large angles. At ©¢y < 90 deg, the
calculated cross sections underestimate the experimental ones. The situation seems to
be similar to the analogous reaction 4He(3H,?H)*He. However there is a subtle difference
in the 5/2; peak. Indeed, in the reaction with the triton projectile the peak is more
pronounced than with a 3He analogue peak. This agrees with what is observed in experi-
mental data. The discrepancies observed at low angles may be attributed to the absence
of cancelations arising from missing partial waves.

Figure 5.5 shows the proton elastic differential cross section °Li(p,p)°Li calculated in
GSM-CC (solid line) at different CM angles. The reproduction of the experimental data
is decent. The width of the 5/2; state is narrower than observed experimentally. The
5/27 state does not show up in the proton scattering cross-section. This correlates with
the small probability of the [SLi(17) ® p(ps/2)]*? channel in the spectrum calculations.
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Figure 5.5: The GSM-CC elastic differential cross sections of the reaction 5Li(p,p)SLi at
three different CM angles are plotted as a function of proton energy and compared with
experimental data (in dots) [200]. Proton bombarding energy is given in the c.m. frame.
Both GSM-CC and experimental cross sections are divided by the Rutherford cross sec-
tion.
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5.3 Description of 8Be

The 8Be nucleus plays a crucial role in the He-burning process, particularly in the for-
mation of the Hoyle state in 12C, which ultimately leads to the production of 160. A
fundamental aspect underlying the production of 12C, 160, and heavier elements through
the He-burning process is the presence of a-clustering, which consistently emerges near
the threshold for a-cluster decay in these nuclei. The a-clustering phenomenon plays a
key role in understanding the synthesis of these elements.

The lowest particle emission threshold in 8Be is *He + “He. Hence, the description
of low-energy states in 8Be demands the inclusion of the coupling to He continuum. In
addition, we use the partitions: "Be + n, “Li + p, and Li + d. Hence, we shall discuss the
spectrum of 8Be in the channel basis comprising four partitions calculated in the GSM-CC
formalism.

5.3.1 Model space for ®Be

Similarly to Sect. 5.2.1, the GSM calculations of ®7Li and "Be are done with a “He
core and two or three valence nucleons (one proton and one neutron for SLi, and two
protons(neutrons) and one neutron(proton) for “Be(7Li)). Hence, the 0s1/, HO shells are
fully occupied and inert. The valence space is the same as described in Sect. 5.2.1 with
an added set of shells {gg/2} and {g7/2} in the scattering continuum to account for ¢ = 4
interactions.

On the other hand, the internal structure of *He-projectiles is calculated using the
N3LO interaction [198] without a three-body contribution. The N3LO realistic interaction
is diagonalized in eight HO shells to generate intrinsic states of 4He. The oscillator length
chosen for this calculations is b = 1.70 fm. With this space and oscillator length, the
calculated energy of the ground state 0 of *He is -26.32 MeV, whereas the experimental
value is -28.30 MeV. Using the same parameters and interaction, we can also calculate
the internal structure of deuteron projectiles. This yields an energy of -1.95 MeV for the
1* ground state of deuteron, whereas the experimental value is -2.2 MeV. Similarly to the
calculations done with the "Be and "Li systems, we use the experimental binding energy
of *He to assure the correct energy of the *He + 4He threshold.

Channels with one-proton (one-neutron) projectile are built by coupling the “Li ("Be)
wave functions having KT = 3/27, 1/27, 7/27, 5/21, 5/25, 3/25, 1/25, 7/25 with the proton
(neutron) wave functions in the partial waves £j: 512, P1/2, P3j2, dsj2, dsj2, f5/2, fr/2, 97/2;
goj2- The cluster channels [*He(07) ® ‘He(Lom Jine Jp)]7" are constructed by coupling
“He wave function in partial waves: 15y, 1Py, 1Dy, 1F5, 1G4 with the “He core in KT =07
state. The deuteron channels [SLi(KT) ® 2H(Lcm Jint Jp)]7" are constructed by coupling
the deuteron wave function in partial waves: 35Sy, 3Py, 3P, 3Py, 3Dy, 3Dy, 3D3, with the
6Li target in KT =17,37,07,27,23, 1} states.

5.3.2 Interaction for A=7,8 systems

Because the model space differs slightly from what was used in the previous example for
A =6,7 nuclei (we include also the g-shells), we expect that the effective interaction will
change as well. Nevertheless, the interaction for 7Li and “Be should provide a good
starting point for constructing the interaction in 8Be. We do not change the optimization
scheme from the previous calculations, so we keep the one outlined in Sect. 3.5.1. The
systems that we optimize are "Li and "Be (for the targets), and #Be (for the compound
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Table 5.5: Parameters of the one-body potential optimized to describe the GSM spectrum
of 8Be. From top to bottom: central potential depth, spin-orbit potential depth, radius,
diffuseness and charge radius. The statistical uncertainties of optimized parameters are
given in parentheses.

Parameter Neutrons  Protons
Vo (MeV) 50.0(1.6)  49.8(1.6)
Vis (MeV fm?2) | 4.78(1.65) 5.02(1.74)
Ry (fm) 2.0 2.0
a (fm) 0.65 0.65
Rch (fm) - 2.5

system). The same argument to justify a fit with a HO-SM calculation given in the
A = 6,7 case is valid for this calculation. Hence, the optimization of the interactions is
done also within a HO-SM framework.

In the optimization procedure for “Li and "Be, we take the following states: KT = 3/27,
1/27, 7/27, 5/27, 5/25. The 5/27 and 5/2; states of "Li are close to the neutron emission
threshold, therefore we expect that near-threshold correlations can be important. Thus,
the HO-SM will not give an appropriate result for these particular states. Nevertheless,
we choose to include the 5/2- doublets of 7Li to treat both A = 7 nuclei symmetrically in
the optimization. The higher lying 3/2;, 1/2;5 ("Li only) and 7/2; states are used to check
the fitted interaction. For 8Be, we do not take the 07, 2] and 4] states in the fit because
they may have strong a-particle correlations that the GSM and HO-SM cannot take into
account. We instead focus on fitting states that are closer to the proton and neutron
thresholds. We choose the states: J =23, 2%, 17, 13, 37, 33, 45, 03, and 3%. The most
important states for this case are the doublets with spin 1* and 3* as they are supposed
to be close to each other and close to the thresholds. This means that if we want to see
the near-threshold effects in the structure of 8Be, these states are ideal for that purpose.

The parameters of the optimized one-body potential which simulate the effect of *He
core are shown in Tab. 5.5. The parameters of the FHT interaction are shown in Tab.
5.2. The statistical errors are considerably smaller for V! and V.%°. The reason for this
reduction may be related to the larger number of states included in the fit as compared
to the studies presented in Sect. 5.2 and in Ref. [127].

Detailed information about the wave functions of low-energy 8Be states can be seen
in Fig. 5.7 and Tabs. 5.7 and 5.6. The decomposition of low-energy wave functions in
the channel probabilities is shown in Tab. 5.6. Additional information is provided by the
occupancies of single-particle shells for dominant configurations in the considered states
(see Tab. 5.7).

5.3.3 Spectrum of %Be

The ground state of ®Be is unbound and slightly above the a-particle emission threshold.
Therefore, the description of the ground state and the first few excited states requires
the inclusion of couplings to the *He continuum. In this section, we shall discuss the
spectrum of 8Be in the channel basis comprising the [*He(07) ® *He(Lom Jine Jp])]77,
[*Li(KT) ® 2H(Lcowm Jime Jp])]7", [TLI(KT) @ p(£5)]7", and ["Be(KT) ®@n(¢5)]’" channels.

Fig 5.6 shows the GSM-CC spectrum of 8Be. The interaction matrix elements entering
the microscopic channel-channel coupling potentials for one-nucleon reaction channels
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Table 5.6:  Major probabilities of channels [TLi(KT) ® plj]’", ["Be(K[T) ® nlj]’",
[CLi(KT) @ 2H(Lcwm Jine Jp)]7", and [*He(07) ® *He(Lom Jing Jp)]7" for selected states in
8Be. Re[b?] and §? denote the real part of the orthogonal channel probability (1TJC|wC)2
and the GSM-CC spectroscopic factor, respectively.

8Be; J7 | "Li; K™ "Be; K™ SLi; K™ | “He p/n d | Re[b?] S?
07 3/2] D32 0.27 1.21
3/2] D3/2 0.26 1.19
1So 0.15 0.37
1/2 P1j2 0.09 0.41
137 351 0.07 0.33
27 3/2] D3/2 0.11 0.46-0.03i
3/2] D32 0.11 0.46-0.03i
1D, 0.10  0.3040.161
1/2] D32 0.09 0.41-0.03i
1/2] D32 0.09 0.31-0.02i
3/2] D1j2 0.07  0.31-0.02i
_ 3/2] P12 0.07  0.31-0.02i
2% 3/2 ) D3/2 0.26 0.61
5/2] D3/2 0.12 0.47
3/2] D3/2 0.11 0.23
1/2] D3/2 0.08 0.19
23 D3 | 0.07 0.31
17 35 0.08 0.37
5/2; P12 0.05 0.22
37 351 | 0.05 0.01
3/22 D3/2 0.05 0.24
17 1/2; ) D32 0.19 0.43
1/2] D32 0.15 0.33
3/2] D1y2 0.12 0.25
5/2] D3/2 0.10 0.33
5/2] D32 0.08 0.26
3/2; P2 0.08 0.16
13 3/2] D1j2 0.16 0.34-0.01i
3/2] D1/2 0.13  0.2940.01i
37 3Dy | 0.12 0.38-0.01i
1/2] D32 0.11  0.2440.01i
27 3D3 | 0.10 0.16
1/2] D3/2 0.07  0.14-0.01i
5/2] D32 0.06 0.23
1/2, P32 0.06 0.22
1/2, D3/2 0.06 0.21-0.01i
37 7/27 D3/2 0.18 0.50-0.01i
3/2] D3/2 0.13  0.2940.01i
5/2] D32 0.11 0.36
7/2] D32 0.11 0.28-0.01i
7/2] P1/2 0.07  0.2140.01i
5/2] P1/2 0.07 0.21
33 3/2] D3/2 0.13  0.3240.01i
/2, P12 0.13 0.40
5/2] D3/2 0.09 0.27
7/2] D3/2 0.07  0.2140.01i
13 3Ds | 0.06 0.26-0.01i
37 351 | 0.06 0.29-0.01i
5/2] P1/2 0.06 0.17
7/27 P1/2 0.05 0.19-0.01i
47 7/2, D3/2 0.14  0.624-0.03i
7/2] D3/2 0.13  0.604-0.03i
5/2, D3/2 0.12  0.5540.01i
7/27 D1j2 0.10 0.46
7/2] D1j2 0.10 0.47
1Gy 0.03  0.094-0.15i
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Table 5.7:  Number of protons and neutrons in resonant shells: ¢ = 1 (p) and non-
resonant shells of the scattering continuum: ¢ =0 ({s}), =1 ({p}), £ =2 ({d}) for largest
configurations in different GSM eigenfunctions of 8Be. Re[a?] denote the real parts of
the squared configuration amplitude.

7 v ) {0 {5 Rea]
8Be 07 2p2n O 0 0 0.82
27 2p2n O 0 0 0.82

25 2p2n O 0 0 0.83

25 2p2n O 0 0 0.81
lpIn 0 1pln O 0.05

17 2p2n O 0 0 0.80
Ipln 0 1pln O 0.05

13 2p2n O 0 0 0.80

13 2p2n O 0 0 0.79

37 2p2n 0 0 0 0.81

35 2p2n 0 0 0 0.81
lpln 0 1pln O 0.05

35 2p2n 0 0 0 0.80

have been rescaled by the tiny complex multiplicative corrective factors ¢(J™): ¢(0%) =
1.022, ¢(2*) = 1.034 + 0.0015i, c(4*) = 1.036 + 0.027, ¢(1*) = 1.022 + 0.000137, ¢(3*) =
1.019 + 0.0035¢ to correct for missing channels in the model space.? Additionally, the
channel-channel coupling potentials for o channels have been rescaled by the corrective
factors ¢, (2*) = 1.0+0.06¢ and ¢, (4*) = 1.0+0.2¢. The channel-channel coupling potentials
associated to deuteron channels are left unchanged.

Figure 5.6 shows the spectrum of 8Be calculated with and without the deuteron chan-
nel. One may notice that the agreement with the experimental data for resonance energies
and widths is good, especially if the deuteron channels are included. In contrast to the
calculation of A = 7 nuclei, where real correction factors were used, the studies of 8Be
have been done with complex corrective factors to correct for missing reaction channels.
The energy spacing of resonances in the (17;17) doublet is somewhat larger in GSM-CC
calculation than in the data. The inclusion of the deuteron channel helps to close the gaps
between states of each doublet: (17;1%), (23;2%), (37;3%). In the description of the ground
state 07, and excited states 27, 47, inclusion of the deuteron channel does not improve
the agreement between the GSM-CC calculation and the data.

Fig. 5.7 shows the relative probability of channels [TLi(K7T) ® p(¢5)]’", [[Be(KT) ®
n(45))]”" ], [PLi(KT)®2H(Lem Jime Jp)]7", and [*He(07) ®@*He(Len Jine Jp)]7" in different
states of ®Be for a full calculation and a calculation without the deuteron channel. One
may notice that the [*He(07) ® *He(Lcym Jine Jp)]?" channels play a role only in the two
lowest states: 07, 27. The contribution of a-cluster channels is small in 4] resonance, and
disappears whatsoever in higher-lying states.

The weight of proton and neutron channels in these states is roughly identical (see
Tab. 5.8) whether the deuteron channels are included or not. This is not the case in
higher energy doublets: (17;13), (23;2%), (37;33). Independently on whether we include
the deuteron channels or not, the lower-energy member in each of those doublets car-

2The calculation without deuteron channels uses the corrective factors: ¢(J™): ¢(0%) = 1.024, ¢(2*) =
1.034 + 0.0015¢z, ¢(4*) = 1.033 + 0.024, ¢(1*) = 1.023 + 0.00016¢, ¢(3*) = 1.018 + 0.004i. The corrective
factors for the alpha channels are ¢, (2*) = 1.0 + 0.06¢ and ¢, (4%) = 1.0 + 0.24.
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Figure 5.6: Energy spectrum of 8Be calculated in GSM-CC using the channel basis with
four mass partitions: [*He(07) ® ‘He(Lem Jine Jp) )77, [CLI(KT) ® 2H(Lom Jims Jp)]77,
["Li(KT)®p(¢7)]’", and ["Be(KT)®n(fj)]’" is compared with the experimental spectrum
and a spectrum calculated without the deuteron channels. Numbers in the brackets
indicate the resonance widths in keV. All energies of the states are given relative to the
energy of *He core. Experimental particle emission thresholds: *He + “He and "Li + p,
and “Be + n are given in dashed lines in the figure.
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Figure 5.7: The channel decomposition for selected states of 8Be. In different colors, we
show the summed GSM-CC probabilities of p, n, *He, and d channels. On the left panel
we show the distribution where the deuteron channels are absent, and on the right panel
we show the calculation with all channels. The dashed horizontal line at 0.5 in the left
panel is drawn to facilitate analysis of the symmetry between proton and neutron channels
in the doublet states. Detailed information about major GSM-CC channel probabilities
and SFs in individual states of 8Be can be found in Tab. 5.6. Information about the
number of protons and neutrons in different shells is given in Tab. 5.7.

ries a larger weight of ["Li(KT) ®p(¢j)]’" proton channels, whereas in the higher-energy
partner the neutron channels ["Be(KT) ® n(¢j)]’"] are more important. In particular,
this effect is attenuated in the doublet (37;3%) which is seen slightly above the neutron
channel ["Be(K7T) ® n(¢j)]’". The lower-energy member still carries a larger weight of
the ["Be(KT) ®p(¢5)]’"] proton channels, whereas its higher-energy partner the neutron
channels ["Li(KT) ®n(¢j)]’" play a slightly larger role. The isospin structure of states
in the doublets cannot be calculated in GSM-CC. The main difficulty of the calculation
of T? comes from the fact that it would require all channels, like those with mass parti-
tions core + p/n, core + 2p/2n/d, core + 3p/3n/3He/?H, etc., which require 2/3/4-body
asymptotics, etc. Moreover, for an exact treatment of 72, the wave functions of protons
and neutrons need to be the same and this is not the case in GSM-CC.

The deuteron channels play an important role in the considered wave functions. The
probability of these reaction channels surpass even the channels [*He(07)®*He(Lcm Jint Jp)]7"
in 27, 47 resonances. The uneven distribution of the deuteron channels in the doublets
(17;1%), (23;23), and (37;3%) allows to understand why the energy gap between members
of the doublet changes when this channel is included. As seen in Tab. 5.8, the inclusion
of the deuteron channels does not change qualitatively the relative importance of proton
["Li(KT)®p(¢j)]’" and neutron ["Be(KT)®n(¢j)]’" channels in the partner state of each
doublet. Therefore, it does not correct the interplay between the other partitions, but its
uneven contribution between doublet states corrects the energy gaps that are otherwise
bigger. Generally, the contribution of the deuteron channels is in the range from ~10% to
~25%. The higher lying 47 state contains no a-channel component and is symmetric in the
contribution of proton and neutron channel functions. The probability of the deuteron
channel in this state is very important and equals ~16%. However, this probability is
distributed equally among all deuteron channels with small individual probabilities up to
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Table 5.8: The summed real parts of the channel probabilities for each mass partition
in a GSM-CC calculation of 8Be. On the left, the calculation without the 6Li + d mass
partition. On the right, the calculation with all four mass partitions.

state No deuteron included Full calculation
Jr | "Li+p "™Be+n “He+*He | Li+p "Be+n *He+ *He °OLi+d
07 0.409 0.404 0.186 0.368 0.363 0.139 0.130
27 0.439 0.433 0.128 0.381 0.375 0.104 0.139
47 0.486 0.478 0.036 0.409 0.402 0.029 0.160
23 0.535 0.465 0.000 0.479 0.391 0.000 0.130
2% 0.479 0.521 0.000 0.364 0.432 0.000 0.204
17 0.537 0.463 0.000 0.486 0.417 0.000 0.096
13 0.479 0.521 0.000 0.358 0.388 0.000 0.254
37 0.513 0.487 0.000 0.467 0.413 0.000 0.119
33 0.494 0.506 0.000 0.378 0.421 0.000 0.201
43 0.501 0.498 0.001 0.380 0.377 0.001 0.242
25 0.529 0.471 0.000 0.477 0.422 0.000 0.100
0% 0.522 0.478 0.000 0.472 0.461 0.000 0.067
~3%.

The probability of an open cluster channel [*He(07) ® *He('Sp)]°" in the ground state
07 amounts to 15% if the deuteron channels are included. This cluster component con-
tributes in the first excited state 27 as well, with a contribution of 10%. The total contri-
bution of closed channels in this 27 state is spread over many proton and neutron channels.
The second excited state 47 contains only a small contribution of the channel function
[“He(0%) ® *He(*G4)]*": Re[b?]=3%. The major contributions to the wave function are
given by closed proton channels: [TLi(7/27) ® p(psj2, p172)]*", [TLi(5/23) ® p(ps2)]*", and
neutron channels: ["Be(7/27) ® n(psj2, p1j2)]*", ["Be(5/25) @ n(psj, p172)]*", [Be(5/2;) ®
n(ps2) "

The real parts of the channel weights Re[b?] and spectroscopic factors §? in different
eigenstates of ®Be follow a similar qualitative tendency, namely large channel probabilities
are associated with large spectroscopic factors (see Tab. 5.6). In a GSM calculation, major
occupation of single-particle shells in different states of ®Be is seen for resonant shells ps/s,
p1/2- The occupation of non-resonant shells in the scattering continuum is not negligible
only in higher-energy eigenstates, such as 23, 17 or 33, but the real part of the squared
configuration amplitude in these cases is rather small and does not exceed around 5% (see
Tab. 5.7).

As can be seen in Tab. 5.6, the states of the doublet (23:2%) do not show the presence
of the same dominant deuteron channels in the decomposition of their wave function.
Significant differences in deuteron channels composition are also seen among the states
of the doublets (17;13), (371:;3%). The asymmetry of the deuteron contributions in the
doublets (11;13), (24;2%), (37:3%) can be attributed to the orthogonality of these states
rather than to the deuteron threshold effect, which is too high in energy to be of any
importance.
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5.4 Description of spectra of *’Sc, *Ca, **Ti, and
transfer reaction “°Ca(d,p)*'Ca

In this section, we shall discuss in GSM-CC the reactions: 4°Ca(p,p)*°Ca, 4°Ca(n,n)*°Ca,
40Ca(d,p)'Ca, and spectra of A = 41,42 nuclei using a 4°Ca with valence nucleons.

Measuring the cross sections directly at stellar energies poses significant challenges,
particularly when dealing with charged particles. Consequently, indirect methods such as
transfer reactions are employed to determine the desired reaction rates relevant to astro-
physics [201, 202]. Specifically, (d,p) reactions have been extensively studied to extract
SFs for isotopes of astrophysical importance, enabling the constraint of neutron-capture
rates [203-207]. These one-nucleon transfer reactions are particularly valuable in the in-
vestigation of nuclear response to nucleon addition (single-particle strength) across various
energy, angular momentum, and parity conditions. Traditionally, one-nucleon transfer re-
actions to bound states provide insights into direct capture, while those populating the
continuum are employed to extract information about resonant and/or compound capture.

