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Introduction

Collective excitations are a common feature of the atomic nuclei. The most im-
portant among them are the so called Giant Resonances which, in a macroscopic
interpretation, are seen as coherent oscillation of many nucleons. By studying the
characteristics of such collective modes different information have been learned
about the properties of the nuclear matter, as the compression modulus and the
symmetry energy.

The first Giant Resonance, the Giant Dipole Resonance (GDR), was discovered
more than 70 years ago. The observed photonuclear cross section in the energy
range of the GDR exhausts nearly the 100 % of the sum rule for isovector elec-
tric dipole (E1) transitions. The GDR is usually described, macroscopically, as an
oscillation of all protons against all neutrons of the nucleus. A systematic study
of its properties began around the 1950. Subsequently, with the development of
cyclotron and linear accelerators, as well as with the increasing of experimental
techniques, other modes were found and studied in detail.

In particular, during the 60’s, experimental investigations showed an accumula-
tion of the y-rays E1 strength around the nucleon binding energy in several iso-
topes. This accumulation of low-lying dipole strengths has been called Pygmy
Dipole Resonance (PDR) for the smaller strength, about 5-10 % of the sum rule,
in comparison with the GDR one. Several investigations provided that such accu-
mulation of low-lying dipole states was connected to the neutron excess in nuclei
and its strength was more intense in nuclei far from the stability line with respect
to the stable ones.

The understanding of the low-lying E1 states around the nucleon binding energy
is attracting considerable interest also for the strong relation with the neutron skin
and with the symmetry energy of the equation of state (EoS). Indeed, from the
PDR strength it is possible to estimate the size of the neutron skin and to constrain
the symmetry energy. One of the major task of experimental and theoretical in-
vestigations is to determine a consistent density parametrization of the symmetry
energy which can provide a unified picture of nuclear properties. Indeed through
the symmetry energy quantity several features of the atomic nuclei as well as of



the neutron stars can be obtained. Furthermore, the PDR might have an influ-
ence also on the astrophysical r-process, responsible for the nucleosynthesis of
elements heavier than iron, in fact the presence of a dipole strength around the
neutron separation energy strongly enhances the neutron capture cross section. In
this framework, a better knowledge of the PDR properties could provide a link to
understand the neutron stars ( with radius ~ 10* m ) starting from the study of
the neutron skin in nuclei (with radius ~ 107> m), and it could provide useful
information in the present multimessenger era.

The interpretation of the structure of the low-energy E1 strength, in particular the
degree of collectivity, in almost all nuclei with a neutron excess is still under de-
bate. Indeed, there are several approaches able to describe the Pygmy resonance.
Considering a macroscopic interpretation, the Pygmy resonance can be associated
to the vibration of the neutron skin against a saturated core with the same number
of protons and neutrons. On the other hand, the several microscopic interpreta-
tions based on many body theory allow to study deeply inside the structure of such
modes. These theoretical calculations are all in agreement on the main character-
istics of the low-lying states, for instance the fact that such states are originated in
nuclei with a neutron excess.

One of the most important feature of the PDR is the behavior of the transition den-
sities: the proton and neutron transition densities are in phase inside the nucleus,
while at the surface just the neutron contribution is present. This confirms that
such modes are linked to the neutron excess in nuclei. Moreover, the isoscalar
and isovector part of the transition density at the surface have the same order of
magnitude and shape. Such characteristic denotes the mixing of the isovector and
isoscalar character of the mode, that therefore can be populated by both isoscalar
and isovector probes.

From the experimental point of view, the PDR has been investigated in a large
number of stable nuclei, below the neutron emission threshold, with the photo
scattering technique and with isoscalar probes, namely using («,a’y) and 70,70/ y)
experiments. The comparison between these investigations reveals that only a
group of states, belonging to an energy range approximately between 4 and 6
MeV, is excited by both isoscalar and isovector probes, whereas another group,
at energies higher than the previous one, is populated only using the electromag-
netic interaction. This phenomenon, called "isospin splitting" or "isospin mixing",
is evident in all the stable nuclei analyzed and it is currently a topic of interest due
to the fact that its nature has to be well understood.



The investigation of the PDR in unstable nuclei was carried out in pioneering ex-
periments performed at the GSI, using isovector probes, namely relativistic Coulomb
excitation with natural targets of Pb and Au. Recently, the low-lying strength was
also investigated in the unstable nucleus 2°O, using both isovector and isoscalar
probes, below the neutron separation threshold.

In order to better understand the nature of the Pygmy Dipole Resonance and to
verify if the isospin splitting is a common feature of such low-lying mode, it is
necessary to measure the PDR using several probes, in different mass regions and
in particular at energy above the neutron emission threshold.