Calculations with a 4°Ca core were done for: 42Ca, 42Sc and 4?Ti. A single mass
partition was used for 2Ca and 42Ti consisting of 4'Ca + n and 4'Sc + p, respectively. For
42Sc we use three different partitions: *'Ca + p, ¥'Sc + n and *°Ca + d. In this section
we shall discuss the spectra and reactions associated to these systems, with particular
emphasis in the “°Ca(d,p)*'Ca transfer reaction.

5.4.1 Model space for calculations with a *Ca core

The GSM calculation of the A = 41 targets: 4'Ca and %!'Sc, are performed with a 4°Ca
core with one valence neutron and proton, respectively. This means that the 0sy2, Ops/2,
0p1/2, 0ds/2, 151/2 and 0dss shells are fully occupied and inert. The valence space consist
of four main resonant-like HO shells 0f7/2, 0fs5/2, 1psj2, 1p1/2 and several scattering-like
subdominant HO shells in {s1o}, {p3jo}, {p1/2} {dss2}, {daso}, {fr2}, {f52}, {99s2}. {972}
partial waves, which verify n < 5. Similarly to the studies with a “He core presented
above, the scattering-like HO states approximate the non-resonant continuum, and addi-
tionally, reduce the size of the GSM matrix. In this case, we truncate the basis of Slater
determinants by limiting the excitation energy to 14Aw.

The internal structure of the deuteron projectiles is calculated using the N3LO in-
teractions withouth the three-body contribution [198]. The N3LO realistic interaction is
diagonalized in ten HO shells to generate the intrinsic states of deuteron. The oscillator
length chosen for this calculations is b = 1.88 fm. With this space and oscillator length
the calculated energy of the ground state 1% of deuteron is —1.95 MeV, whereas the ex-
perimental value is —2.22 MeV. Contrary to the examples shown in previous sections, we
set the binding energy of the deuteron to —2.1 MeV to reproduce better the calculated
spectra and reactions.

Channels with one-nucleon projectile are built by coupling the #Ca(*Sc) wave func-
tions with (K7 = 7/27,3/27,5/27,1/27) and a proton or a neutron wave function in the
partial waves e] 81/2, P1/2, P3/2, d3/2, d5/2, f5/2, f7/2, gr/2, 99/2- The deuteron channels
[40Ca(07) ® 2H(Lcm Jine Jp)]?" are constructed by coupling the deuteron wave function
in partial waves: 351, 3Py, 3Py, 3P, 3Dy, 3D, 3D3, with the inert 4°Ca core in KT = 07
state. The break-up of deuteron can be taken into account by including the scattering
deuteron eigenstates arising from a Berggrem basis diagonalization [35]. However, for the
study of the (d,p) reaction, we only consider a small deuteron projectile energy of about
1.8 MeV, hence deuteron break-up cannot occur. Finally, the HO composite states have
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Table 5.9: Parameters of the one-body potential for protons and neutrons optimized to
describe the spectra of 41:42Ca and #2Sc. From top to bottom: central potential depth for
protons, spin-orbit strength for protons, central potential depth for neutrons and spin-
orbit strength for neutrons for partial waves £ =0,1,2, 3, 4.

Parameter | /=0 (=1 (=2 (=3 (=4
Vo(p) 50 55.142 62 56.601 56.5
Vis (p) 6012 5 283 7
Vo(n) 60.5 54.302 59.5 54.204 40
Vis(n) — 5.007 2 2.850 2

Table 5.10: Parameters of the FHT interaction used in this study to describe 442Ca and
42Sc¢ nuclei.

Parameter | FHT
Vi 17.745
V10 -4.516
/00 -0.210
Vot -7.386
VI;S? -2509
Vis 1000
VT11 -4.102
VT10 -1.257

their energy truncated at EHO = 8hw.

max

5.4.2 Interaction for A =41,42 systems

Parameters of the optimized one-body potential which simulates the effect of 40Ca core
are shown in Tab. 5.9. Both the WS potentials for protons and neutron use a standard
value for diffuseness d = 0.65 fm and a radius Ry = 1.27AY3 = 4.34 fm and they are the
same for all partial waves. Parameters of the WS potential for ¢ = 1,3 have been fitted to
reproduce the single-particle states of 4!Ca and 'Sc: KT =7/27, 3/27, 5/27, and 1/2]. The
core potentials for £ = 0,2, 4 partial waves do not play a significant role in the structure of
A =41,42 nuclei. Their values were instead fitted to reproduce the reaction cross-sections
that will be presented in Sect. 5.4.3.

The parameters of the FHT interaction are shown in Tab. 5.10. The FHT interaction
is fitted to reproduce the low lying spectra of A = 42 nuclei. For 4'Ca and #!Sc only the
ground state 07 and the first excited state 2] were fitted, whereas for 42Sc the states:
JIr =01, 17, 77, 37, 57 and 27 were taken into account.

5.4.3 Spectrum and reactions with a ¥°Ca core and valence par-
ticles

Let us now discuss the spectra of 42Ca, *2Ti and #2Sc. 42Ca and #2T1i use a single mass
partition consisting of 4'Ca + n and *'Sc + p, respectively. Whereas 42Sc is described
with three mass partitions: 4'Ca + p, 4'Sc + n and 4°Ca + d. This allows to study the
(d,p) transfer reaction within the GSM-CC framework.



5.4. Description of spectra of 42Sc, 42Ca, 42Ti, and transfer reaction 4°Ca(d,p)*'Ca 85

J 42Ca . 425¢ 1 42Ti

127 — | 2+

7+ _4_
. 41t

E[MeV]
[
D
|
|

- - 0+_ -
107 1 Exp GSM-CC T L
1 Exp GSM-CC 1 0" — GSM-CC
—20+ . 1 Exp

Figure 5.8: GSM-CC low energy spectra of 42Ca, 42Sn, and #2Ti nuclei are compared to
the experimental data [208].

Fig. 5.8 shows the GSM-CC spectrum of 42Ca, 42Sn, and *?Ti. The real scaling factors
in this case are: ¢(0%) = 1.14, ¢(1*) = 0.99, ¢(2*) = 1.08, ¢(3*) = 1.04, ¢(5*) = 1.1, and
c(7*) = 1.12. The large corrective factors for 0%, 5*, and 7* channels may be attributed
to the absence of 0%, 37, and 2} low-energy core excitation states in %Ca. One- and
two-nucleon separation energies S, /, and Sa, /sy, respectively, and the deuteron separation
energy Sy calculated in GSM-CC for A = 41,42 nuclei are shown in Tab. 5.11 and are
compared to the data.

Fig. 5.9 shows the cross-section for the elastic scattering reactions °Ca(p,p)*°Ca
and %Ca(n,n)*Ca at CM energies of 9.71 MeV and 2.69 MeV, respectively. Similarly
to what was presented in Sect. 5.2.4, the same Hamiltonian was used for reactions and
structure. As only nucleon projectiles are present in these reactions, the reaction channels
[40Ca(07) ® p(£j)]’" and [*°Ca(07) ® n(¢5)]’" are defined directly in the Berggren basis.
The calculated cross-section reproduce the experimental data quite well, nevertheless,
there are small oscillation at large angles 6y for the neutron scattering.

Fig. 5.10 shows the cross-section of the transfer reaction 4°Ca(d,p)*'Ca at a CM en-
ergy of 2.69 MeV. This cross-section can be reproduced only by fine-tuning the parameters
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Table 5.11: Comparison of theoretical separation energies S,,/,, San/2p and Sq with exper-
imental values. Energies are given in units of MeV.

Nucleus S:L}/‘p 5275 Sin 12 S;il/gp St ST
TCa 838/ 8363/ - B
20, 1136/ 1148/ 1974/ 198/
42Sc 11.42/4.15 11.48/4.27 — — 12.53 12.48
TS 111 /109 - - E—
B Y A Y 7, S—" T, ) R—" T, S ——

0 25 50 75 100 125 150 175
Ocm (deg)

Figure 5.9: Cross-sections for the reations: 4°Ca(p,p)i°Ca (top panel) at CM energy of
9.71 MeV and “°Ca(n,n)*Ca (bottom panel) at CM energy of 2.69 MeV. Proton and
neutron experimental cross-sections are taken from Refs. [209, 210], respectively.
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Figure 5.10: Cross-section for the transfer reaction 4°Ca(d,p)*'Ca at CM energy of 1.853
MeV. The cross-section and angle are given in laboratory coordinates. The experimental
data has been taken from Ref. [211].

of both the Hamiltonian and the WS basis-generating potential describing the continuum
wave functions and their asymptotic behavior [212]. In this example, the GSM-CC ap-
proach provides a good reproduction of the cross-sections, except for neutron scattering
at large angles. However, the price to pay is the fine tuning of the Hamiltonian as well as
the Berggren basis parameters. Consequently, it remains difficult to study systematically
the transfer reactions in the GSM-CC framework. Although not presented in this thesis,
the calculation of transfer reaction *He(3*He,p)SLi yields cross-sections which are one order
of magnitude smaller than reported experimentally in Ref. [199]. The GSM-CC approach
for nuclear reactions requires further development and systematic studies to improve its
predictive power.
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CHAPTER 0

Near-threshold effects within the Gamow Shell Model

We still have not addressed the unitarity of the S-matrix in the context of nuclear reac-
tions. The unitarity means conservation of the probability flux. This leads to the question:
what happens with the probability flux at the opening of a particle emission threshold?
Indeed as the threshold is crossed the probability flux bifurcates and is distributed into
other channels. The theory of the near-threshold effects began with an analysis of the
asymptotic behavior of the wave functions [37] and later with the R-matrix theory [213].
For neutral particles, this led to the identification of the so-called Wigner cusps [37] in
the cross-sections. This theoretical result has been verified experimentally in various sys-
tems (see for example Refs. [214-216]). Nevertheless, one could ask which aspects of this
nuclear reaction phenomenon can be found in the nuclear structure.

One way to connect cross-sections to nuclear structure is via the SFs. If nuclear
structure and reactions are described in an OQS framework, then the threshold effect in
the cross-section might cause an analogous effect in the SFs. GSM studies [38, 39, 160]
have shown that the coupling to the continuum is necessary to obtain Wigner cusps in
nuclear structure calculations.

Another near-threshold effect, this time related to clustering, has been noted by Ikeda
et al. in 1968 [7]. They remarked that a-cluster states exist close to the a-particle emission
threshold in many ’Na-nuclei’ . There is no particular argument that this finding should
be limited exclusively to the a-clustering in Na-nuclei. In Refs. [8, 9], it was conjectured
that the near-threshold clustering is a general OQS phenomenon which might exist at
any particle emission-threshold, even the one where the emitted particle is unbound, like
the dineutron [217] or diproton [218, 219]. In the R-matrix framework, this phenomenon
has been related to an enhancement in the density of states close to the particle emission
threshold [213]. A recent experimental observation of a very narrow 1/2] resonance in the
vicinity of the 2p-threshold in '5F confirms this hypothesis [220]. However, this case is not
special as narrow near-threshold resonances are omnipresent in many nuclei. Extensive
literature on nuclear clustering and cluster modeling can be found in Ref. [221].

In SMEC, studies of the near-threshold effects that may lead to clusterization, have
been done using the continuum-coupling correlation energy [222; 223]. Particle emis-
sion thresholds considered in this theoretical framework were restricted to at most two
nucleons [88, 89, 218]. This limitation has been avoided in the coupled-channel formula-
tion of the GSM. In the GSM framework, one can define a similar, albeit not the same,

39
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continuum-coupling correlation energy, where the role of different reaction channels can
be investigated. The goal of this chapter is to lay ground for these studies in the GSM-CC.

In this chapter, we will briefly describe the theory of Wigner cusps and then follow
with a discussion of the structure of many-body wave functions, with the focus on reaction
channels probabilities. In particular, in Sects. 6.3.1 and 6.3.2 we will discuss variations
of the channel weights depending on the distance from different particle/cluster emission
thresholds, and the emergence of aligned, cluster-like configurations, in the vicinity of
the cluster threshold. In Sect. 6.3.3 we will present results of calculations regarding the
dependence of the continuum-coupling correlation energy on the distance of the particle
emission thresholds. As shown in SMEC studies [8, 9, 224-230], the continuum-coupling
correlation energy is a useful tool to quantify the configuration mixing of SM states in
the vicinity of the particle emission threshold. Finally, in Sect. 6.3.4 we will discuss the
features of the SFs in many-body states and their changes depending on the distance from
the decay thresholds.

6.1 Wigner cusps in reaction cross-sections and spec-
troscopic factors

In 1948, Wigner derived the threshold law for cross-sections [37] by analyzing the asymp-
totic behavior of the wave functions. Indeed, an anomaly shows up at the decay threshold
due to different asymptotic conditions above and below the threshold. This law explained
the appearance of cusps near the particle emission threshold cross-sections as well as
their properties. A decade later, discussion of the Wigner cusps was done in the R-matrix
theory [231-237].

Wigner cusps in cross-sections for neutral particles show a rather intriguing behavior.

 For endoergic reactions (e.g. production of slow neutral particles) one finds:

o(i— j) ~ k37~ B2 (6.1)

 For exoergic reactions (e.g. absorption of slow neutral particles) one obtains:

o(i—j)~ k2t~ Efrl/Q. (6.2)
The best example for the relation (6.2) is the absorption of slow neutrons where the cross
section is inversely proportional to the velocity (Gabsorption © 1/v). This law was developed,
earlier than the R-matrix formalism [238-240]. From Eq. (6.1) and (6.2), one can see
that there is a discontinuity, which is shaped as a cusp for £ = 0,1. For higher ¢ values,
the cross-section is smooth and the discontinuity shows up in the (¢ - 1)th derivative of
the cross-section with respect to the energy of the system.

For charged particles the dependence of the cross-section near threshold is more com-
plicated:

o For endoergic reactions is:
o(i—j)~e ™, (6.3)

o For an exoergic reactions one finds:

o(i—j)~ ke, (6.4)
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Figure 6.1: Cross-section in arbitrary units for the reactions "Li(¢,n)Be” and "Li(¢, p)°Li
is shown as a function of the energy of the triton projectile in laboratory coordinates.
One can clearly see the opening of the channel "Li(#,n)?Be* at ~ 5.68 MeV. Experimental
data is taken from Ref. [249].

where 7 is the Sommerfeld parameter (see Eq. (1.14)). Egs. (6.3) and (6.4) provide useful
relations to extrapolate cross-sections for charged particles to low bombarding energies
[237].

The conservation of particle flux is a consequence of the unitarity of the S-matrix.
Consequently, the appearance of a Wigner cusp in a vicinity of the channel threshold will
modify the cross-section in other channels. Indeed, the opening of a new reaction channel
removes some of the flux from other reaction channels. Transfer of the particle flux among
open reaction channels at the threshold of a new channel can be conveniently studied in
a multichannel framework, like the GSM-CC [15, 16, 35, 36].

Wigner cusps are not related to any particular physical system or interaction among
its constituents. They have been found experimentally not only in nuclear physics, but
also in condensed matter in studies of carbon nanotubes [241, 242], in atomic physics in
scattering of positrons by He atoms [243], in electron photodetachment and in collisions of
ultracold atoms [244, 245], in hadronic physics in the 7~p — 7%n reaction at the opening
of the n channel [246], and in many other systems (see Refs. [247, 248]).

More relevant to this work, there have been observations of Wigner cusps in nu-
clear reactions. For example, a Wigner cusp was found in the excitation functions in
NZn(d,p)?'Zn (ds, g.s.) and PZn(d,p)?'Zn (si2, E,=1.21 MeV) at the thresholds of
the analogue states, namely the %Zn(d,n)?'Nb (dsj2, E;=9.48 MeV) and %°Zn(d,p)®'Zn
(812, Ez=1.69 MeV) channels, respectively [215]. Another examples of cusps in the cross-
sections where found in the study of the °Cu(p,~)%Zn and Cu(p, ap)%2Ni reactions,
where at the opening of the 6°Cu(p,n)%Zn reaction threshold at Ecy =2.13 MeV there is
a clear depletion of the cross-section at the threshold which is shaped as a cusp [216].

Reaction studies in light nuclei have also reported the observation of Wigner cusps.
For example, the reactions "Li(t,n)°Be and "Li(t,p)°Li show a cusp in the cross-section
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of both reactions at the threshold of the latter. Cusps in the excitation function of the
"Li(®He,p)?Be reaction were also reported as a consequence of interference with 7' = 2, 1B
states, which were corroborated with the cross-sections of the "Li(*He,n)?B reaction [214,
249-251]. For further discussion and reactions reporting the existence of Wigner cusps
in light nuclei see Ref. [214] and references therein. Other examples of nuclear reactions
that show Wigner cusps as a consequence of the opening of reaction thresholds are given
in Refs. [248, 252-256].

Fig. 6.1 shows an example of the flux transfer among different reaction channls in
the case of triton induced reactions: "Li(t,n)Be” and “Li(t,p)°Li [249]. In this case, the
opening of the "Li(t,n)Be” threshold removes some flux from the "Li(t,p)°Li reaction
channel, resulting in a very clear Wigner cusp. The conclusion of experimental studies
is that multichannel coupling manifests itself in salient changes of the cross-sections at
various reaction thresholds. These changes have a counterpart in the modifications of
many-body states, as will be discussed in the following sections.

Discrepancies between theory and experiment regarding SFs are well known. For
example in studies of (e,e’p) reactions there is a difference of about 35% with respect to
a standard SM approach [257]. This discrepancy has been attributed to many diverse
effects, like the coupling to high-momentum states, long-range, short-range, or tensor
correlations [258-261].

More recently, it has been observed that the ratio between experimental and theoreti-
cal cross-sections depends on the asymmetry of neutron (Si,) and proton (Si,) separation
energies [262-264]. The physical interpretation of the origin of discrepancies arising from
the asymmetry between Sy, and Sy, remains debated [264]. One explanation was put for-
ward in Ref. [230] where SMEC and GSM calculations indicated that the SF of well-bound
orbits are strongly suppresed, whereas SFs of weakly bound states are less impacted. This
non-intuitive result has been explained by the coupling to the non-resonant continuum.
When a minority species nucleon (nucleon from the well bound fluid) is removed, the
daughter nucleus moves in the direction of the dripline which leads to significant changes
in the configuration of weakly-bound nucleons that are impacted by continuum effects.
As a consequence, the SF is reduced. On the contrary, when a majority species nucleon
(nucleon from the weakly bound nucleon fluid) is removed, the daughter nucleus moves
away from the dripline and stays close to the core of the parent system. In this case, one
expects that the SF is large [230]. The isospin dependence of spectroscopic factors has
been discussed in Refs. [265-275]. Further discussion of the SFs can be found in Ref.
[261].

The theoretical study of | Sy, — Si,-dependence of the SFs can be conveniently studied
in the OQS framework of the continuum shell models, such as the SMEC or the GSM. By
an appropriate adjustment of the Hamiltonian parameters, one can tune the separation en-
ergies in such a way that it is possible to verify what happens close to the particle emission
threshold or, in other words, when the one nucleon separation energy tends to zero. This
was done in GSM first for 6"He nuclei in Ref. [38] where it was shown that Wigner cusps in

.2 v 2
the SFs: (SHe(07)|["He(3/27) @ n(psy2)]” ) and (THe(3/27)] [PHe(07) ® n(ps)] ), are
noticeable at the particle emission thresholds. In this study, the SFs calculated in GSM
have been compared to the SFs calculated in the SM to see the effect of the continuum
coupling. It was found that the coupling between discrete states and the non-resonant
continuum is necessary to account for the Wigner threshold effect because both the SM
calculations and the GSM calculations in the pole approximation did not show any Wigner
cusp behavior while the full GSM calculations did. Hence the cusps in the SF can be in-
terpreted as the interference between the non-resonant continuum and resonant states at
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the particle emission threshold.

The Wigner cusp in SFs is a consequence of the unitarity which is rigorously re-
spected in the GSM approach. At the particle emission threshold, some of the prob-
ability flux goes to the new channel(s) that in turn changes the occupancy of single-
particle shells. In Ref. [39] a calculation for ¢ = 2 waves was done in 80 for the SF

+ 2
(1BO(03)] [170(3/2{) ® n(d3/2)]0 ) , where the cusp was reported in the first derivative of
the SF with respect to the neutron separation energy. Moreover, in Ref. [166] the SFs:

o+ 2 ) o+ 2
(*He(07)| [PHe(3/27) @ n(ps2)] ) and (*Be(07)|[°Li(3/27) ® p(psj2)]” ) , were analysed
by setting both proton and neutron emission threshold at the same energy with respect
to the threshold. Different dependencies on energy distance from the decay threshold in

+ 2 + 2
(SHe(03)] [PHe(3/25) @ n(psj2)]” ) and (6Be(07)|[PLi(3/2;) ® p(ps2)] ) imply that the
mirror many-body systems at the respective neutron and proton dripline will, in general,
have different SFs. From this study it was concluded that the coupling to the continuum
could cause isospin and mirror symmetry breaking.

6.2 From threshold effects to clusterization

Ikeda diagram [7] for Na nuclei, where N is the number of a-clusters systematize the
appearance of molecular like nuclear states close to the alpha particle emission thresholds.
Later, Ikeda diagram was extended to include neutrons in the molecular-like states close
to the particle emission thresholds [276-279]. Near-threshold states have been modeled
with either a priori models like the SM or a posteriori models like the cluster models
[280-282]. In the former models, degrees of freedom are those of the valence nucleons
moving in selected single-particle levels, whereas the latter models, based on a molecular
viewpoint, use cluster building blocks, such as a-particles. Near-threshold cluster states or
cluster correlations are present in several systems like the ground state of the Borromean
nucleus 'Li which resembles the configuration [?Li®2n] rather than [1°Li®n] [283], with
a similar situation in its mirror 1O being a 2p emitter [284]. Further examples include
9He, 6Li, "Be, 7Li, 1C, 170, ?9Ne, 260, etc.

The observation of Ikeda et al. has been extended to any cluster-like structure includ-
ing unstable systems like dineutron or ®Be [8, 9]. Let us consider ''Li, as an example. This
Borromean nucleus has a well known halo structure [285-287]. Indeed, the two-neutron
separation energy is very close to the ground state, which, assuming that the conjecture of
Refs. [8, 9] is correct, would explain the appearance of the two neutron correlations in the
ground state of 1'Li. An even more famous example is 03 state of 12C, the so-called Hoyle
state [288]. This state, however, is expected to be dominated by the 8Be + « correlations
rather than 3« correlations because the 8Be + a threshold is closer in energy to the Hoyle
state than the 3a threshold. Another recent example comes from an observation of the
1/27 resonance in F about 4.5 MeV above the 10O + p threshold and close to the 13N
+ 2p threshold. Indeed, this state was found to be narrow because of the strong coupling
to the two proton threshold and a very small Q-value for the 2p-decay (Q2, = 129keV)
[220]. Structure of the near-threshold states cannot be the consequence of a specific fea-
ture of the nuclear interaction because then the nucleon-nucleon correlations or clustering
correlations in near-threshold states would appear at random. The experimental data are
telling us the contrary, by providing countless examples of the close relation between the
structure of a near-threshold state and the nature of a nearby channel.

Universality of the clustering phenomenon is motivated by the basic properties of the
S-matrix in a multichannel framework [236]. Each threshold is a branching point (a non-
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analytic point) of the S-matrix. So for example, below any particle emission threshold
we have one scattering solution, which is regular in the whole space. As the first reaction
threshold opens at energy E; we obtain the particle emission solution in addition to the
regular solution. As we keep opening new decay channels, we obtain a regular scattering
solution that coexists with a set of different decay channels, forming together the coupled
multichannel representation of the OQS. Hence, going to higher excitation energies, the
complexity in the wave function gradually builds up.

In the OQS approach, different SM states with the same quantum numbers couple to a
given decay channel. This induces a mixing among them, which may lead to the formation
of the collective eigenstate, the so-called aligned eigenstate, which couples strongly to the
decay channel and carries an imprint of its features. This is a generic feature of the OQS
which is absent in the standard SM.

An indication for the enhanced probability of near-threshold states comes from the R-
matrix approach [213]. In this approach, a near-threshold resonance could appear because
of the increased density of levels with large reduced widths [213, 237, 289]. The density
of states is given by:

21

(E)\ + A,\ - E)2 + (%F/\)2 ’

p(E) = (6.5)
where E) and I') are the energy and width of a level A\, respectively, and A, are the
level shifts. In this formalism, the resonance energy is defined as FE, = E\ + Ay, which
corresponds to the maximum of the function p(£) in Eq. (6.5)'. Using Eq. (6.5),
Barker [213] showed that there is an enhancement of the level density close to the particle
emission thresholds and that this enhancement is strongest for low potential barriers or
lack thereof. This means that ¢ = 0 neutrons should show the strongest effect. Moreover,
the maximum of the enhancement is shifted from the thresholds according to how high
the potential barrier is.

A more intuitive form of the level density is associated to the phase shifts [290, 291]:

1dé(F)
pu(B) =~ 0], (6.6)
This relation suggests the connection between the Wigner cusp phenomenon in cross-
sections and the appearance of near threshold states, as one would expect a sharp change
in phase shifts close to the resonance [292]. This sharp change of the phase shift and
associated enhancement of the level density is not limited to resonances, but one also
expects a similar result for antibound states [292].

The key question is how to characterize the configuration mixing in OQSs. This
mixing is directly or indirectly responsible for resonance trapping [293-297], and super-
radiance phenomenon [298, 299], modification of spectral fluctuations [300], clustering
and exceptional points [8, 301}, violation of orthogonal invariance and channel equivalence
[297], pairing anti-halo effect [86], anti-odd-even staggering of separation energies [302],
ete.

One way of analyzing the configuration mixing is to study the avoided crossing of
resonances that are associated with a nearby EP. EPs [62], exist in non-Hermitian Hamil-
tonians. The basic idea of how an EP is formed can be grasped by considering a 2 x 2
matrix with real or complex energies F; and F, at the diagonal, and complex off-diagonal
matrix elements. By a suitable choice of real and imaginary parts of the off-diagonal mix-
ing matrix elements, the energies and the wave functions of the two levels may coalesce

!This means that the narrower the resonance, the closer the resonance and level energies are.
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forming an EP. The EP is a singular point in the Hilbert space which locally, at the energy
of the EP, has one linearly independent vector less, i.e. the Hilbert space has locally one
dimension less.

A more convenient way to look into effects of configuration mixing in near-threshold
states is to calculate the suitably defined correlation energy. In SMEC, one defines a
continuum-coupling correlation energy as the difference between the effective Hamiltonian
Hog, which includes effects of the coupling to the scattering continuum on discrete SM
states (see Eq. (2.33)), and the CQS SM Hamiltonian Hgy = Hgg, in a certain OQS
eigenvector |U;) of the Hog:

5O

corr,t

(E) = (VilHoo(E) - Hog| Vi) - (6.7)
Here, EC(QH is the correlation energy in the OQS eigenstate ¢ with angular momentum /¢
[8, 229, 303]. As seen in the above expression, the idea is that the continuum-coupling
correlation energy (6.7) captures the influence of coupling between discrete and continuum
states and provides an account of the interplay between the continuum-coupling induced
configuration mixing and the effects of the Coulomb and centrifugal potentials. Indeed,
it was found that the maximum of the correlation energy is at the threshold for ¢ = 0
neutrons. For protons the effect is shifted above the threshold due to the Coulomb barrier
[8]. Moreover, the minimum of the correlation energy Ecor min indicates the optimal energy
where the coupling to the decay channel is the strongest one [8, 9]. The optimal energy
is also a centroid of the opportunity window where the appearance of the aligned state
is most probable. The magnitude of the correlation energy is of the same order as the
pairing correlation energy which greatly modifies the nucleon-nucleon correlations in the
vicinity of the Fermi surface [304].

To see the effects of configuration mixing, we can express the eigenstates of the effective
Hamiltonian ||¥;) as a mixture of SM eigenstates |¢p5$M) [10]:

65M) = [0 = ¥ dyelo™), (6.8)

where the [d};] is an orthonormal transformation matrix. The square of the matrix element
d?; € C is the weight of the SM eigenstate |p5M) in the correlated OQS eigenstate |¥;), so
it follows:

ZRe[d;.] =1, sz[d;] =0. (6.9)

Mixing matrix elements between different SM states are strongest at the minimum of the
continuum-coupling correlation energy and decrease with increasing distance between SM
states and the studied threshold. Consequently, the strength of the optimal correlation
energy decreases with increasing distance to the threshold. This optimal distance depends
on the competition between the attractive continuum-coupling and the repulsive Coulomb
and centrifugal interactions. Indeed, the continuum coupling effects for heavier nuclei will
be negligible at the charged particle thresholds [8, 9].

In GSM, one cannot define the correlation energy in the same way as in SMEC because
there is no projection of continuum-coupling effects on discrete eigenvalues which would
generate the energy dependence in the Hamiltonian. Contrary to SMEC, where one
defines the open quantum subsystem of the CQS by the projection technique [3, 4], in
GSM the whole system can be either open or close (see Fig. 3.4). The discrete part of the
spectrum in GSM is embedded in the background of complex energy scattering states.

A possible solution is to reformulate GSM in a reaction channel representation, i.e.
the GSM-CC. In a vicinity of a threshold of a certain channel ¢, one can define the



96 Near-threshold effects within the Gamow Shell Model

continuum-coupling correlation energy in a given many-body GSM-CC eigenstate |U/")
by a difference of energies:
Bl = (W) - (0] | HIU]) = B - B (6.10)

where |[¥7") is the full GSM-CC solution defined in Eq. (4.5) as an expansion in terms of
reaction channels, and [¥7") is the wave function expansion without the channel c. EJ},

and E/" in Eq. (6.10) are the energy eigenvalues corresponding to the eigenfunctions
|U/7) and |\II¢JW), respectively.

6.3 Near threshold effects in the coupled channel frame-
work

In this section we will present the application of the GSM-CC in the multi-mass partition
formulation to study consequences of the continuum-coupling on the structure of near-
threshold states in "8Be and 7Li. First, we will address features of the wave function
expressed in a basis of reaction channels. Second, we will analyze near-threshold effects
in the continuum coupling correlation energy defined in Eq. (6.10). Third, we will study
the spectroscopic factors for resonances and compare them with the reaction channel
probabilities.

6.3.1 Near-threshold effects in "Be and "Li

To study the near-threshold effects, we proceed as follows. We take the same model space
and effective interaction as described in Sect. 5.2. Afterwards, to vary the distance of a
state to the threshold we change the depth V[ of the Woods-Saxon potential. Vj is kept
the same for all ¢ partial waves. The one-body potential generating the single-particle
basis remains unchanged when the depth of a core potential varies. The states of 67Li
and "Be are calculated with the same effective interaction. This means that the energy
of 5Li moves alongside with the energy of “Li and "Be. However, the binding energy of
3H and ®He remains unchanged.

We focus on the reaction channel distribution to study effects of the particle emission
thresholds in the wave function. As discussed previously and seen in Fig. 5.1, the lowest
decay threshold in 7Li is the “He + 3H threshold. Neutron decay thresholds [°Li(KT) ®
n(l7)]’" open at higher excitation energies. Proton decay thresholds are not considered
in the case of "Li.

Figure 6.2 presents the dependence of the orthogonal channel weights b2 and partial
widths I'. in the 5/2; state on the energy difference with respect to the lowest one-neutron
decay threshold [°Li(1}) ® n(¢j)]>/*". Tt should be noticed that in the complex-energy
framework of the GSM-CC, the squared wave-function amplitude (channel weight) Re[b?]
can be negative [14]. At the leading order, the statistical uncertainty of the Re[b?]
is associated with its imaginary part Zm[b2] [15]. Re[b?] is the average value of the
corresponding channel probability in different measurements, while Zm[b2] can be related
to the dispersion rate over time in the measurement, and hence represents its statistical
uncertainty [15]. The partial widths are calculated using the current formula [15, 305].
For details of the current formula, see App. A.2. The energy difference between the 5/2;
state and neutron-threshold energy is varied by changing the depth Vj of the *He core
potential.
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Figure 6.2: From top to bottom: the real and imaginary parts of the channel probability
weights b2 = (cJw,.)’, and the partial widths of each reaction channel in the 5/2; state
of "Li. Contributions of all partial waves £; in reaction channels [SLi(1}) ® n(¢j)]*? are
summed and everything is plotted as a function of the distance of the state to the neutron
threshold. The meaning of curves for different channels is explained in the attached insert.

Each curve represents the sum of all reaction channels built on the same many-body state
of 6Li.

Both real and imaginary parts of the channel weights are shown in Fig. 6.2. Below
the neutron emission threshold at £ — E7 [6Li(17)] < 0, all neutron reaction channels
are closed, i.e. the state 5/2; is bound with respect to the emission of neutron. At
E - E2[SLi(17)] ~ —0.8 MeV, the triton channel [*He(07) ® 3H(2F5;2)]%" opens. This
opening has no visible consequences on the wave function 5/2;. This is consistent with
the results in Sect. 5.2, where the 5/2; state has a small component of cluster in the wave
function. At E-E7 [Li(17)] = 0, the energy of the 5/2; GSM-CC state coincides with the
energy of the decay threshold in the channel [°Li(1])®n(¢5)]%/?", and for E-E" [SLi(17)] >
0, neutron and triton can be emitted.

The contribution of the reaction channel [(Li(11) ® n(¢7)]>*>" dominates below the
neutron emission threshold. The second largest probability corresponds to the channel
[*Li(37) ® n(¢4)]°/?". In the vicinity of the lowest neutron threshold, the probability of a
channel [*Li(17) ® n(¢7)]°/?" in the wave function of 5/2; state promptly increases, what
is a manifestation of the alignment of the GSM-CC state 5/2 with the neutron decay
channel. One may notice a cusp in the energy dependence of probability of the channel
[6Li(17) ® n(¢j)]>/?>". The increased probability of this channel is associated with the
opposite effect in other channels, mainly in the channel [6Li(3}) ® n(¢5)]%/?".

At higher energies, below opening of the next neutron channel [SLi(3}) ® n(¢j)]*/%",
the probability of this closed channels increases gradually. The 5/2; state in this example
changes the nature depending on the embedding continuum. For E- E7 [°Li(17)] ~ 0, the
structure of the 5/2; state is dominated by the coupling to the reaction channel [6Li(17)®
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Figure 6.3: The same as in Fig. 6.2 but for the mirror state 5/27 in "Be. All quantities
are plotted as a function of the distance of the state to the proton threshold [(Li(1}) ®

p(Li)*.

n(£7)]°/>" and the weight of this channel dominates the 5/2; wave function. However, at
higher energies for E — E7! [SLi(17)] > 1.5 MeV, close to the threshold of the channel
[6Li(37) ® n(¢5)]°/?", the 5/2; state changes its nature and becomes strongly influenced
by the channel [6Li(1}) ® n(¢5)]>? . Hence, the 5/2; behaves like a ’chameleon state’,
changing its nature depending on the surrounding environment, i.e. on the scattering
states and nearby decay channels in the case of the nuclear chameleon state.

The imaginary parts of channel weights b? are zero below the neutron emission thresh-
old and show a complicate behavior above it. Above the decay threshold [6Li(1}) ®
n(/j)]’" and below the next threshold [Li(3]) ® n(¢j)]’", the major contribution comes
from the open reaction channel [Li(11) ® n(¢j)]*? . The magnitude of this contribution
decreases when we approach the threshold of the channel [Li(3]) ® n(¢j)]°/?" whereas
the magnitude of the (negative) contribution of the channel [*Li(3}) ® n(¢5)]%/? strongly
increases. The interplay between these two reaction channels continues to dominate the
evolution pattern of imaginary parts above this threshold. The dependence of the partial
neutron decay width on energy with respect to the lowest neutron-energy threshold is
plotted in the lowest part of Fig. 6.2. One may see a gradual increase of the width with
increasing excitation energy.

Figure 6.3 shows results of calculations of the channel weights and partial widths
of the in the 5/2; state of the mirror nucleus "Be. As expected, the mirror system
preserves the main features seen for the 5/2; state of "Li, namely roughly the same
wave function composition. Moreover, the chameleon-like features in the proximity of
the [°Li(37) ® n(¢j)]’" threshold are also preserved. The opening of the 3He channel
[“He(07) ® SH(?F5;2)]/*" does not have any appreciable effects. In the vicinity of the
proton emission threshold, there is an increase of the weight of the channel [(Li(17) ®
p(£7)]°/?" which similarly to the neutron case [6Li(11)®n(¢5)]%/? in 7Li, is a manifestation
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of the alignment with the proton decay channel. Differences between proton and neutron
cases (see Figs. 6.2 and 6.3) are mainly the delayed and smoothed effects at the [6Li(17)®
p(£5)]%/?" threshold due to the Coulomb interaction. Indeed, in the proton case there is
no cusp but a smooth bump after crossing the threshold.

Figure 6.4 presents the dependence of channel weights and partial widths I, in the 7/27
state of "Li on the energy difference with respect to the lowest decay threshold [*He(07) ®
SH(Lcym Jine Jp)]?". This state has a pronounced 3H-cluster structure (see Table 5.3).
However, in the whole interval of energies, neutron reaction channel [6Li(31) ® n(£5)]7/*
provides the major contribution. The probability of the triton channel [*He(07)®3H(2Fyj)]|7/?
grows when approaching the emission threshold and has a maximum close to 3.3 MeV
above the threshold energy Efﬁ{ The maximum of the imaginary part of 3H probability
is shifted to slightly higher energy with respect to the maximum of the real part.

The alignment of 7/27 state with the channel [*He(07)®3H(?F7/2)]7/? arises at a higher
energy than seen in 5/2- state (see Fig. 6.2) due to both the Coulomb interaction and the
angular momentum involved in this reaction channel. At F —Esﬁ{ ~ 6.8 MeV, at the opening
of the channel [6Li(1}) ® n(¢5)]7/?>" whose weight is barely visible in Fig. 6.4, the partial
width of the 3H decay channel strongly diminishes and the channel [*Li(1]) ® n(¢j)]"/*
becomes dominant. Above the threshold of [0Li(17)®n(¢j)]"/?" channel, the triton partial
width dominates again. This radical change of the 7/27 eigenstate in the vicinity of the
neutron threshold [6Li(1]) ® n(¢7)]7/% is seen only in the singular energy dependence of
decay partial widths. This singularity is a threshold effect due to an interplay between
neutron and triton channels in a narrow range of energies around the neutrons decay
threshold.

Figure 6.5 presents the dependence of channel weights and partial widths in the 7/27
state of the mirror nucleus "Be on the energy difference with respect to the lowest decay
threshold *He + 3He. The effects due to the He emission threshold appears at slightly
higher energies than seen in the mirror system because of a stronger Coulomb interaction.
One may notice that the singular variation of partial widths, seen at the neutron threshold
[(Li(17) ® n(¢j)]"/* in "Li, is absent at the proton threshold [Li(1}) ® p(£j)]"/? in "Be.

6.3.2 Near-threshold effects in 8Be

Low-lying states in this nucleus exhibit a presence of a-correlations (see Table 5.6). In
the following, we shall discuss the evolution of orthogonal reaction channel probabilities
and a-emission decay width as a function of the energy distance E - E,He[4He(0})] from
the a-decay threshold. In all calculations presented in this section we used three mass
partitions, leaving out the 5Li 4+ d channels. Therefore there are differences compared to
results presented in Sect. 5.3. We then proceed in a similar fashion as in the previous
section where we use the same interaction described in Sect. 5.3 and vary the depth Vj
of the core potential.

Figure 6.6 shows the energy variation of channel weights for the ground state 07. The
dashed vertical line corresponds to the experimental energy of the 07 state. The real part
of the channel weights Re[b?] in the channel [*He(07) ® *He(1S55)]°" has a maximum at
energy F — Efﬁ{e[“He(O{)] ~ (.7 MeV, above the ‘He + *He threshold energy. Therefore,
at the GSM-CC energy of the resonance 07, the value of Re[b?] is significantly lower
than at the optimal energy for *He clusterization. The maximum of the imaginary part
of the channel weight Zm[b?] at E — E;H[*He(07)] = 1 MeV is shifted slightly above
the maximum of the real part. At energies F — E;H[*He(07)] > 1 MeV, both real and
imaginary parts of the a-channel probability drop rapidly, approaching nearly a constant
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Figure 6.6: From top to bottom: the real and imaginary parts of the channel probability
weights b2 = (.|w,)” in the 07 state of 8Be. Different "Li+p, "Be+n, and *He+4He reaction
channels are shown in the left, middle and right column, respectively. The meaning of
different curves is given in the insert attached to each column. FEach curve for proton
and neutron channels represents the sum of all channels which are built on the same
many-body state of "Li and 7Be, respectively. The dashed vertical line gives the GSM-CC
energy of the 07 resonance (see Fig. 5.6).

value.

The maximum in the a-channel [*He(0%) ® *He(1S;)]°" probability is associated with
the opposite behavior in both proton ["Li(3/27) ® p(£5)]°", ["Li(1/27) ® p(£5)]°" and
neutron ["Be(3/27) ®n(45)]", ["Be(1/27) ®n(£5)]°" channels. Other proton and neutron
channels do not play any role in this phenomenon. In fact, both, proton (“Li + p) and
neutron ("Be + n) parts of the 8Be wave function collapse in the vicinity of the a-channel
threshold. It should be noticed that, away from the a-threshold, the 0] state appears to a
large extent as the SM-like state which is composed mainly by “Li+p and “Be+n reaction
channels. Thus, the a-clustering appears as the OQS threshold phenomenon resulting
from the coupling of SM states to the [*He(07) ® *He(*S;)]°" decay channel.

Figure 6.7 shows the energy variation of channel probability weights for 27, the first
excited state of 8Be. At low energies, F — E:ﬁ{e[“He(O{)] ~ +1.7 MeV, above the decay
threshold in the channel [*He(07) ® *He(!D;)]?", the 27 state has some features of a-
clustering and the corresponding a-channel weight is: Re[b?] ~ 0.11. The maximum of
the imaginary part Zm([b2] is found at higher energy F—FE, H[*He(07)] ~ 2.5 MeV. Within
an interval of about 4 MeV, the a-clustering is strongly reduced and the probability of
the channel [*He(07) ® *He(*D5)]?" decreases from 11% to about 5% and stabilizes at
higher energies. The maximum of Re[b?] is at lower energy than the calculated GSM-CC
energy of this state (see Fig. 5.6). The fall-off of the a-clustering at higher energies is
accompanied by the raise of probabilities of the one-nucleon channels built on the ground
state 3/27 and excited states 1/27, 7/27 and 5/27 of "Be and 7Li. Within an interval of ~4
MeV, the 27 state changes its nature from a SM-like state with some a-cluster features to
essentially a pure SM state. The significant decrease of the a-cluster weight going from
the ground state 07 to the first excited 2] state could be caused by three factors: (i) the
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increased separation of the 27 resonance from the a-decay threshold, (ii) the centrifugal
barrier, and (iii) the large width of the 27 resonance at its experimental energy.
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Figure 6.9: The dependence of a-decay width on energy distance E - E,H¢[*He(0})] from
the a-threshold for 07 (left panel) and 27 (right panel) states in 8Be. The vertical dashed
line in both panels shows the corresponding energy of 07 and 27 states.

Figure 6.8 shows the energy variation of channel weights for the second excited state
47. The patterns of the channel weights is similar to the preceding case of the 27 resonance
(see Fig. 6.7). The maximum of Re[b?] for the channel [*He(07) ® *He(*G)]*" lies below
the calculated energy of the 47 of this state (see Fig. 6.8). The cluster probability in 4*
state reaches its maximum at ~ 6 MeV above the threshold. Further away from that point
it becomes a SM state. The maximum of Zm[b?] is shifted by ~3 MeV with respect to
the maximum of Re[b?]. This energy shift is larger than what can be seen for the 27
resonance.

Figure 6.9 shows the energy dependence of the decay width for the ground state 07
and the first excited state 2] in 8Be. Contrary to the 07 state, the a-decay width of the 27
state is close to maximal at its experimental energy. One may notice that the maximum
of the a-clustering in this state (see Fig. 6.7) corresponds to the excitation energy where
the a decay width is relatively small.

6.3.3 Correlation energy in "*Be and "Li

In this section we shall discuss results for the continuum-coupling correlation energy (6.10)
in GSM-CC calculations. For "Li and “Be we use the same method as before in Sect. 6.3.1,
i.e. we vary the distance of a state to the threshold by changing the Woods-Saxon depth
Vy. For 8Be we keep the depth of the Woods-Saxon potential constant and change the
distance to the threshold manually. In the following calculations we use Ecnmax = S.

An example is shown in Fig. 6.10 for the 5/2; state in "Li. Here the orthogonal chan-
nel probability weights for the states |[U5/%2), \\115/ 25) and the correlation energy Eg”éf% , are
shown as a function of the energy distance from the lowest one-neutron decay threshold
[CLi(17) ® n(¢5)]?/*". In the state |\115/25), the channel [SLi(1]) ® p(¢5)]°/? is absent.
Probability of the neutron channel [6Li(17) ® n(£5)]%" in the state |[I%2%) grows while
approaching the channel threshold and exhibits a cusp slightly above the neutron thresh-
old. The minimum of the correlation energy associated with this channel is shifted by
about 0.35 MeV above the threshold. This shift between the maximum of the real part
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of the channel weight and the minimum of the corresponding correlation energy which
is seen in Fig. 6.10, might be related to a different behavior of the imaginary part of
the channel weight which has a maximum shifted to higher energies with respect to the
maximum of the real part.

Figure 6.11 shows the GSM-CC results for 5/2; state of "Be, a mirror of the state 5/25
in “Li. One can see that indeed the mirror symmetry is well satisfied and Figs. 6.10 and
6.11 are quite similar. The minima of the correlation energy in the mirror states differ
by about ~0.2 MeV. This is consistent with the observation done in the 7/2] states (see
Figs. 6.12 and 6.13).
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Figure 6.12: From top to bottom: (i) the real part of the channel weights Re[b?] for the
state |U7/21), (ii) the imaginary part of the channel weights Zm[b2] for the state |¥7/%1),

(iii) the correlation energy EI% and (iv) the real part of the channel weights Re[b?]

for the state |\IJ7/ 2I), are shown as a function of the distance with respect to the triton

decay threshold “He + 3H. The dashed vertical line gives the GSM-CC energy for the
7/27 resonance.

Figure 6.12 presents dependence on the energy difference with respect to the lowest
decay threshold *He + 3H of the real and imaginary parts of the channel weights b? in the
state |[U7/21) of Li, the real part of the channel weights b2 in the state |\II7/ %1} calculated
without the triton channel [*He(07) ® *H(Lcy Jime Jp)]7?, and the correlation energy
ElS (see Eq. (6.10)). As discussed previously, the state 7/27 has a pronounced 3H-cluster
structure. In the whole interval of energies, neutron reaction channel [6Li(31) ®n(¢5)]7/?"
provides a smaller contribution to the wave function 7/27. Probability of the 3H channel
[“He(07)®3*H(?Fr/2)]7/? in |[U7/21) grows when approaching the emission threshold and has
a maximum ~4.5 MeV above the threshold energy Efﬁ{ The minimum of the correlation
energy is seen at ~ 6 MeV above the cluster emission threshold, which is intermediate
between the maxima of Re[b?] and Zm[b?] for the channel He + 3H. Removal of the
triton channel [*He(07) ® 3H(2F712)]7/?" in |\If7/21) leaves the real part of the wave function
nearly unchanged, bearing a small increase towards ~ 9 MeV where we approach the
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Figure 6.13: The same as in Fig. 6.12 but for a 7/27 state in the mirror nucleus "Be. All
quantities are plotted as a function of the distance with respect to the 3He decay threshold
“He + 3He. The dashed vertical line gives the GSM-CC energy for the 7/2] resonance.

proton emission threshold. However, this effect is small and should not interfere with the
minimum of the correlation energy.

Results for the mirror state are shown in Fig. 6.13. This figure shows a dependence
of the real and imaginary parts of the channel weights b2 in the state |[¥'7/21), the real

part of the channel weights b2 in the state |\IJ7/ 21) without the 3He channel [*He(07) ®

3He(2F7/2)]7/27, and the correlation energy Ecéfrl, on the energy difference with respect
to the *He decay threshold He + 3He in "Be. One can see that the mirror symmetry in
7/27 states of "Li and "Be is obeyed and the dependence on energy difference from the
respective thresholds in “Li and "Be is qualitatively the same. There is in fact a small
deviation of ~ 0.3 MeV of the minima of “Li and “"Be. This can be attributed to a stronger
Coulomb interaction in the channel [*He(07) ® 3He(2F72)]7/?".

Figure 6.14 shows the dependence of real and imaginary parts of the channel weights
b2 in the state |¥%) of 8Be, the real part of the channel weights b2 for the state |\I/ )

without the a-cluster channel, and the correlation energy Ecorr, on the energy dlfference
with respect to the lowest decay threshold [*He(07) ® “He(Lcy Jine Jp)]?". The “He-
channel does not dominate the structure of this state. The real part of b2 in the channel
[*He(07) ® “He(1S,)]°" has a maximum at energy E — E.He[1He(07)] = 0.7 MeV above

the “He threshold energy and approximately coincides with the minimum of Ecérr

It should be noticed that the 0] state in this GSM-CC study appears as the SM-like
state which is composed mainly by "Li+p and "Be+n reaction channels. Slightly above
the decay threshold of the channel [*He(07) ® *He(1S;)]%", a very strong “He clustering
appears in a relatively narrow range of energies and disappears at still higher energies.
Hence, a-clustering in the state 07 is an emerging threshold phenomenon resulting from
the interplay between the attractive coupling to the a-decay channel and the repulsive
Coulomb interaction.
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Figure 6.14: The top and the middle panels show respectively the real and imaginary
parts of the channel weights b? in the 0] state of 8Be. Different "Li+p, "Be+n, and
4He+%He reaction channels are shown in the left, middle and right column, respectively.
Each curve for proton and neutron channels represents the sum of all channels which are
built on the same many-body state of Li and “Be, respectively. On the bottom panels,
the left and middle column show the real parts of the channel weights of the proton and
neutron channels in the calculation without the channel [*He(0%) ® *He( Loy Jine Jp)]°7,
respectively, and the right column shows the continuum-coupling correlation energy. The
dashed vertical line gives the GSM-CC energy of the 07 resonance (see Fig. 5.6).
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Figure 6.15: The same as in Fig. 6.14 but for a first excited state 27 of 8Be. All quantities
are plotted as a function of the distance with respect to the *He + *He decay threshold.

Figure 6.15 presents the dependence on the energy difference with respect to the lowest
decay threshold [*He(07) ® *He(Lcym Jime Jp)]?" of the real and imaginary parts of the
channel weights for |¥21) of 8Be, the real part of the channel weights b2 for the state



108 Near-threshold effects within the Gamow Shell Model

|\112T) without the a-cluster channel, and the correlation energy Eggrr. As compared to
Fig. 6.14 for 07 resonance, one may notice an energy shift of the maximum of Re[b?] for
the a-cluster channel with respect to the minimum of Eggrr. Since the Coulomb repulsion
in 07 and 27 states of ®Be is similar, this energy shift has to be related to the effect of the
centrifugal barrier in the 2] state. One may notice that a decrease of the magnitude of
Re[b?] in the 27 state is connected with a decrease in the magnitude of Eférr as comparted
to ESEH.

Figure 6.16 presents similar quantities for the 47 state of 8Be. One can see a decreasing
magnitude of both a-clustering and Ecorr, and an increased energy shlft between the

maximum of Re[b?] for the a-cluster channel and the minimum of Ecorr The same
tendency has been found for the 27 resonance (see Fig. 6.15).
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Figure 6.16: The same as in Fig. 6.14 but for the second excited state 47 of 8Be. All
quantities are plotted as a function of the distance with respect to the ‘He +*He decay
threshold.

We can see in Figs. 6.15 and 6.16 that the effect of continuum-induced a-clusterization
in these broad resonances is relatively small. However, it is most interesting to notice the
angular momentum effect on the minimum of the correlation energy. Indeed, if we look
back to Figs. 6.13 and 6.12, one may notice that the minima of the correlation energy
for f-wave clusters are closer to the decay threshold than seen for g-wave clusters (Fig.
6.16 ) and further away from the threshold than seen for d-wave clusters (Fig. 6.15 ).
This indicates that the angular momentum is an important factor in shifting the optimal
energy for clustering away from the cluster decay threshold. In light nuclei studied here,
the angular momentum effects seem to be even more pronounced than the effect of the
Coulomb interaction.

6.3.4 Near-threshold effects in the spectroscopic factors

In this section we shall discuss the near-threshold effects in the SFs calculated using the
GSM-CC wave functions. We calculate SFs in the formalism presented in Sect. 5.1. The
number of calculated SFs is limited to just a few relevant ones chosen from Tabs. 5.3
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and 5.6. The difference between SFs and channel probabilities is that the calculation of
SFs use non-orthogonal channels whereas the channel probabilities b2 correspond to the
orthogonalized channels.

First of all, we would like to reproduce the Wigner cusp-like behavior expected for neu-
trons and protons. Figs. 6.17 and 6.18 show the dependence of the real and imaginary
parts of the SFs with respect to the neutron/proton threshold [SLi(17) ® n/p(£j)]%/?",
respectively. One can immediately notice the Wigner cusp for the neutron case and
the delayed, smooth effect for the proton case. This is a proof of consistency of the
method. Additionally, as it can be seen in Fig. 6.17, the ’anti-cusp’ effect of the
closed [6Li(3]) ® n/p(¢j)]*/*" channel is also seen for the SF associated to this chan-
nel. Similarly to the channel probabilities b? discussed in Sect. 6.3.1, the imaginary parts
of the SFs present a complicated behavior above the nucleon emission threshold. Ap-
proaching the [0Li(37) ® n/p(¢5)]*/*" threshold, we see a significant variation of the SFs
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Figure 6.17: From top to bottom: (i) the real part Re[S?] of the SFs (ii) the imaginary
part Zm[S?] of the SFs and (iii) the real part Re[b?] of the channel probability are given
for the state |¥®/%2). The SFs and the channel probabilities are shown as a function of
the distance with respect to the one-neutron decay threshold [SLi(1}) ® n(¢5)]°/?".

Figure 6.19 shows the behavior of the real and imaginary parts of the SFs with respect
to the [*He(07) ® 3H(Lcn Jint Jp)]7" triton decay threshold in 7/27 resonance of “Li. The
real part of the SFs behave similarly to the channel weights. Indeed, the minimum of
the triton SF is ~ 1 MeV below the minimum of the triton channel weight. Nevertheless,
the physical distance to the threshold correspond to ~ 2.2 MeV, which explains why we
found such a small cluster SF in Tab. 5.3. Moreover, the minimum of the real part of
the triton SF is negative, with a large uncertainty associated with the imaginary part
Im[S?]. The triton SF increases again after 'recovering’ from the effects of the emission
threshold. This may mean that even though their presence in the wave function is small,
it does not necessarily mean that their contribution to physical phenomena is small.
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Figure 6.18: Same as Fig. 6.17 but in a mirror nucleus “Be. The SFs and the channel
weights are shown as a function of the distance with respect to the one-proton decay
threshold [CLi(17) ® p(¢5)]%/?.
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Figure 6.19: Same as Fig. 6.17 but for the state |[¥7/21) of 7Li. The SFs and the channel

weights are shown as a function of the distance with respect to the 4He + 3H decay
threshold.

Similarly, Fig. 6.20 shows the behavior of the real and imaginary parts of the SFs with
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Figure 6.20: Same as Fig. 6.17 but for the state [U7/21) and the mirror system. The SFs
and the channel weigths are shown as a function of the distance with respect to the ‘He
+ 3He decay threshold.

respect to the [*He(07) ® 3He(Lom Jine Jp)]7", 3He-decay threshold. The effects of the
continuum do not differ from previous analysis of the correlation energy and the channel
weights. Indeed, the minimum of the real and imaginary parts of the SFs in “Be is found
shifted by ~0.5 MeV with respect to the minimum in 7Li.

Figs. 6.21, 6.22, and 6.23 show the dependence of the SFs in ®Be as a function of the
distance to the threshold of channels [*He(0%) ®*He(1S,)]%", [*He(07) ®*He(*Dy)]?", and
[“He(07) ® *He('Gp)]*". Similarly to the orthogonal channel weights, the effect of contin-
uum induced a-clusterization in the cluster SFs is small. Nevertheless, the maximum of
the real part of the cluster SF associated to the 8Be(0*) state is at ~ 0.8 MeV, the one for
the ®Be(2*) state is at ~ 2.2 MeV, and the one associated to the 8Be(4*) state is at ~ 7.6
MeV. This is consistent with the expected shift of the near-threshold effects as a function
of the strength of the centrifugal barrier discussed in previous sections.

The case of ®Be with the SF associated to the channels [*He(07) ® “He(1S;)]"",
[“He(07) ®*He(*Dg)]?", and [*He(07) @ *He('Gy)]*" shows the opposite behavior as those
associated to triton (see Fig. 6.19). As one moves away from the maximum effect due
to the crossing of the emission threshold, the SFs are smaller than before crossing the
threshold. In general, the behavior far away from the particle emission threshold is com-
plicated and hence, not easy to interpret. Whereas in the vicinity of the particle emission
threshold, behavior of SFs or channel probabilities is to a large extent universal, deter-
mined by the singularity of the branching point, far away from it the dependencies of
those quantities are not universal. They depend on the specific features of the model and
the NN interactions. Therefore, even though in this regime the open reaction channels
still play a very important role, their effects cannot be easily disentangled from specific
features of the model.
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Figure 6.21: Same as Fig. 6.17 but for the state [U%) of ®Be. Only the channel weights
associated to the shown SFs are plotted. The SFs and the channel weigths are shown as
a function fo the distance with respect to the *He + *He decay threshold.
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Figure 6.22: Same as Fig. 6.21 but for the state [U?1) of ®Be. Only the channel weights
associated to the shown SFs are plotted. The SFs and the channel weigths are shown as
a function fo the distance with respect to the *He + *He decay threshold.
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Figure 6.23: Same as Fig. 6.21 but for the state [U41) of ®Be. Only the channel weights
associated to the shown SFs are plotted. The SFs and the channel weigths are shown as
a function fo the distance with respect to the *He + *He decay threshold.
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Conclusion

The present work has addressed two main objectives. The first one is related to the appli-
cability of the GSM-CC model to describe the structure and reactions in a multi-channel
framework with different mass partitions, whereby the nuclei ®Be, “Li and 4?Sc have
been described. This paves the way for future studies with heavier and more complex
nuclei. The second objective is to address the near-threshold effects with focus on clus-
tering within a multi-channel framework which allows for the analysis of the competition
between clustering and shell model-like effects.

In recent decades, tremendous efforts have been made to formulate and apply ab initio
methods for a description of the structure of atomic nuclei. Applications of those novel
microscopic approaches depend heavily on the parallel enhancement of computational
resources available to run such sophisticated calculations. Nevertheless, one may ask a
question if we are still gaining new insights by just running the same model with more
sophisticated interactions and/or a bigger basis that requires more computation resources.
In this work we have attempted to follow a different strategy. Instead of joining the ab
initio efforts for the description of light nuclei, we have chosen to use an inert core and
valence particles, just as in the original SM. As a result, all calculations discussed in this
thesis can be done, in principle, using a commercial laptop.

Chapter 5 was devoted to GSM-CC calculations for structure and reactions. We began
with successful GSM-CC calculations for "Be and "Li, using two mass partitions: [6,1]
(6Li and a nucleon) and [4,3] (*He core and 3H/3He cluster). The major result of these
studies was the observation of strong clustering in the wave function for states that are
close to the cluster emission threshold. Out of these, the most interesting is the 5/2-
doublet of states. The lowest state in the doublet, the 5/27 state, is not observed in the
scattering of low energy protons on 6Li, whereas it is most pronounced in the scattering of
3He on *He. On the contrary its partner, the 5/2; state, appears most pronounced in the
scattering of low energy protons, but it is seen only as a small signal in the scattering of
3H/3He. In Chap. 5 we have explained this by the microscopic structure of 5/27 and 5/2;
states in "Be. A similar features are predicted in the reactions Li(n,n) and *He(*H,3H).
Differences between experimental and calculated cross-sections are seen for small CM
scattering angles. This may be in part attributed to an insufficient number of partial
waves in the calculated of cross-section what might have prevented certain interference
effects.

Following the calculations of A = 7 systems, we have done GSM-CC calculations for
8Be including either three mass partitions ([7,1]: "Li + p, "Be + n, and [4,4]: “*He + *He)
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or four mass partitions ([7,1]: “Li + p, “Be + n, [6,2]: 5Li + d, and [4,4]: ‘He 4 “He). In
the latter case, the energy spectrum was well reproduced by GSM-CC calculations with
very small complex corrective factors to account for the missing scattering channels. It
was found that the closed 6Li + d channel was not negligible in all studied states.

The GSM-CC calculation in 8Be was focused on the structure of this nucleus. In the
GSM-CC calculation without the Li 4+ d channel we have observed that in the proximity
of neutron and proton decay channels, the symmetry of the distribution of proton and
neutron projectile channels is broken in the (17;13) and (37;33) doublets. This shows
importance of the threshold effects on the composition of the wave function. In the ground
state, ®Be is slightly unbound with respect to the a-particle emission. Hence, we might
expect a-clustering to be important in the ground state. This is indeed what we observed
in our calculations. a-clustering was found only in the lowest states 07, 2] and 47 of *Be.
On the contrary, deuteron clustering is more robust and appears in all low energy states
with characteristic variations of the deuteron channel probability in the doublets (17;13),
(24:2%), and (37:;3%) namely, the larger probability of the deuteron channel is always in
the higher energy member of the doublet. Moreover, the inclusion of deuteron channels
[*Li(KT)®2H(Lcwm Jint Jp)]?" allows a better description of the (17313, (23;23) and (37;33)
energy doublets by closing the energy distance between members in each doublet. One
may note that in all low-energy states of ®Be, major contributions to the wave functions
are provided by the neutron ["Be(KT)®n(¢j)]’" and proton ["Li(KT)®p(¢j)]’" channels.

At the end of Chap. 5 we presented the calculations of spectra in 4142Ca, 4142Sc,
4274, as well as the proton/neutron elastic scattering 4°Ca(p/n,p/n) and the transfer
reaction 4°Ca(d,p)*'Ca. The GSM-CC description of 42Sc has been done using three mass
partitions: [41,1]: 4Ca + p, 'S¢ + n, and [40,2]: 49Ca + d. The spectra of #2Ca and
42T{ have been successfully described by considering only proton and neutron channels
([41,1]). Using the same interaction, it was possible to describe the cross-section for
the elastic scattering reactions “°Ca(p,p) and “°Ca(n,n) simultaneously with the transfer
reaction 4°Ca(d,p)* Ca. The correct reproduction of these cross-sections depends on the
fine tuning of the interaction to find a compromise between the satisfactory description
of A =42 spectra on one side and the considered cross-sections, on the other side.

The extensive studies in SMEC [8, 9] have shown that the coexistence of cluster-like
and SM-like configurations at low energies can be reconciled in the OQS approach to the
SM. This intriguing phenomenon arises due to the presence of the branching point at
the particle emission threshold, which leads to a collective mixing of SM states and the
formation of the aligned state of an OQS which shares many properties of the nearby
particle-emission threshold. The OQS nature of the alignment phenomenon was investi-
gated using GSM-CC for the first time. The presence of cluster states near their corre-
sponding cluster emission thresholds serves as a significant indicator of a profound change
in the near-threshold SM wave function and the direct manifestation of the correlations
induced in SM wave functions by the continuum-coupling.

Near-threshold effects investigated in Chap. 6 have been inspired by the GSM studies
of SFs. [38, 39]. We have extended these studies by analyzing the dependence on the
energy distance to the particle emission thresholds of the wave function expanded in
reaction channels. In addition to the reaction channel probabilities, we have studied
partial decay widths of various channels, continuum coupling correlation energy and SFs.
Thus, this is the first time that the phenomena of clusterization in near-threshold states
have been studied with GSM-CC. When looking at the change of the properties of 8Be as a
function to the energy distance to the a-decay threshold, we found a shift in the maximum
effect of the threshold effects associated to the angular momentum. The presence of
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chameleon features for states, such as the 5/2; resonances in “Be and 7Li, suggest that
the nature of the states changes depending on their environment of reaction channels and
scattering continuum states.

The continuum-coupling correlation energy defined in this work measures the effect
of the decay thresholds in the configuration mixing. We found that properties of the
correlation energy mirror the properties of the channel probability weights. Moreover, the
effects of the Coulomb interaction and the centrifugal barrier in the continuum-coupling
correlation energy are similar to what is observed in the channel probabilities. In the
studied nuclei with A = 7,8, the effects of the Coulomb interaction was small as compared
to the effects of angular momentum.

We concluded Chap. 6 with the studies on the SFs for nucleons and *H, 3*He clusters.
We found that the alignment effects are carried over from the channel weights to the SFs.
The maxima/minima of the SFs do not correspond to those of the channel probabilities,
but they are close to each other.

In summary, the effect of the particle emission thresholds on SM states are important.
The calculations presented in this work are the first GSM-CC calculations done in a mul-
tiple mass-partition framework. These calculations provide evidence for the importance
of not only one-nucleon decay thresholds, but also of 3H, 3He, or *He more complex emis-
sion thresholds for the structure of SM states. We have shown that the near-threshold
a-clustering is an emergent OQS phenomenon due to the alignment of the SM eigenstate
with the nearby a-decay channel. In the future, similar calculations should be carried
for heavier nuclei using a different core, like 2C or 0O cores. Additionally, further ex-
ploration of mass partitions whose decay thresholds are not necessarily at low energies
is required, as demonstrated on the example of Li + d partition in low energy states of
8Be. The GSM-CC approach formulated in the inert core + valence particles approxima-
tion, should be completed by the no-core GSM-CC calculation. Such studies are certainly
possible in nuclei with A <6 [25].

My contribution to the results presented in this work is contained mainly in Chaps.
5 and 6. These include the application, testing, and correction of numerical codes of
the GSM-CC approach with the reaction channels corresponding to the multiple-mass
partitions. These studies comprise the development of the interaction for A =7,8, and 9
nuclei. Results for A =9 nuclei have not been included in the written document. Next,
in Chap. 6, I defined the correlation energy which provides a syntetized information
about the continuum-coupling correlations calculated in GSM-CC. This quantity is now
ready to be applied in many nuclei. Extensive studies were done to define the correlation
energy for GSM (not included in this manuscript), however the results obtained were
not satisfactory. I have also developed scripts that allow for several consecutive GSM
and GSM-CC calculations and also that extract important data from the output files of a
calculation. Although the calculations presented in the thesis can be done in a commercial
laptop, scripts that allows to take advantage of a computer cluster have been developed
that parallelize multiple GSM calculations. Finally, the threshold effects calculations for
probabilities of orthogonal reaction channels, the spectroscopic factors and the correlation
energy were prepared and ran by me using the GSM-CC computer code.
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APPENDIX A

Annexes

A.1 On the Slater determinants of the wave function
in GSM-CC

In this Appendix we give details about the construction of the total wave function in
GSM-CC in terms of Slater determinants. We begin with the projectile wave function:
Py = Al 0 Al
‘ MP> [|NCMLCM)®|Jmt)]MP | )7 ( )
where |0) is the Fock space. We can express the projectile creation operator in single-
particle creation operators a' as:

Z BJ H al,, (A.2)

where v; = (73, 8;,¢;) is the set of quantum numbers that characterizes a particular nu-
cleon 7 of isospin 7;, spin s; and angular momentum ¢;. Additionally, we can make the

identifications aﬁ = LCM and > £ +8; = Jing. By considering the angular momentum
1€core

couplings, the projectile wave function is:

|\I]X/}[3P>: Z (LCMMCMJIHtMlnt|JPMP E:Bal_[a]L |0 (AS)

Moy Ming i=1

[\NCMLCM)@’Uim)]MP

Similarly, the target wave function can be expressed as:

A-a
|xpj;T) =A . |0)= S B[] ag 0}, (A.4)
|\IJMT> B j=g

where ¢ is the number of particles in the core plus one unit. Finally, we can couple both
projectile and target wave functions of Egs. (A.3) and (A.4) into the full wave function
as:

Wit )=K > (LouMenJineMil Jp Mp) (Jp Mp Jp Mr|Ja M)
Mp My
Mcn Ming

. ;Bg-aBg (q agi) (:‘l‘g agj) 0), (A.5)
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where K is a normalization constant.

If we want to define a proper Slater determinant for the full wave function, we have
to set a convention in the order of the creation operators. This order however, means
a rearrangement of the single particle creation operators in equation (A.5). This is the
origin of rearrangement phase factors (-)¥. Thus the sum of creation operators in the
total wave function can be expressed as

st (1) (1

i=1 J=9

A
agj) - > Bl]al,. (A.6)

i=g

where Bzl = (=) B4~ By.

A.2 The current formula for the calculation of partial
widths of channel wave functions

We emulate [28, 306] to derive the so-called current formula for the calculation of partial
widths for channel wave functions. In the following we simplify the notation by removing
the CM tag from the equations. For large CM distances, the coupling between channels
is negligible and thus, using Eqs. (4.50) and (4.56) the Hill-Wheeler Eq. (4.7) becomes:

[g_amn

or? 72

mwm+%0 ]%w > Vee(r)=0. (A7)

The usual trick is to multiply by the conjugate u’(r) and then subtract the complex
conjugate of the whole equation (A.7) to yield:

ug (r)ud (r) = ue(ryu”c (r) + %if + 2 Ve (r) [uz (r)ue (r) —ue(r)uz (r)] =0, (A.8)

where the energy E is assumed complex such that F = Re[E] —il'/2. If we now notice
that

r T (r)u (r) = ue(r)u" 2 (r)] = ul (r)ul(r) = ue(r)u'2(r), (A9)
and that

Z Ve (1) [uc (r)ue (r) = ue(r)ug (r)] = 0. (A.10)

So by applying the operators for dr and Y., we derive the current formula:
1%
I'(r)= Z Ze [ue (r)ue(r) = ue(r)w's (T)] (A.11)
mp Z /0 dr,|uc (T,)|

Thus, since the width can be expressed as the sum of partial widths I' = Y., then, the
expression for the partial width for a specific channel ¢ is simply:

h? wi(r)ul(r) - uc(r)u’*(r)'
2my Y [y dr fue ()

I‘(r)—z

(A.12)



References

R N N

—_— — — — —
ot

M. Goeppert-Mayer, Physical Review 75, 1969 (1949).

O. Haxel, J. H. D. Jensen, and H. E. Suess, Physical Review 75, 1766 (1949).
H. Feshbach, Annals of Physics 5, 357 (1958).

H. Feshbach, Annals of Physics 19, 287 (1962).

C. Mahaux and H. A. Weidenmiiller, Shell-Model Approach to Nuclear Reactions.
(Amsterdam: North-Holland, 1969).

H. Barz, I. Rotter, and J. Hohn, Nuclear Physics A 275, 111 (1977).

K. Tkeda, N. Takigawa, and H. Horiuchi, Progress of Theoretical Physics Supple-
ment 68, 464 (1968).

J. Okotowicz, M. Ptoszajczak, and W. Nazarewicz, Progress of Theoretical Physics
Supplement 196, 230 (2012).

J. Okotowicz, W. Nazarewicz, and M. Ploszajczak, Fortschritte der Physik 61, 66
(2012).

J. Okotowicz, M. Ploszajczak, and I. Rotter, Physics Reports 374, 271 (2003).

R. Id Betan, R. J. Liotta, N. Sandulescu, and T. Vertse, Physical Review Letters
89, 042501 (2002).

N. Michel, W. Nazarewicz, M. Ploszajczak, and K. Bennaceur, Physical Review
Letters 89, 042502 (2002).

N. Michel, W. Nazarewicz, M. Ptoszajczak, and J. Okotowicz, Physical Review C
67, 054311 (2003).

N. Michel, W. Nazarewicz, M. Ploszajczak, and T. Vertse, Journal of Physics G:
Nuclear and Particle Physics 36, 013101 (2008).

N. Michel and M. Ptoszajczak, Gamow Shell Model, The Unified Theory of Nuclear
Structure and Reactions, Vol. 983 (Lectures Notes in Physics, Springer, 2021).

Y. Jaganathen, N. Michel, and M. Ploszajczak, Physical Review C 89, 034624
(2014).

K. Fossez, N. Michel, M. Ptoszajczak, Y. Jaganathen, and R. M. Id Betan, Physical
Review C 91, 034609 (2015).

S. Quaglioni and P. Navratil, Physical Review Letters 101, 092501 (2008).

121


https://doi.org/10.1103/PhysRev.75.1969
https://doi.org/10.1103/physrev.75.1766.2
https://doi.org/10.1016/0003-4916(58)90007-1
https://doi.org/10.1016/0003-4916(62)90221-x
https://doi.org/10.1016%2F0375-9474%2877%2990279-2
https://doi.org/10.1143/ptps.e68.464
https://doi.org/10.1143/ptps.e68.464
https://doi.org/10.1143/ptps.196.230
https://doi.org/10.1143/ptps.196.230
https://doi.org/10.1002/prop.201200127
https://doi.org/10.1002/prop.201200127
https://doi.org/10.1016%2Fs0370-1573%2802%2900366-6
https://doi.org/10.1103/PhysRevLett.89.042501
https://doi.org/10.1103/PhysRevLett.89.042501
https://doi.org/10.1103/PhysRevLett.89.042502
https://doi.org/10.1103/PhysRevLett.89.042502
https://doi.org/10.1103/PhysRevC.67.054311
https://doi.org/10.1103/PhysRevC.67.054311
https://doi.org/10.1088/0954-3899/36/1/013101
https://doi.org/10.1088/0954-3899/36/1/013101
https://doi.org/10.1103/PhysRevC.89.034624
https://doi.org/10.1103/PhysRevC.89.034624
https://doi.org/10.1103/PhysRevC.91.034609
https://doi.org/10.1103/PhysRevC.91.034609
https://link.aps.org/doi/10.1103/PhysRevLett.101.092501

122 References

[19] S. Quaglioni and P. Navrétil, Physical Review C 79, 044606 (2009).

[20] S. Baroni, P. Navratil, and S. Quaglioni, Physical Review Letters 110, 022505
(2013).

[21] S. Baroni, P. Navratil, and S. Quaglioni, Physical Review C 87, 034326 (2013).

[22] P. Navratil, S. Quaglioni, G. Hupin, C. Romero-Redondo, and A. Calci, Physica
Scripta 91, 053002 (2016).

[23] G. Papadimitriou, J. Rotureau, N. Michel, M. Ploszajczak, and B. R. Barrett,
Physical Review C 88, 044318 (2013).

[24] A. M. Shirokov, G. Papadimitriou, A. I. Mazur, I. A. Mazur, R. Roth, and J. P.
Vary, Physical Review Letters 117, 182502 (2016).

[25] N. Michel, W. Nazarewicz, and M. Ploszajczak, arXiv:2306.05192 (2023).

[26] G. Gamow, Zeitschrift fiir Physik 51, 204 (1928).

[27] W. Heisenberg, in Original scientific papers / Wissenschaftliche Originalarbeiten
(Springer Berlin Heidelberg, 1989), pp. 611-636.

[28] J. Humblet and L. Rosenfeld, Nuclear Physics 26, 529 (1961).

[29] T. Berggren, Nuclear Physics A 109, 265 (1968).

[30] T. Berggren, Physics Letters B 73, 389 (1978).

[31] T. Berggren, Physics Letters B 373, 1 (1996).

[32] K. Maurin, Lecture Notes, ICTP, Trieste, preprint 1C/66/12 (1966).

[33] A. Bohm and J. D. Dollard, The Rigged Hilbert Space and Quantum Mechanics:
Lectures in Mathematical Physics at the University of Texas at Austin (Springer
Berlin Heidelberg, 1978).

[34] R. de la Madrid, European Journal of Physics 26, 287 (2005).

[35] A. Mercenne, N. Michel, and M. Ploszajczak, Physical Review C 99, 044606 (2019).

[36] A. Mercenne, N. Michel, J. P. Linares Ferndndez, and M. Ploszajczak, Physical
Review C 107, LO11603 (2023).

[37] E. P. Wigner, Physical Review 73, 1002 (1948).

[38] N. Michel, W. Nazarewicz, and M. Ploszajczak, Physical Review C 75, 031301
(2007).

[39] N. Michel, W. Nazarewicz, and M. Ploszajczak, Nuclear Physics A 794, 29 (2007).

[40] A. J. F. Siegert, Physical Review 56, 750 (1939).

[41] J. A. Wheeler, Physical Review 52, 1107 (1937).

[42] Y. B. Zel'dovich, Sov. Phys. JETP 12, 542 (1961).

[43] 1. M. Gel'fand and N. Y. Vilenkin, Generalized Functions: Applications of Har-
monic Analysis, Vol. 4 (Academic press, New York, 1964).

[44] A. B. Migdal, A. M. Perelomov, and V. S. Popov, Yadernaya Fizika 14, 874 (1971).

[45] A. B. Migdal, A. M. Perelomov, and V. S. Popov, Soviet Journal of Nuclear Physics
14, 488 (1972).

[46] J. R. Taylor, Scattering Theory: the Quantum Theory of Nonrelativistic Collisions

(Courier Corporation, 2006).


https://doi.org/10.1103/PhysRevC.79.044606
https://doi.org/10.1103/PhysRevLett.110.022505
https://doi.org/10.1103/PhysRevLett.110.022505
https://doi.org/10.1103/PhysRevC.87.034326
https://doi.org/10.1088/0031-8949/91/5/053002
https://doi.org/10.1088/0031-8949/91/5/053002
https://doi.org/10.1103/PhysRevC.88.044318
https://doi.org/10.1103/PhysRevLett.117.182502
https://doi.org/10.1007/BF01343196
https://doi.org/10.1007/978-3-642-70078-1_44
https://doi.org/https://doi.org/10.1016/0029-5582(61)90207-3
https://doi.org/https://doi.org/10.1016/0375-9474(68)90593-9
https://doi.org/10.1016/0370-2693(78)90747-5
https://doi.org/10.1016/0370-2693(96)00132-3
https://doi.org/10.1088%2F0143-0807%2F26%2F2%2F008
https://doi.org/10.1103/PhysRevC.99.044606
https://doi.org/10.1103/PhysRevC.107.L011603
https://doi.org/10.1103/PhysRevC.107.L011603
https://doi.org/10.1103/physrev.73.1002
https://doi.org/10.1103/PhysRevC.75.031301
https://doi.org/10.1103/PhysRevC.75.031301
https://doi.org/10.1016%2Fj.nuclphysa.2007.07.004
https://doi.org/10.1103%2Fphysrev.56.750
https://doi.org/10.1103/physrev.52.1107

References 123

| L. Dubé and A. Herzenberg, Physical Review Letters 38, 820 (1977).
] M. A. Morrison, Physical Review A 25, 1445 (1982).

9] L. A. Morgan, Physical Review Letters 80, 1873 (1998).
]

O. L. Tolstikhin, V. N. Ostrovsky, and H. Nakamura, Physical Review Letters 79,
2026 (1997).

[51] R. G. Newton, Journal of Mathematical Physics 1, 319 (2004).

[52] A. Bohm, M. Gadella, and S. Maxson, Computers and Mathematics with Applica-
tions 34, 427 (1997).

[53] M. Abramowitz, I. A. Stegun, and R. H. Romer, Handbook of Mathematical Func-
tions with Formulas, Graphs, and Mathematical Tables, Vol. 56, 10 (American As-
sociation of Physics Teachers (AAPT), 1988).

[54] W. Blum, H.-P. Diirr, and H. Rechenberg, eds., Original scientific papers / Wis-
senschaftliche Originalarbeiten (Springer Berlin Heidelberg, 1989).

[55] R. Jost, Helvetica Physica Acta 20, 256 (1947).

[56] P. Lind, Physical Review C 47, 1903 (1993).

[57] N. Michel, Journal of Mathematical Physics 49, 022109 (2008).

[58] J. Bang, F. Gareev, M. Gizzatkulov, and S. Goncharov, Nuclear Physics A 309,
381 (1978).

[59] B. Gyarmati, F. Krisztinkovics, and T. Vertse, Physics Letters B 41, 110 (1972).

0] B.F. Samsonov, Journal of Physics A: Mathematical and General 38, L571 (2005).

[61] T. Kato, Perturbation Theory for Linear Operators, Vol. 132 of Classics in Math-
ematics (Springer, Berlin, Germany, 1995).

[62] M. Zirnbauer, J. Verbaarschot, and H. Weidenmiiller, Nuclear Physics A 411, 161
(1983).

[63] W. D. Heiss and W.-H. Steeb, Journal of Mathematical Physics 32, 3003 (1991).
4] 'W. D. Heiss and A. L. Sannino, Physical Review A 43, 4159 (1991).

[65] M. V. Nikolayev and V. S. Olkhovsky, Lettere Al Nuovo Cimento Series 2 8, 703
(1973).

[66] B. Gyarmati and T. Vertse, Nuclear Physics A 160, 523 (1971).

[67] V.I Kukulin, V. M. Krasnopol’sky, and J. Horacek, Theory of Resonances (Springer
Netherlands, 1989).

| 1. Talmi, Helvetica Physica Acta 26, 185 (1952).

9] M. Moshinsky, Nuclear Physics 13, 104 (1959).
| G. Hagen, M. Hjorth-Jensen, and N. Michel, Physical Review C 73, 064307 (2006).
]

K. Maurin, Generalized Eigenfunctions Expansions and Unitarity Representations
of Topological Groups (Polish Scientific Publishers, Warsaw, 1968).

K. Maurin, Analysis, Part II (Polish Scientific Publishers, Warsaw, 1980).

R. de la Madrid, Journal of Physics A: Mathematical and General 39, 3949 (2006).
R. de la Madrid, Journal of Physics A: Mathematical and General 39, 3981 (2006).
R. de la Madrid, Journal of Mathematical Physics 53, 102113 (2012).

il BN~

-3
DO

-3
w0

L L I I


https://doi.org/10.1103/PhysRevLett.38.820
https://doi.org/10.1103/PhysRevA.25.1445
https://doi.org/10.1103/PhysRevLett.80.1873
https://doi.org/10.1103/PhysRevLett.79.2026
https://doi.org/10.1103/PhysRevLett.79.2026
https://doi.org/10.1063/1.1703665
https://doi.org/10.1016%2Fs0898-1221%2897%2900149-1
https://doi.org/10.1016%2Fs0898-1221%2897%2900149-1
https://doi.org/10.1103/PhysRevC.47.1903
https://doi.org/10.1063/1.2830976
https://doi.org/10.1016%2F0375-9474%2878%2990488-8
https://doi.org/10.1016%2F0375-9474%2878%2990488-8
https://doi.org/10.1016/0370-2693(72)90438-8
https://doi.org/10.1088%2F0305-4470%2F38%2F34%2Fl02
https://doi.org/10.1016%2F0375-9474%2883%2990385-8
https://doi.org/10.1016%2F0375-9474%2883%2990385-8
https://doi.org/10.1063%2F1.529044
https://doi.org/10.1103%2Fphysreva.43.4159
https://doi.org/10.1007%2Fbf02725307
https://doi.org/10.1007%2Fbf02725307
https://doi.org/https://doi.org/10.1016/0375-9474(71)90095-9
https://doi.org/10.3929/ethz-a-000089257
https://doi.org/10.1016/0029-5582(59)90143-9
https://doi.org/10.1103/PhysRevC.73.064307
https://doi.org/10.1088%2F0305-4470%2F39%2F15%2F008
https://doi.org/10.1088%2F0305-4470%2F39%2F15%2F009
https://doi.org/10.1063/1.4758925

124 References

[76] G. Ludwig, Foundations of Quantum Mechanics, Vol. 1,2 (Springer, New York,
1983).

[77] G. Ludwig, An Aziomatic Basis of Quantum Mechanics, Vol. 1,2 (Springer Verlag,
Berlin, 1983).

[78] P. A. M. Dirac, The Principles of Quantum Mechanics, 27 (Oxford university press,
1981).

[79] J. Von Neumann, Mathematical Foundations of Quantum Mechanics, Vol. 53 (Prince-
ton university press, 2018).

[80] U. Fano, Physical Review 124, 1866 (1961).

[81] P. Navratil and B. R. Barrett, Physical Review C 57, 562 (1998).

[82] P. Navratil and B. R. Barrett, Physical Review C 59, 1906 (1999).

[83] P. Navrétil, G. P. Kamuntavicius, and B. R. Barrett, Physical Review C 61, 044001
(2000).

[84] K. Bennaceur, F. Nowacki, J. Okotowicz, and M. Ploszajczak, Journal of Physics
G: Nuclear and Particle Physics 24, 1631 (1998).

[85] K. Bennaceur, F. Nowacki, J. Okotowicz, and M. Ploszajczak, Nuclear Physics A
651, 289 (1999).

[86] K. Bennaceur, J. Dobaczewski, and M. Ploszajczak, Physics Letters B 496, 154
(2000).

[87] N. Michel, J. Okotowicz, F. Nowacki, and M. Ploszajczak, Nuclear Physics A 703,
202 (2002).

[88] J. Rotureau, J. Okotowicz, and M. Ploszajczak, Physical Review Letters 95, 042503
(2005).

[89] J. Rotureau, J. Okotowicz, and M. Ploszajczak, Nuclear Physics A 767, 13 (2006).

[90] A. Poves, J. Sdnchez-Solano, E. Caurier, and F. Nowacki, Nuclear Physics A 694,
157 (2001).

[91] J. P. Elliott, Proceedings of the Royal Society of London. Series A, Mathematical
and Physical Sciences 245, 562 (1958).

[92] M. Dufour and A. P. Zuker, Physical Review C 54, 1641 (1996).

[93] P. F. A. Klinkenberg, Reviews of Modern Physics 24, 63 (1952).

[94] C. Lanczos, Journal of Research of the National Bureau of Standards 45, 255
(1950).

[95] E. Caurier, G. Martinez-Pinedo, F. Nowacki, A. Poves, and A. P. Zuker, Reviews
of Modern Physics 77, 427 (2005).

[96] J. M. Arias and M. Lozano, eds., An Advanced Course in Modern Nuclear Physics
(Springer Berlin Heidelberg, 2001).

[97] B. R. Barrett, P. Navratil, and J. P. Vary, Progress in Particle and Nuclear Physics
69, 131 (2013).

[98] P. Navratil, S. Quaglioni, I. Stetcu, and B. R. Barrett, Journal of Physics G: Nuclear
and Particle Physics 36, 083101 (2009).

[99] S. Okubo, Progress of Theoretical Physics 12, 603 (1954).


https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1103/PhysRevC.57.562
https://doi.org/10.1103/PhysRevC.59.1906
https://doi.org/10.1103/PhysRevC.61.044001
https://doi.org/10.1103/PhysRevC.61.044001
https://doi.org/10.1088%2F0954-3899%2F24%2F8%2F043
https://doi.org/10.1088%2F0954-3899%2F24%2F8%2F043
https://doi.org/10.1016%2Fs0375-9474%2899%2900133-5
https://doi.org/10.1016%2Fs0375-9474%2899%2900133-5
https://doi.org/10.1016/s0370-2693(00)01292-2
https://doi.org/10.1016/s0370-2693(00)01292-2
https://doi.org/10.1016%2Fs0375-9474%2801%2901529-9
https://doi.org/10.1016%2Fs0375-9474%2801%2901529-9
https://doi.org/10.1103/PhysRevLett.95.042503
https://doi.org/10.1103/PhysRevLett.95.042503
https://doi.org/10.1016/j.nuclphysa.2005.12.005
https://doi.org/10.1016/s0375-9474(01)00967-8
https://doi.org/10.1016/s0375-9474(01)00967-8
http://www.jstor.org/stable/100297
http://www.jstor.org/stable/100297
https://doi.org/10.1103/physrevc.54.1641
https://doi.org/10.1103%2Frevmodphys.24.63
https://doi.org/10.6028/jres.045.026
https://doi.org/10.6028/jres.045.026
https://doi.org/10.1103/revmodphys.77.427
https://doi.org/10.1103/revmodphys.77.427
https://doi.org/10.1016/j.ppnp.2012.10.003
https://doi.org/10.1016/j.ppnp.2012.10.003
https://doi.org/10.1088/0954-3899/36/8/083101
https://doi.org/10.1088/0954-3899/36/8/083101
https://doi.org/10.1143%2Fptp.12.603

References 125

[100]
[101]
[102]

[103]
[104]
[105]
[106]

[107]
[108]
[109]

[110]
[111]

[112]

[113]
[114]
[115]

—_— o — — — —
—_
—_
._.._.._;:._;._4

[121]

[122]
[123]

[124]

[125]
[126]

K. Suzuki and S. Y. Lee, Progress of Theoretical Physics 64, 2091 (1980).
K. Suzuki and R. Okamoto, Progress of Theoretical Physics 92, 1045 (1994).

S. K. Bogner, R. J. Furnstahl, and R. J. Perry, Physical Review C 75, 061001
(2007).

J. Draayer, T. Dytrych, K. Launey, and D. Langr, Progress in Particle and Nuclear
Physics 67, 516 (2012).

J. P. Draayer, T. Dytrych, and K. D. Launey, in Journal of Physics: Conference
Series, Vol. 322 (2011), p. 012001.

K. D. Launey, T. Dytrych, G. H. Sargsyan, R. B. Baker, and J. P. Draayer, The
European Physical Journal Special Topics 229, 2429 (2020).

T. Dytrych, K. D. Sviratcheva, J. P. Draayer, C. Bahri, and J. P. Vary, Journal of
Physics G: Nuclear and Particle Physics 35, 123101 (2008).

M. Honma, T. Mizusaki, and T. Otsuka, Physical Review Letters 75, 1284 (1995).
M. Honma, T. Mizusaki, and T. Otsuka, Physical Review Letters 77, 3315 (1996).

T. Otsuka, M. Honma, T. Mizusaki, N. Shimizu, and Y. Utsuno, Progress in Par-
ticle and Nuclear Physics 47, 319 (2001).

J. Carlson, Physical Review C 36, 2026 (1987).

J. Carlson, S. Gandolfi, F. Pederiva, S. C. Pieper, R. Schiavilla, K. E. Schmidt,
and R. B. Wiringa, Reviews of Modern Physics 87, 1067 (2015).

K. Wildermuth and Y. C. Tang, A Unified Theory of the Nucleus (Vieweg+Teubner
Verlag, 1977).

Y. Tang, M. LeMere, and D. Thompsom, Physics Reports 47, 167 (1978).
T. Fliessbach and H. Walliser, Nuclear Physics A 377, 84 (1982).

R. Lovas, R. Liotta, A. Insolia, K. Varga, and D. Delion, Physics Reports 294, 265
(1998).

H. M. Hofmann and G. M. Hale, Physical Review C 77, 044002 (2008).
I. Rotter, H. Barz, and J. Hohn, Nuclear Physics A 297, 237 (1978).
W. Wang and C. Shakin, Physics Letters B 32, 421 (1970).

J. Faes and M. Ploszajczak, Nuclear Physics A 800, 21 (2008).

J. Dobaczewski, N. Michel, W. Nazarewicz, M. Ploszajczak, and M. Stoitsov, in A
New Era of Nuclear Structure Physics (2004), pp. 162-171.

T. Otsuka, A. Gade, O. Sorlin, T. Suzuki, and Y. Utsuno, Reviews of Modern
Physics 92, 015002 (2020).

F. Stancu, D. Brink, and H. Flocard, Physics Letters B 68, 108 (1977).

T. Otsuka, T. Suzuki, R. Fujimoto, H. Grawe, and Y. Akaishi, Physical Review
Letters 95, 232502 (2005).

G. L. G. Sleijpen, A. G. L. Booten, D. R. Fokkema, and H. A. van der Vorst, BIT
Numerical Mathematics 36, 595 (1996).

R. D. Lawson, Theory of the Nuclear Shell Model (Clarendon, NY, 1980).
Y. Suzuki and K. Ikeda, Physical Review C 38, 410 (1988).


https://doi.org/10.1143%2Fptp.64.2091
https://doi.org/10.1143%2Fptp%2F92.6.1045
https://doi.org/10.1103/PhysRevC.75.061001
https://doi.org/10.1103/PhysRevC.75.061001
https://doi.org/10.1016/j.ppnp.2012.01.020
https://doi.org/10.1016/j.ppnp.2012.01.020
https://doi.org/10.1088%2F1742-6596%2F322%2F1%2F012001
https://doi.org/10.1088%2F1742-6596%2F322%2F1%2F012001
https://doi.org/10.1140%2Fepjst%2Fe2020-000178-3
https://doi.org/10.1140%2Fepjst%2Fe2020-000178-3
https://doi.org/10.1088%2F0954-3899%2F35%2F12%2F123101
https://doi.org/10.1088%2F0954-3899%2F35%2F12%2F123101
https://doi.org/10.1103/PhysRevLett.75.1284
https://doi.org/10.1103/PhysRevLett.77.3315
https://doi.org/https://doi.org/10.1016/S0146-6410(01)00157-0
https://doi.org/https://doi.org/10.1016/S0146-6410(01)00157-0
https://doi.org/10.1103/PhysRevC.36.2026
https://doi.org/10.1103/RevModPhys.87.1067
https://doi.org/10.1016/0370-1573(78)90175-8
https://doi.org/10.1016/0375-9474(82)90322-0
https://doi.org/10.1016/s0370-1573(97)00049-5
https://doi.org/10.1016/s0370-1573(97)00049-5
https://doi.org/10.1103/PhysRevC.77.044002
https://doi.org/10.1016%2F0375-9474%2878%2990274-9
https://doi.org/10.1016%2F0370-2693%2870%2990370-9
https://doi.org/10.1016%2Fj.nuclphysa.2007.11.013
https://doi.org/10.1142/9789812702401_0024
https://doi.org/10.1142/9789812702401_0024
https://doi.org/10.1103/RevModPhys.92.015002
https://doi.org/10.1103/RevModPhys.92.015002
https://doi.org/https://doi.org/10.1016/0370-2693(77)90178-2
https://doi.org/10.1103/PhysRevLett.95.232502
https://doi.org/10.1103/PhysRevLett.95.232502
https://doi.org/10.1007%2Fbf01731936
https://doi.org/10.1007%2Fbf01731936
https://doi.org/10.1103%2Fphysrevc.38.410

126 References

[127] Y. Jaganathen, R. M. L. Betan, N. Michel, W. Nazarewicz, and M. Ploszajczak,
Physical Review C 96, 054316 (2017).

[128] N. Michel, W. Nazarewicz, and M. Ploszajczak, Physical Review C 70, 064313
(2004).

[129] N. Michel, The European Physical Journal A 42, 523 (2009).

[130] D. Vautherin and M. Vénéroni, Physics Letters B 25, 175 (1967).

[131] F. Palumbo, Nuclear Physics A 99, 100 (1967).

[132] G. Hagen, T. Papenbrock, and D. J. Dean, Physical Review Letters 103, 062503
(2000).

[133] J. G. Li, N. Michel, W. Zuo, and F. R. Xu, Physical Review C 103, 034305 (2021).

[134] K. Fossez, J. Rotureau, N. Michel, and W. Nazarewicz, Physical Review C 96,
024308 (2017).

[135] R. Id Betan, R. J. Liotta, N. Sandulescu, and T. Vertse, Physical Review C 67,
014322 (2003).

[136] N. Michel, W. Nazarewicz, M. Ploszajczak, and J. Rotureau, Revista Mexicana de
Fisica 50, 74 (2004).

[137] X. Mao, J. Rotureau, W. Nazarewicz, N. Michel, R. M. Id Betan, and Y. Jagana-
then, Physical Review C 102, 024309 (2020).

[138] J. G. Li, B. S. Hu, Q. Wu, Y. Gao, S. J. Dai, and F. R. Xu, Physical Review C
102, 034302 (2020).

[139] N. Michel, J. G. Li, F. R. Xu, and W. Zuo, Physical Review C 100, 064303 (2019).

[140] J. Rotureau, N. Michel, W. Nazarewicz, M. Ploszajczak, and J. Dukelsky, Physical
Review Letters 97, 110603 (2006).

[141] J. Rotureau, N. Michel, W. Nazarewicz, M. Ploszajczak, and J. Dukelsky, Physical
Review C 79, 014304 (2009).

[142] S. R. White, Physical Review Letters 69, 2863 (1992).

[143] S. R. White, Physical Review B 48, 10345 (1993).

[144] N. Michel, W. Nazarewicz, M. Ploszajczak, and J. Rotureau, Physical Review C
74, 054305 (2006).

[145] R. Id Betan, R. J. Liotta, N. Sandulescu, T. Vertse, and R. Wyss, Physical Review
C 72, 054322 (2005).

[146] N. Michel, J. G. Li, F. R. Xu, and W. Zuo, Physical Review C 103, 044319 (2021).

[147] J. Li, N. Michel, H. Li, and W. Zuo, Physics Letters B 832, 137225 (2022).

[148] N. Michel, J. G. Li, F. R. Xu, and W. Zuo, Physical Review C 101, 031301 (2020).

[149] J. Okotowicz, N. Michel, W. Nazarewicz, and M. Pltoszajczak, Physical Review C
85, 064320 (2012).

[150] G. Papadimitriou, A. T. Kruppa, N. Michel, W. Nazarewicz, M. Ploszajczak, and
J. Rotureau, Physical Review C 84, 051304 (2011).

[151] G. Hagen, M. Hjorth-Jensen, and J. S. Vaagen, Physical Review C 71, 044314

(2005).


https://doi.org/10.1103/PhysRevC.96.054316
https://doi.org/10.1103/PhysRevC.70.064313
https://doi.org/10.1103/PhysRevC.70.064313
https://doi.org/10.1140/epja/i2008-10738-7
https://doi.org/10.1016/0370-2693(67)90026-3
https://doi.org/10.1016/0375-9474(67)90211-4
https://doi.org/10.1103/PhysRevLett.103.062503
https://doi.org/10.1103/PhysRevLett.103.062503
https://doi.org/10.1103/PhysRevC.103.034305
https://doi.org/10.1103/PhysRevC.96.024308
https://doi.org/10.1103/PhysRevC.96.024308
https://doi.org/10.1103/PhysRevC.67.014322
https://doi.org/10.1103/PhysRevC.67.014322
https://doi.org/10.1140/epjad/i2005-06-136-7
https://doi.org/10.1140/epjad/i2005-06-136-7
https://link.aps.org/doi/10.1103/PhysRevC.102.024309
https://doi.org/10.1103/PhysRevC.102.034302
https://doi.org/10.1103/PhysRevC.102.034302
https://doi.org/10.1103/PhysRevC.100.064303
https://doi.org/10.1103/PhysRevLett.97.110603
https://doi.org/10.1103/PhysRevLett.97.110603
https://doi.org/10.1103/PhysRevC.79.014304
https://doi.org/10.1103/PhysRevC.79.014304
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevB.48.10345
https://doi.org/10.1103/PhysRevC.74.054305
https://doi.org/10.1103/PhysRevC.74.054305
https://doi.org/10.1103/PhysRevC.72.054322
https://doi.org/10.1103/PhysRevC.72.054322
https://doi.org/10.1103/PhysRevC.103.044319
https://doi.org/10.1016%2Fj.physletb.2022.137225
https://doi.org/10.1103/PhysRevC.101.031301
https://doi.org/10.1103/PhysRevC.85.064320
https://doi.org/10.1103/PhysRevC.85.064320
https://doi.org/10.1103/PhysRevC.84.051304
https://doi.org/10.1103/PhysRevC.71.044314
https://doi.org/10.1103/PhysRevC.71.044314

References 127

[152]
[153]

[154]
155

[156]
[157]
[158]

[159]
[160]

[161]
[162]
[163]
[164]
[165]
[166]

[167]

—_— — — — —
—_
._;._.._.:._4._.

[173]
[174]
[175]

[176]

G. Hagen, M. Hjorth-Jensen, and J. S. Vaagen, Journal of Physics G: Nuclear and
Particle Physics 31, S1337 (2005).

Y. Ma, F. Xu, L. Coraggio, B. Hu, J. Li, T. Fukui, L. D. Angelis, N. Itaco, and
A. Gargano, Physics Letters B 802, 135257 (2020).

E. Epelbaum, Few-Body Systems 43, 57 (2008).

K. Fossez, J. Rotureau, N. Michel, and M. Ptoszajczak, Physical Review Letters
119, 032501 (2017).

J. G. Li, N. Michel, B. S. Hu, W. Zuo, and F. R. Xu, Physical Review C 100,
054313 (2019).

B. R. Barrett, G. Papadimitriou, N. Michel, and M. Ploszajczak, in 14th Interna-
tional Conference on Nuclear Reaction Mechanisms (2015), pp. 49-56.

I. J. Shin, Y. Kim, P. Maris, J. P. Vary, C. Forssén, J. Rotureau, and N. Michel,
Journal of Physics G: Nuclear and Particle Physics 44, 075103 (2017).

[. M. Green and S. A. Moszkowski, Physical Review 139, B790 (1965).

H. Furutani, H. Horiuchi, and R. Tamagaki, Progress of Theoretical Physics 62,
981 (1979).

H. Furutani, H. Kanada, T. Kaneko, S. Nagata, H. Nishioka, S. Okabe, S. Saito, T.
Sakuda, and M. Seya, Progress of Theoretical Physics Supplement 68, 193 (1980).

L. Eisenbud and E. P. Wigner, Proceedings of the National Academy of Sciences
27, 281 (1941).

R. Tamagaki and W. Watari, Progress of Theoretical Physics Supplement 39, 23
(1967).

A. De Shalit and H. Feshbach, Theoretical Nuclear Physics, Wiley Classics Library
vol. 1 (Wiley, 1974).

P. Ring and P. Schuck, The Nuclear Many-Body Problem (Springer Berlin Heidel-
berg, 1980).

N. Michel, W. Nazarewicz, and M. Ptoszajczak, Physical Review C 82, 044315
(2010).

J. Dobaczewski, W. Nazarewicz, and P.-G. Reinhard, Journal of Physics G: Nuclear
and Particle Physics 41, 074001 (2014).

R. T. Birge, Physical Review 40, 207 (1932).

D. Sivia and J. Skilling, Data Aanalysis: a Bayesian Tutorial (OUP Oxford, 2006).
G. Satchler, Direct Nuclear Reactions (Clarendon, 1983).

N. Glendenning, in Direct nuclear reactions (Academic Press, 1983), pp. 45-60.

P. Frobrich and R. Lipperheide, Theory of Nuclear Reactions, Vol. 18 (Courier
Corporation, 1996).

A. Messiah, Quantum Mechanics (Courier Corporation, 2014).
N. Michel, J. G. Li, L. H. Ru, and W. Zuo, Physical Review C 106, 1.011301 (2022).

G. X. Dong, N. Michel, K. Fossez, M. Ptoszajczak, Y. Jaganathen, and R. M. 1.
Betan, Journal of Physics G: Nuclear and Particle Physics 44, 045201 (2017).

G. X. Dong, X. B. Wang, N. Michel, and M. Ptoszajczak, Physical Review C 105,
064608 (2022).


https://doi.org/10.1088%2F0954-3899%2F31%2F8%2F012
https://doi.org/10.1088%2F0954-3899%2F31%2F8%2F012
https://doi.org/10.1016%2Fj.physletb.2020.135257
https://doi.org/10.1007%2Fs00601-008-0209-7
https://doi.org/10.1103/PhysRevLett.119.032501
https://doi.org/10.1103/PhysRevLett.119.032501
https://doi.org/10.1103/PhysRevC.100.054313
https://doi.org/10.1103/PhysRevC.100.054313
https://doi.org/10.48550/arXiv.1508.07529
https://doi.org/10.48550/arXiv.1508.07529
https://dx.doi.org/10.1088/1361-6471/aa6cb7
https://doi.org/10.1103/PhysRev.139.B790
https://doi.org/10.1143%2Fptp.62.981
https://doi.org/10.1143%2Fptp.62.981
https://doi.org/10.1143/ptps.68.193
https://doi.org/10.1073/pnas.27.6.281
https://doi.org/10.1073/pnas.27.6.281
https://doi.org/10.1143/ptps.39.23
https://doi.org/10.1143/ptps.39.23
https://doi.org/10.1103/PhysRevC.82.044315
https://doi.org/10.1103/PhysRevC.82.044315
https://doi.org/10.1088/0954-3899/41/7/074001
https://doi.org/10.1088/0954-3899/41/7/074001
https://doi.org/10.1103/PhysRev.40.207
https://doi.org/10.1103/PhysRevC.106.L011301
https://doi.org/10.1088/1361-6471/aa5f24
https://doi.org/10.1103/PhysRevC.105.064608
https://doi.org/10.1103/PhysRevC.105.064608

128

References

[177]
178

[179]
[180]

181]

[182]

—_ =
oo 0O
A~ W

_m = =
oo 00
i AL A )

[188]

189]
[190]

[ —
NelNe}
e

_ = = =
Nl
w

[195]

[196]

G. X. Dong, X. B. Wang, N. Michel, and M. Ptoszajczak, Physical Review C 107,
044613 (2023).

J. P. Linares Fernandez, N. Michel, M. Ptoszajczak, and A. Mercenne, Physical
Review C 108, 044616 (2023).

P. Descouvemont and D. Baye, Reports on progress in physics 73, 036301 (2010).

J. Dohet-Eraly, P. Navratil, S. Quaglioni, W. Horiuchi, G. Hupin, and F. Raimondi,
Physics Letters B 757, 430 (2016).

M. Vorabbi, P. Navratil, S. Quaglioni, and G. Hupin, Physical Review C 100,
024304 (2019).

P. Navratil, K. Kravvaris, P. Gysbers, C. Hebborn, G. Hupin, and S. Quaglioni,
arXiv:2212.00160 (2022).

M. H. Macfarlane and J. B. French, Reviews of Modern Physics 32, 567 (1960).
P. Endt, Atomic Data and Nuclear Data Tables 19, 23 (1977).

M. B. Tsang, J. Lee, and W. G. Lynch, Physical Review Letters 95, 222501 (2005).
G. Kramer, H. Blok, and L. Lapikéds, Nuclear Physics A 679, 267 (2001).

B. A. Brown, P. G. Hansen, B. M. Sherrill, and J. A. Tostevin, Physical Review C
65, 061601 (2002).

P. Hansen and J. Tostevin, Annual Review of Nuclear and Particle Science 53, 219
(2003).

R. Furnstahl and H.-W. Hammer, Physics Letters B 531, 203 (2002).

T. Duguet, H. Hergert, J. D. Holt, and V. Soma, Physical Review C 92, 034313
(2015).

A. M. Mukhamedzhanov and R. E. Tribble, Physical Review C 59, 3418 (1999).
A. M. Mukhamedzhanov and F. M. Nunes, Physical Review C 72, 017602 (2005).
K. Jedamzik, Physical Review Letters 84, 3248 (2000).

E. Vangioni-Flam, M. Cassé, R. Cayrel, J. Audouze, M. Spite, and F. Spite, New
Astronomy 4, 245 (1999).

E. G. Adelberger, S. M. Austin, J. N. Bahcall, A. B. Balantekin, G. Bogaert, L. S.
Brown, L. Buchmann, F. E. Cecil, A. E. Champagne, L. de Braeckeleer, C. A.
Duba, S. R. Elliott, S. J. Freedman, M. Gai, G. Goldring, C. R. Gould, A. Gruzi-
nov, W. C. Haxton, K. M. Heeger, E. Henley, C. W. Johnson, M. Kamionkowski,
R. W. Kavanagh, S. E. Koonin, K. Kubodera, K. Langanke, T. Motobayashi, V.
Pandharipande, P. Parker, R. G. H. Robertson, C. Rolfs, R. F. Sawyer, N. Shaviv,
T. D. Shoppa, K. A. Snover, E. Swanson, R. E. Tribble, S. Turck-Chieze, and J. F.
Wilkerson, Reviews of Modern Physics 70, 1265 (1998).

E. G. Adelberger, A. Garcia, R. G. H. Robertson, K. A. Snover, A. B. Balantekin,
K. Heeger, M. J. Ramsey-Musolf, D. Bemmerer, A. Junghans, C. A. Bertulani,
J.-W. Chen, H. Costantini, P. Prati, M. Couder, E. Uberseder, M. Wiescher, R.
Cyburt, B. Davids, S. J. Freedman, M. Gai, D. Gazit, L. Gialanella, G. Imbriani,
U. Greife, M. Hass, W. C. Haxton, T. Itahashi, K. Kubodera, K. Langanke, D.
Leitner, M. Leitner, P. Vetter, L. Winslow, L. E. Marcucci, T. Motobayashi, A.
Mukhamedzhanov, R. E. Tribble, K. M. Nollett, F. M. Nunes, T.-S. Park, P. D.
Parker, R. Schiavilla, E. C. Simpson, C. Spitaleri, F. Strieder, H.-P. Trautvetter,
K. Suemmerer, and S. Typel, Reviews of Modern Physics 83, 195 (2011).


https://doi.org/10.1103/PhysRevC.107.044613
https://doi.org/10.1103/PhysRevC.107.044613
https://doi.org/10.1103/PhysRevC.108.044616
https://doi.org/10.1103/PhysRevC.108.044616
https://doi.org/10.1088/0034-4885/73/3/036301
https://doi.org/https://doi.org/10.1016/j.physletb.2016.04.021
https://doi.org/10.1103/physrevc.100.024304
https://doi.org/10.1103/physrevc.100.024304
https://doi.org/10.1103/revmodphys.32.567
https://doi.org/10.1016/0092-640x(77)90008-0
https://doi.org/10.1103/PhysRevLett.95.222501
https://doi.org/10.1016/s0375-9474(00)00379-1
https://doi.org/10.1103/PhysRevC.65.061601
https://doi.org/10.1103/PhysRevC.65.061601
https://doi.org/10.1146/annurev.nucl.53.041002.110406
https://doi.org/10.1146/annurev.nucl.53.041002.110406
https://doi.org/https://doi.org/10.1016/S0370-2693(01)01504-0
https://doi.org/10.1103/PhysRevC.92.034313
https://doi.org/10.1103/PhysRevC.92.034313
https://doi.org/10.1103/PhysRevC.59.3418
https://doi.org/10.1103/PhysRevC.72.017602
https://doi.org/10.1103/PhysRevLett.84.3248
https://doi.org/10.1016/s1384-1076(99)00015-9
https://doi.org/10.1016/s1384-1076(99)00015-9
https://doi.org/10.1103/RevModPhys.70.1265
https://doi.org/10.1103/RevModPhys.83.195

References 129

197]

DO
]
o

203)]

204]

[205]

[206]

207]

J. He, S. Chen, C. Rolfs, S. Xu, J. Hu, X. Ma, M. Wiescher, R. deBoer, T. Kajino,
M. Kusakabe, L. Zhang, S. Hou, X. Yu, N. Zhang, G. Lian, Y. Zhang, X. Zhou,
H. Xu, G. Xiao, and W. Zhan, Physics Letters B 725, 287 (2013).

D. Entem and R. Machleidt, Physical Review C 68, 041001 (2003).

R. J. Spiger and T. A. Tombrello, Physical Review 163, 964 (1967).

J. A. McCray, Physical Review 130, 2034 (1963).

D. Bardayan, Journal of Physics G: Nuclear and Particle Physics 43, 043001 (2016).

F. Nunes, G. Potel, T. Poxon-Pearson, and J. Cizewski, Annual Review of Nuclear
and Particle Science 70, 147 (2020).

J. Thomas, D. Bardayan, J. Blackmon, J. Cizewski, U. Greife, C. Gross, M. John-
son, K. Jones, R. Kozub, J. Liang, et al., Physical Review C 71, 021302 (2005).

R. L. Kozub, D. W. Bardayan, J. C. Batchelder, J. C. Blackmon, C. R. Brune,
A. E. Champagne, J. A. Cizewski, T. Davinson, U. Greife, C. J. Gross, C. C.
Jewett, R. J. Livesay, Z. Ma, B. H. Moazen, C. D. Nesaraja, L. Sahin, J. P. Scott,
D. Shapira, M. S. Smith, J. S. Thomas, and P. J. Woods, Physical Review C 71,
032801 (2005).

J. S. Thomas, G. Arbanas, D. W. Bardayan, J. C. Blackmon, J. A. Cizewski, D. J.
Dean, R. P. Fitzgerald, U. Greife, C. J. Gross, M. S. Johnson, K. L. Jones, R. L.
Kozub, J. F. Liang, R. J. Livesay, Z. Ma, B. H. Moazen, C. D. Nesaraja, D. Shapira,
M. S. Smith, and D. W. Visser, Physical Review C 76, 044302 (2007).

R. L. Kozub, G. Arbanas, A. S. Adekola, D. W. Bardayan, J. C. Blackmon, K. Y.
Chae, K. A. Chipps, J. A. Cizewski, L. Erikson, R. Hatarik, W. R. Hix, K. L. Jones,
W. Krolas, J. F. Liang, Z. Ma, C. Matei, B. H. Moazen, C. D. Nesaraja, S. D. Pain,
D. Shapira, J. F. Shriner, M. S. Smith, and T. P. Swan, Physical Review Letters
109, 172501 (2012).

B. Manning, G. Arbanas, J. A. Cizewski, R. L. Kozub, S. Ahn, J. M. Allmond,
D. W. Bardayan, K. Y. Chae, K. A. Chipps, M. E. Howard, K. L. Jones, J. F.
Liang, M. Matos, C. D. Nesaraja, F. M. Nunes, P. D. O’Malley, S. D. Pain, W. A.
Peters, S. T. Pittman, A. Ratkiewicz, K. T. Schmitt, D. Shapira, M. S. Smith, and
L. Titus, Physical Review C 99, 041302 (2019).

http://www.nndc.bnl.gov/ensdf.

J. F. Dicello, G. Igo, W. T. Leland, and F. G. Perey, Physical Review C 4, 1130
(1971).

D. Winterhalter, Zeitschrift fir Physik 200, 487 (1967).

I. Fodor, 1. Szentpétery, and J. Ziményi, Nuclear Physics 73, 155 (1965).

G. Brown, A. Denning, and A. Macgregor, Nuclear Physics A 153, 145 (1970).
F. Barker, Proceedings of the Physical Society 84, 681 (1964).

S. N. Abramovich, Bulletin of the Russian Academy of Sciences: Physics 79, 823
(2015).

C. F. Moore, C. E. Watson, S. A. A. Zaidi, J. J. Kent, and J. G. Kulleck, Physical
Review Letters 17, 926 (1966).

Z. E. Switkowski, J. C. P. Heggie, and F. M. Mann, Physical Review C 17, 392
(1978).


https://doi.org/https://doi.org/10.1016/j.physletb.2013.07.044
https://doi.org/10.1103/physrevc.68.041001
https://doi.org/10.1103/PhysRev.163.964
https://doi.org/10.1103/PhysRev.130.2034
https://doi.org/10.1088/0954-3899/43/4/043001
https://doi.org/10.1146/annurev-nucl-020620-063734
https://doi.org/10.1146/annurev-nucl-020620-063734
https://doi.org/10.1103/physrevc.71.021302
https://doi.org/10.1103/PhysRevC.71.032801
https://doi.org/10.1103/PhysRevC.71.032801
https://doi.org/10.1103/PhysRevC.76.044302
https://doi.org/10.1103/PhysRevLett.109.172501
https://doi.org/10.1103/PhysRevLett.109.172501
https://doi.org/10.1103/PhysRevC.99.041302
http://www.nndc.bnl.gov/ensdf
https://doi.org/10.1103/PhysRevC.4.1130
https://doi.org/10.1103/PhysRevC.4.1130
https://doi.org/10.1007/bf01326239
https://doi.org/10.1016/0029-5582(65)90162-8
https://doi.org/10.1016/0375-9474(70)90762-1
https://doi.org/10.1088/0370-1328/84/5/305
https://doi.org/10.3103/s1062873815070035
https://doi.org/10.3103/s1062873815070035
https://doi.org/10.1103/PhysRevLett.17.926
https://doi.org/10.1103/PhysRevLett.17.926
https://doi.org/10.1103/PhysRevC.17.392
https://doi.org/10.1103/PhysRevC.17.392

130

References

[217)

218]
219

[220]

[221]
[222]

[223]
[224]
[225]

[226]
[227)

[228]

[229]

[230]

Z. Kohley, T. Baumann, D. Bazin, G. Christian, P. A. DeYoung, J. E. Finck, N.
Frank, M. Jones, E. Lunderberg, B. Luther, S. Mosby, T. Nagi, J. K. Smith, J.
Snyder, A. Spyrou, and M. Thoennessen, Physical Review Letters 110, 152501
(2013).

B. Blank and M. Ploszajczak, Reports on Progress in Physics 71, 046301 (2008).

M. Pfiitzner, I. Mukha, and S. M. Wang, Progress in Particle and Nuclear Physics
132, 104050 (2023).

V. Girard-Alcindor, A. Mercenne, I. Stefan, F. de Oliveira Santos, N. Michel, M.
Ploszajczak, M. Assié, A. Lemasson, E. Clément, F. Flavigny, A. Matta, D. Ramos,
M. Rejmund, J. Dudouet, D. Ackermann, P. Adsley, M. Assun cao, B. Bastin, D.
Beaumel, G. Benzoni, R. Borcea, A. J. Boston, D. Brugnara, L. Caceres, B. Ceder-
wall, I. Celikovic, V. Chudoba, M. Ciemala, J. Collado, F. C. L. Crespi, G. D’Agata,
G. De France, F. Delaunay, C. Diget, C. Domingo-Pardo, J. Eberth, C. Fougeres,
S. Franchoo, F. Galtarossa, A. Georgiadou, J. Gibelin, S. Giraud, V. Gonzalez,
N. Goyal, A. Gottardo, J. Goupil, S. Grévy, V. Guimaraes, F. Hammache, L. J.
Harkness-Brennan, H. Hess, N. Jovancevi¢, D. S. Judson Oliver, O. Kamalou, A.
Kamenyero, J. Kiener, W. Korten, S. Koyama, M. Labiche, L. Lalanne, V. Lapoux,
S. Leblond, A. Lefevre, C. Lenain, S. Leoni, H. Li, A. Lopez-Martens, A. Maj,
I. Matea, R. Menegazzo, D. Mengoni, A. Meyer, B. Million, B. Monteagudo, P.
Morfouace, J. Mrazek, M. Niikura, J. Piot, Z. Podolyak, C. Portail, A. Pullia, B.
Quintana, F. Recchia, P. Reiter, K. Rezynkina, T. Roger, J. S. Rojo, F. Rotaru,
M. D. Salsac, A. M. Sanchez Benitez, E. Sanchis, M. Senyigit, N. de Séréville, M.
Siciliano, J. Simpson, D. Sohler, O. Sorlin, M. Stanoiu, C. Stodel, D. Suzuki, C.
Theisen, D. Thisse, J. C.Thomas, P. Ujic, J. J. Valiente-Dobén, and M. Zieli nska,
Physical Review C 105, L051301 (2022).

M. Freer, H. Horiuchi, Y. Kanada-En’yo, D. Lee, and U.-G. Meifiner, Reviews of
Modern Physics 90, 035004 (2018).

J. Okotowicz and M. Ploszajczak, International Journal of Modern Physics E 15,
529 (2006).

J. Okotowicz, M. Ploszajczak, and Y. Luo, Acta Physical Polonica B 39, 389 (2007).
J. Okolowicz and M. Ploszajczak, Physica Polonica B 40, 409 (2008).

N. Michel, W. Nazarewicz, J. Okotowicz, and M. Ptoszajczak, Journal of Physics
G: Nuclear and Particle Physics 37, 064042 (2010).

J. Okotowicz, W. Nazarewicz, and M. Ptoszajczak, Acta Physical Polonica B 45,
331 (2014).

J. Okotowicz, M. Ploszajczak, R. J. Charity, and L. G. Sobotka, Phys. Rev. C 97,
044303 (2018).

R. J. Charity, K. W. Brown, J. Okotowicz, M. Ptoszajczak, J. M. Elson, W. Reviol,
L. G. Sobotka, W. W. Buhro, Z. Chajecki, W. G. Lynch, J. Manfredi, R. Shane,
R. H. Showalter, M. B. Tsang, D. Weisshaar, J. R. Winkelbauer, S. Bedoor, and
A. H. Wuosmaa, Phys. Rev. C 97, 054318 (2018).

J. Okotowicz, M. Ptoszajczak, and W. Nazarewicz, Physical Review Letters 124,
042502 (2020).

J. Wylie, J. Okotowicz, W. Nazarewicz, M. Ptoszajczak, S. M. Wang, X. Mao, and
N. Michel, Physical Review C 104, L061301 (2021).


https://doi.org/10.1103/PhysRevLett.110.152501
https://doi.org/10.1103/PhysRevLett.110.152501
https://doi.org/10.1088/0034-4885/71/4/046301
https://doi.org/https://doi.org/10.1016/j.ppnp.2023.104050
https://doi.org/https://doi.org/10.1016/j.ppnp.2023.104050
https://doi.org/10.1103/PhysRevC.105.L051301
https://doi.org/10.1103/RevModPhys.90.035004
https://doi.org/10.1103/RevModPhys.90.035004
https://doi.org/10.1142/s021830130600448x
https://doi.org/10.1142/s021830130600448x
https://www.actaphys.uj.edu.pl/R/39/2/389/pdf
https://www.actaphys.uj.edu.pl/R/40/3/409/pdf
https://doi.org/10.1088/0954-3899/37/6/064042
https://doi.org/10.1088/0954-3899/37/6/064042
https://www.actaphys.uj.edu.pl/R/45/2/331/pdf
https://www.actaphys.uj.edu.pl/R/45/2/331/pdf
https://doi.org/10.1103/PhysRevC.97.044303
https://doi.org/10.1103/PhysRevC.97.044303
https://doi.org/10.1103/PhysRevC.97.054318
https://doi.org/10.1103/physrevlett.124.042502
https://doi.org/10.1103/physrevlett.124.042502
https://doi.org/10.1103/PhysRevC.104.L061301

References 131

[239]
[240)]
[241]

242

243)]

[244]

[245]

[246]

[247]

G. Breit, Physical Review 107, 1612 (1957).

A. Baz, Soviet Physics JETP 6, 709 (1958).

R. G. Newton, Annals of Physics 4, 29 (1958).

L. Fonda, Il Nuovo Cimento 20, 116 (1961).

W. E. Meyerhof, Physical Review 129, 692 (1963).

A. 1. Baz, 1. B. Zeldovich, and A. M. Perelomov, Scattering, Reactions and De-
cay in Nonrelativistic Quantum Mechanics, Vol. 510 (Israel Program for Scientific
Translations, 1969).

A. Lane, Physics Letters B 33, 274 (1970).

E. Amaldi, O. D’Agostino, E. Fermi, B. Pontecorvo, F. Rasetti, and E. Segre,
Proceedings of the Royal Society of London. Series A - Mathematical and Physical
Sciences 149, 522 (1935).

H. A. Bethe, Physical Review 47, 747 (1935).
F. Petrin and W. M. Elsasser, Journal de Physique et le Radium 6, 194 (1935).

M. Ishigami, B. Blue, R. Tsuchikawa, A. Ahmadi, D. Heligman, Z. Zhang, J. Hone,
and E. Mucciolo, in Aps march meeting abstracts, Vol. 2018 (2018), H40-014.

B. Blue, R. Tsuchikawa, A. Ahmadi, Z. Zhang, D. Heligman, S. D. Lough, J. Hone,
E. R. Mucciolo, and M. Ishigami, Solid State Communications 353, 114834 (2022).

P. Caradonna, C. Makochekanwa, A. Jones, J. R. Machacek, J. P. Sullivan, and S. J.
Buckman, in Journal of Physics: Conference Series, Vol. 388, 7 (IOP Publishing,
2012), p. 072012.

H. R. Sadeghpour, J. L. Bohn, M. J. Cavagnero, B. D. Esry, I. I. Fabrikant, J. H.
Macek, and A. R. P. Rau, Journal of Physics B: Atomic, Molecular and Optical
Physics 33, R93 (2000).

R. Bilodeau, I. Dumitriu, N. Gibson, C. Walter, and N. Berrah, in Journal of
Physics: Conference Series, Vol. 194, 2 (IOP Publishing, 2009), p. 022095.

A. Starostin, S. Prakhov, B. M. K. Nefkens, V. V. Abaev, C. E. Allgower, V. S.
Bekrenev, W. J. Briscoe, M. Clajus, J. R. Comfort, K. Craig, D. Grosnick, D. Isen-
hower, N. Knecht, D. D. Koetke, N. G. Kozlenko, S. P. Kruglov, A. A. Kulbardis,
G. Lolos, I. V. Lopatin, D. M. Manley, R. Manweiler, A. Maru $i ¢, S. McDonald,
J. Olmsted, Z. Papandreou, D. C. Peaslee, N. Phaisangittisakul, J. W. Price, A. F.
Ramirez, M. Sadler, A. Shafi, H. Spinka, T. D. S. Stanislaus, H. M. Staudenmaier,
I. Supek, and W. B. Tippens (Crystal Ball Collaboration), Physical Review C 72,
015205 (2005).

J. Batley, C. Lazzeroni, D. Munday, M. Slater, S. Wotton, R. Arcidiacono, G. Boc-
quet, N. Cabibbo, A. Ceccucci, D. Cundy, V. Falaleev, M. Fidecaro, L. Gatignon,
A. Gonidec, W. Kubischta, A. Norton, M. Patel, A. Peters, S. Balev, P. Frabetti,
E. Goudzovski, P. Hristov, V. Kekelidze, V. Kozhuharov, L. Litov, D. Madigozhin,
E. Marinova, N. Molokanova, 1. Polenkevich, Y. Potrebenikov, S. Stoynev, A.
Zinchenko, E. Monnier, E. Swallow, R. Winston, P. Rubin, A. Walker, W. Baldini,
A. Cotta Ramusino, P. Dalpiaz, C. Damiani, M. Fiorini, A. Gianoli, M. Martini,
F. Petrucci, M. Savrié¢, M. Scarpa, H. Wahl, A. Bizzeti, M. Calvetti, E. Celeghini,
E. Tacopini, M. Lenti, F. Martelli, G. Ruggiero, M. Veltri, M. Behler, K. Eppard,
K. Kleinknecht, P. Marouelli, L. Masetti, U. Moosbrugger, C. Morales Morales, B.


https://doi.org/10.1103/PhysRev.107.1612
https://doi.org/10.1016/0003-4916(58)90036-8
https://doi.org/10.1007/bf02822640
https://doi.org/10.1103/PhysRev.129.692
https://doi.org/10.1016/0370-2693(70)90267-4
https://doi.org/10.1098/rspa.1935.0080
https://doi.org/10.1098/rspa.1935.0080
https://doi.org/10.1103/PhysRev.47.747
https://doi.org/10.1051/jphysrad:0193500605019400
https://doi.org/10.1016/j.ssc.2022.114834
https://doi.org/10.1088/1742-6596/388/7/072012
https://doi.org/10.1088/0953-4075/33/5/201
https://doi.org/10.1088/0953-4075/33/5/201
https://doi.org/10.1088/1742-6596/194/2/022095
https://doi.org/10.1088/1742-6596/194/2/022095
https://doi.org/10.1103/PhysRevC.72.015205
https://doi.org/10.1103/PhysRevC.72.015205

132 References
Renk, M. Wache, R. Wanke, A. Winhart, D. Coward, A. Dabrowski, T. Fonseca
Martin, M. Shieh, M. Szleper, M. Velasco, M. Wood, G. Anzivino, P. Cenci, E.
Imbergamo, M. Pepe, M. Petrucci, M. Piccini, M. Raggi, M. Valdata-Nappi, C.
Cerri, G. Collazuol, F. Costantini, L. DiLella, N. Doble, R. Fantechi, L. Fiorini, S.
Giudici, G. Lamanna, I. Mannelli, A. Michetti, G. Pierazzini, M. Sozzi, B. Bloch-
Devaux, C. Cheshkov, J. Cheze, M. De Beer, J. Derré, G. Marel, E. Mazzucato,
B. Peyaud, B. Vallage, M. Holder, A. Maier, M. Ziolkowski, S. Bifani, C. Biino,
N. Cartiglia, M. Clemencic, S. Goy Lopez, F. Marchetto, H. Dibon, M. Jeitler, M.
Markytan, I. Mikulec, G. Neuhofer, and L. Widhalm, Physics Letters B 633, 173
(2006).

[248] R. K. Adair, Physical Review 111, 632 (1958).

[249] S. Abramovich, B. Y. Guzhovskij, A. Zvenigorodskij, and S. Trusillo, Yadernaya
Fizika 30, 1276 (1979).

[250] S. N. Abramovich, G. B. Ya., and L. L. M., Fiz. Elem. Chastits At. Yadra 23, 179
(1992).

[251] S. Abramovich, A. Baz, and B. Y. Guzhovskij, Yadernaya Fizika 32, 402 (1980).

[252] C. Hategan, Physics Letters B 46, 23 (1973).

[253] J. T. Wells, A. B. Tucker, and W. E. Meyerhof, Physical Review 131, 1644 (1963).

[254] P. E. Hodgson, Nature 259, 364 (1976).

[255] P. R. Malmberg, Physical Review 101, 114 (1956).

[256] H. Comisel, C. Hategan, and H. H. Wolter, Physics of Particles and Nuclei 41, 574
(2010).

[257] L. Lapikds, Nuclear Physics A 553, 297 (1993).

[258] W. Dickhoff and C. Barbieri, Progress in Particle and Nuclear Physics 52, 377
(2004).

[259]  W. Dickhoff, Journal of Physics G: Nuclear and Particle Physics 37, 064007 (2010).

[260] S. Paschalis, M. Petri, A. Macchiavelli, O. Hen, and E. Piasetzky, Physics Letters
B 800, 135110 (2020).

[261] T. Aumann, C. Barbieri, D. Bazin, C. Bertulani, A. Bonaccorso, W. Dickhoff, A.
Gade, M. Gémez-Ramos, B. Kay, A. Moro, T. Nakamura, A. Obertelli, K. Ogata,
S. Paschalis, and T. Uesaka, Progress in Particle and Nuclear Physics 118, 103847
(2021).

[262] A. Gade, D. Bazin, B. A. Brown, C. M. Campbell, J. A. Church, D. C. Dinca,
J. Enders, T. Glasmacher, P. G. Hansen, Z. Hu, K. W. Kemper, W. F. Mueller,
H. Olliver, B. C. Perry, L. A. Riley, B. T. Roeder, B. M. Sherrill, J. R. Terry, J. A.
Tostevin, and K. L. Yurkewicz, Physical Review Letters 93, 042501 (2004).

[263] A. Gade, P. Adrich, D. Bazin, M. D. Bowen, B. A. Brown, C. M. Campbell, J. M.
Cook, T. Glasmacher, P. G. Hansen, K. Hosier, S. McDaniel, D. McGlinchery, A.
Obertelli, K. Siwek, L. A. Riley, J. A. Tostevin, and D. Weisshaar, Physical Review
C 77, 044306 (2008).

[264] J. A. Tostevin and A. Gade, Physical Review C 103, 054610 (2021).

[265] C. Barbieri and W. H. Dickhoff, International Journal of Modern Physics A 24,

2060 (2009).


https://doi.org/https://doi.org/10.1016/j.physletb.2005.11.087
https://doi.org/https://doi.org/10.1016/j.physletb.2005.11.087
https://doi.org/10.1103/physrev.111.632
https://doi.org/10.1016/0370-2693(73)90465-6
https://doi.org/10.1103/PhysRev.131.1644
https://doi.org/10.1038/259364a0
https://doi.org/10.1103/PhysRev.101.114
https://doi.org/10.1134/s1063779610040052
https://doi.org/10.1134/s1063779610040052
https://doi.org/10.1016/0375-9474(93)90630-g
https://doi.org/https://doi.org/10.1016/j.ppnp.2004.02.038
https://doi.org/https://doi.org/10.1016/j.ppnp.2004.02.038
https://doi.org/10.1088/0954-3899/37/6/064007
https://doi.org/10.1016/j.physletb.2019.135110
https://doi.org/10.1016/j.physletb.2019.135110
https://doi.org/10.1016/j.ppnp.2021.103847
https://doi.org/10.1016/j.ppnp.2021.103847
https://doi.org/10.1103/PhysRevLett.93.042501
https://doi.org/10.1103/PhysRevC.77.044306
https://doi.org/10.1103/PhysRevC.77.044306
https://doi.org/10.1103/PhysRevC.103.054610
https://doi.org/10.1142/s0217751x09045625
https://doi.org/10.1142/s0217751x09045625

References 133

[266]

1267]

272]
[273]

F. Flavigny, A. Obertelli, A. Bonaccorso, G. Grinyer, C. Louchart, L. Nalpas, and
A. Signoracci, Physical Review Letters 108, 252501 (2012).

G. Grinyer, D. Bazin, A. Gade, J. Tostevin, P. Adrich, M. Bowen, B. Brown, C.
Campbell, J. Cook, T. Glasmacher, et al., Physical Review C 86, 024315 (2012).

B. Kay, J. Schiffer, and S. Freeman, Physical Review Letters 111, 042502 (2013).
N. Timofeyuk, Physical Review C 88, 044315 (2013).
J. Tostevin and A. Gade, Physical Review C 90, 057602 (2014).

J. Lee, H. Liu, P. Doornenbal, M. Kimura, K. Minomo, K. Ogata, Y. Utsuno, N.
Aoi, K. Li, M. Matsushita, H. Scheit, D. Steppenbeck, S. Takeuchi, H. Wang, H.
Baba, E. Ideguchi, N. Kobayashi, Y. Kondo, S. Michimasa, T. Motobayashi, H.
Sakurai, M. Takechi, and Y. Togano, Progress of Theoretical and Experimental
Physics 2016, 083D01 (2016).

S. Wang, Y. Xu, and D. Pang, Physica Scripta 94, 015302 (2018).

L. Atar, S. Paschalis, C. Barbieri, C. A. Bertulani, P. Diaz Fernandez, M. Holl,
M. A. Najafi, V. Panin, H. Alvarez-Pol, T. Aumann, V. Avdeichikov, S. Beceiro-
Novo, D. Bemmerer, J. Benlliure, J. M. Boillos, K. Boretzky, M. J. G. Borge,
M. Caamano, C. Caesar, E. Casarejos, W. Catford, J. Cederkall, M. Chartier, L.
Chulkov, D. Cortina-Gil, E. Cravo, R. Crespo, I. Dillmann, Z. Elekes, J. Enders,
O. Ershova, A. Estrade, F. Farinon, L. M. Fraile, M. Freer, D. Galaviz Redondo, H.
Geissel, R. Gernhauser, P. Golubev, K. Gébel, J. Hagdahl, T. Heftrich, M. Heil, M.
Heine, A. Heinz, A. Henriques, A. Hufnagel, A. Ignatov, H. T. Johansson, B. Jon-
son, J. Kahlbow, N. Kalantar-Nayestanaki, R. Kanungo, A. Kelic-Heil, A. Knyazev,
T. Kroll, N. Kurz, M. Labiche, C. Langer, T. Le Bleis, R. Lemmon, S. Lindberg,
J. Machado, J. Marganiec-Gatazka, A. Movsesyan, E. Nacher, E. Y. Nikolskii, T.
Nilsson, C. Nociforo, A. Perea, M. Petri, S. Pietri, R. Plag, R. Reifarth, G. Ribeiro,
C. Rigollet, D. M. Rossi, M. Roder, D. Savran, H. Scheit, H. Simon, O. Sorlin, I.
Syndikus, J. T. Taylor, O. Tengblad, R. Thies, Y. Togano, M. Vandebrouck, P.
Velho, V. Volkov, A. Wagner, F. Wamers, H. Weick, C. Wheldon, G. L. Wilson,
J. S. Winfield, P. Woods, D. Yakorev, M. Zhukov, A. Zilges, and K. Zuber, Physical
Review Letters 120, 052501 (2018).

M. Gémez-Ramos and A. Moro, Physics Letters B 785, 511 (2018).
N. T. T. Phuc, K. Yoshida, and K. Ogata, Physical Review C 100, 064604 (2019).
W. von Oertzen, The European Physical Journal A 11, 403 (2001).
W. von Oertzen, M. Freer, and Y. Kanada-En’yo, Physics Reports 432, 43 (2006).

W. von Oertzen, M. Milin, T. Dorsch, H. G. Bohlen, R. Kriicken, T. Faestermann,
R. Hertenberger, T. Kokalova, M. Mahgoub, C. Wheldon, and H. F. Wirth, The
European Physical Journal A 46, 345 (2010).

W. von Oertzen and M. Milin, Clusters in Nuclei, Volume 3, 147 (2014).

J. A. Wheeler, Physical Review 52, 1083 (1937).

C. F. von Weizsicker, Naturwissenschaften 26, 209 (1938).

W. Wefelmeier, Zeitschrift fiir Physik 107, 332 (1937).

E. Garrido, D. Fedorov, and A. Jensen, Nuclear Physics A 617, 153 (1997).


https://doi.org/10.1103/physrevlett.108.252501
https://doi.org/10.1103/physrevc.86.024315
https://doi.org/10.1103/physrevlett.111.042502
https://doi.org/10.1103/physrevc.88.044315
https://doi.org/10.1103/physrevc.90.057602
https://doi.org/10.1093/ptep/ptw096
https://doi.org/10.1093/ptep/ptw096
https://doi.org/10.1088/1402-4896/aaed64
https://doi.org/10.1103/PhysRevLett.120.052501
https://doi.org/10.1103/PhysRevLett.120.052501
https://doi.org/10.1016/j.physletb.2018.08.058
https://doi.org/10.1103/physrevc.100.064604
https://doi.org/10.1007/s100500170052
https://doi.org/10.1016/j.physrep.2006.07.001
https://doi.org/10.1140/epja/i2010-11060-7
https://doi.org/10.1140/epja/i2010-11060-7
https://doi.org/10.1007/978-3-319-01077-9_5
https://doi.org/10.1103/physrev.52.1083
https://doi.org/10.1007/bf01590281
https://doi.org/10.1007/bf01330174
https://doi.org/10.1016/s0375-9474(97)00044-4

134 References

[284] T. Webb, S. Wang, K. Brown, R. Charity, J. Elson, J. Barney, G. Cerizza, Z.
Chajecki, J. Estee, D. Hoff, S. Kuvin, W. Lynch, J. Manfredi, D. McNeel, P. Mor-
fouace, W. Nazarewicz, C. Pruitt, C. Santamaria, J. Smith, L. Sobotka, S. Sweany,
C. Tsang, M. Tsang, A. Wuosmaa, Y. Zhang, and K. Zhu, Physical Review Letters
122, 122501 (2019).

[285] 1. Tanihata, H. Hamagaki, O. Hashimoto, Y. Shida, N. Yoshikawa, K. Sugimoto,
O. Yamakawa, T. Kobayashi, and N. Takahashi, Physical Review Letters 55, 2676
(1985).

[286] C. Thibault, R. Klapisch, C. Rigaud, A. M. Poskanzer, R. Prieels, L. Lessard, and
W. Reisdorf, Physical Review C 12, 644 (1975).

[287] 1. Tanihata, Journal of Physics G: Nuclear and Particle Physics 22, 157 (1996).

[288] E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle, Reviews of Modern
Physics 29, 547 (1957).

[289] D. Inglis, Nuclear Physics 30, 1 (1962).

290] E. Beth and G. E. Uhlenbeck, Physica 4, 915 (1937).

[291] A. T. Kruppa and K. Arai, Physical Review A 59, 3556 (1999).

[292] H. C. Ohanian and C. G. Ginsburg, American Journal of Physics 42, 310 (1974).

[293] P. Kleinwachter and I. Rotter, Physical Review C 32, 1742 (1985).

[294] 1. Rotter, Reports on Progress in Physics 54, 635 (1991).

[295] V. Sokolov and V. Zelevinsky, Physics Letters B 202, 10 (1988).

[296] V. Sokolov and V. Zelevinsky, Nuclear Physics A 504, 562 (1989).

[297] S. Drozdz, J. Okotowicz, M. Ploszajczak, and I. Rotter, Physical Review C 62,
024313 (2000).

[298] R. H. Dicke, Physical Review 93, 99 (1954).

[299] N. Auerbach and V. Zelevinsky, Reports on Progress in Physics 74, 106301 (2011).

[300] Y. V. Fyodorov and B. A. Khoruzhenko, Physical Review Letters 83, 65 (1999).

[301] J. Okolowicz and M. Ploszajczak, Physical Review C 80, 034619 (2009).

[302] Y. Luo, J. Okotowicz, M. Ptoszajczak, and N. Michel, arXiv:nucl-th/0211068 (2002).

[303] J. Okotowicz, M. Ploszajczak, and W. Nazarewicz, Journal of Physics G: Nuclear
and Particle Physics 49, 10LT01 (2022).

[304] A. N. Bohr and B. R. Mottelson, Nuclear Structure, Vol. 2 (Reading, MA: Ben-
jamin, 1975).

[305] B. Barmore, A. T. Kruppa, W. Nazarewicz, and T. Vertse, Physical Review C 62,
054315 (2000).

[306] A. T. Kruppa and W. Nazarewicz, Physical Review C 69, 054311 (2004).


https://doi.org/10.1103/physrevlett.122.122501
https://doi.org/10.1103/physrevlett.122.122501
https://doi.org/10.1103/physrevlett.55.2676
https://doi.org/10.1103/physrevlett.55.2676
https://doi.org/10.1103/PhysRevC.12.644
https://doi.org/10.1088/0954-3899/22/2/004
https://doi.org/10.1103/revmodphys.29.547
https://doi.org/10.1103/revmodphys.29.547
https://doi.org/10.1016/0029-5582(62)90029-9
https://doi.org/10.1016/s0031-8914(37)80189-5
https://doi.org/10.1103/PhysRevA.59.3556
https://doi.org/10.1119/1.1987678
https://doi.org/10.1103/physrevc.32.1742
https://doi.org/10.1088/0034-4885/54/4/003
https://doi.org/10.1016/0370-2693(88)90844-1
https://doi.org/10.1016/0375-9474(89)90558-7
https://doi.org/10.1103/physrevc.62.024313
https://doi.org/10.1103/physrevc.62.024313
https://doi.org/10.1103/physrev.93.99
https://doi.org/10.1088/0034-4885/74/10/106301
https://doi.org/10.1103/physrevlett.83.65
https://doi.org/10.1103/physrevc.80.034619
https://doi.org/10.1088/1361-6471/ac8948
https://doi.org/10.1088/1361-6471/ac8948
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.62.054315
https://doi.org/10.1103/PhysRevC.69.054311

Title: Collective phenomena at the particle emission thresholds

Most of the nuclear chart consists of unstable nuclei, which are subject to various decay
modes. Therefore, it is more appropriate to describe these nuclei in the open quantum
system formalism. Natural formulation of this problem is given by the Gamow Shell
Model in the Coupled Channels representation (GSM-CC), that allows to unify nuclear
structure and reactions.

In the first part, the multiple mass-partition GSM-CC has been developed. In this
unifying approach, we have calculated spectra of “®Be,”Li, and low-energy cross-sections:
4He(3He,3He), “He(3He,3He), and SLi(p,p). Inclusion of different mass partitions in the
GSM-CC proved to be crucial for describing the structure of low-energy states in these
nuclei. a-correlations in the 07, 27, 47 resonances of ®Be emerged naturally as the near-
threshold open quantum system phenomenon. Deuteron correlations turned out to be
important in all low-energy states of ®Be. In heavier nuclei, the GSM-CC has been
applied to calculate the spectra of 2Ca, 42Ti, 42Sc, and cross-sections of direct reactions,
with a special focus on the transfer reaction 4°Ca(d,p)* Ca.

The second part has been devoted for understanding how the clustering appears in the
near-threshold states. The GSM-CC studies were carried out by looking at the evolution
of reaction channel probabilities, spectroscopic factors and continuum-coupling correlation
energy as a function of the distance to various particle emission thresholds. This has given
gave insight into the origin of near-threshold clustering as a consequence of an alignment
of the collective GSM-CC state with the decay channel.

Keywords: Nuclear physics, nuclear structure, nuclear reactions, clustering, near-
threshold effects, direct reactions.

Titre: Phénomenes collectifs aux seuils d’émission de particules

La majeure partie de la carte de nucléides est composée de noyaux instables soumis
a divers modes de désintégration. Il est donc plus approprié de décrire ces noyaux dans
le formalisme des systemes quantiques ouverts. La formulation naturelle de ce probleme
est donnée par le Modele en Couches Gamow en représentation des Canaux Couplés
(GSM-CC), qui permet d’unifier la structure nucléaire et les réactions.

Dans la premiere partie, le GSM-CC a partitions de masse multiples a été développé.
Dans cette approche unificatrice, nous avons calculé les spectres de "®Be, 7Li, et les
sections efficaces a basse énergie : *He(*He,*He), He(*He,*He), et SLi(p,p). L’inclusion
de différentes partitions de masse dans le GSM-CC s’est avérée cruciale pour décrire la
structure des états a basse énergie de ces noyaux. Les corrélations o dans les résonances
07, 27, 47 de 8Be ont émergé naturellement en tant que phénomene du systéme quantique
ouvert proche du seuil. Les corrélations de deutons se sont révélées importantes dans tous
les états & basse énergie de ®Be. Dans les noyaux plus lourds, le GSM-CC a été appliqué
pour calculer les spectres de 42Ca, 42Ti, 42Sc, et les sections efficaces des réactions directes,
avec un accent particulier sur la réaction de transfert 4°Ca(d,p)*!Ca.

La deuxieme partie a été consacrée a comprendre comment le clustering apparait
dans les états proches du seuil. Les études GSM-CC ont été réalisées en examinant
I’évolution des probabilités de canaux de réaction, des facteurs spectroscopiques et de
I’énergie de corrélation de couplage au continuum en fonction de la distance par rapport
aux différents seuils d’émission de particules. Cela a permis de mieux comprendre 1’origine
de la clusterisation proche du seuil en tant que conséquence de 'alignement de 1’état du
GSM-CC collectif avec le canal de désintégration.

Mots-clé: Physique nucléaire, structure nucléaire, réactions nucléaires, clustering,
effets proches du seuil, réactions directes.
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