At the Laboratori Nazionali del Sud (LNS)- INFN we performed an experiment,
aimed to study for the first time the Pygmy decay in the ®®Ni at 28A MeV, above
the neutron emission threshold, using an isoscalar probe, namely a natural carbon
target of 12C. A 79Zn primary beam was accelerated to an energy of 40A MeV, us-
ing the Superconducting Cyclotron (CS) of the INFN-LNS, and it impinged on a
250 um thick ?Be target to produce, with a projectile fragmentation reaction, the
8Ni beam, delivered via the FRIBs@LNS fragment separator of the INFN-LNS.
The ®Ni + '2C reaction permits to investigate the isoscalar excitation of the PDR
as it is also confirmed by semiclassical calculations. Such calculations, based on
microscopic form factors built with microscopic RPA transition densities showed
that, at 28A MeV, most of the total inelastic PDR cross section, (almost the 60 %)
is due to the pure nuclear interaction. The Coulomb contribution amounts to 9 %,
while the 30 % is given by the interference between nuclear and Coulomb contri-
butions.

The y-decay channel of the PDR was studied using the 4t CHIMERA multidetec-
tor, while the scattered ®®Ni ions were detected and identified in four prototype
telescopes of the FARCOS array. Moreover, we present also some preliminary re-
sults about the neutron decay of the Pygmy Dipole Resonance.

In summary, the thesis is based on the experimental study of some of properties
of the so called Pygmy Dipole Resonance for the exotic isotope *Ni. The inves-
tigation has been carried out using an isoscalar probe, which has been proved to
be a useful mean for the study of these modes by theoretical calculations as well
as previous experimental works. The comparison with previous experimental re-
sults obtained by using an isovector probe has shown that there are no important
differences between the two. This might confirm the theoretical expectation that
in the mode there is a strong mixing of isovector and isoscalar characteristics. On
the other hand, due to the limits of the relative small statistics and relative scarce

energy resolution of the present measurements, it is not possible to draw definite



conclusions about the presence of isospin splitting for the PDR at energies above
the neutron emission threshold. Further experiments with the same experimental
apparatus are necessary in order to enlighten this question.

The thesis is organized in the following way: we introduce in Chapter 1 the theo-
retical approaches to the physics case, in Chapter 2 the main experimental findings
about the low-lying dipole strength and the experimental methods used to study
the PDR are described. In Chapter 3 we introduce the experimental set up and the
production of the exotic beam. In this Chapter we report also the results obtained
with the semiclassical calculations. Moreover, we discuss the data analysis rela-
tive to the selection of the ®®Ni?®*. In Chapter 4 we describe the CHIMERA and
the FARCOS array, and we discuss the methods used to detect y-rays and neu-
trons. In this Chapter we report also the data analysis relative to the calibration of
the CHIMERA multidetector. In Chapter 5 we report the results and the discus-
sion about the y-decay channel of the PDR and the preliminary results about the
neutron decay channel of the PDR.



Chapter 1

General features of the Pygmy Dipole

Resonance

In this Chapter we report the introduction to the physics case for the study of the
Pygmy Dipole Resonance (PDR) and we discuss the main theoretical aspects, that
are relevant for the investigation of these low-energy dipole modes. Moreover, we
present also some experimental results, related to the main theoretical works. In
this Chapter we recall four main papers [1-4].

1.1 History of the Pygmy modes

Recently, much relevance has been given to the collective states in neutron-rich nu-
clei. The study of collective states indeed allows to understand the nuclear struc-
ture, the effective nucleon-nucleon interaction, the bulk properties of the nuclear
matter, as the compression modulus and the symmetry energy. The remarkable
interest in these states is also driven by the presence of an electric dipole response
around the nucleon binding energy [1-3]. This excitation mode, known as Pygmy
Dipole Resonance (PDR), carries few per cent of the Energy-Weighted Sum Rule
(EWSR) and several theoretical models predict its presence for almost all stable
and unstable neutron rich nuclei.

The history of the PDR started in the 60’s, when G. A. Bartholomew presented in
a paper [5] a systematic theoretical and experimental study concerned with the
nature of the neutron capture y-rays. In this paper was pointed out the observa-
tion of an enhancement of the y-rays strength around 5-7 MeV in many isotopes.
J.S. Brzosko et al., in their manuscript titled “Effect of the pigmy resonance on the
calculations of the neutron capture cross section” [6], reported a comparison between
the experimental cross sections of the (n,7) reaction for several nuclei (19Rh, 1277,
1814, 197 Au) with a theoretical model. In their model, they studied the influence
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of a E1 resonance, located at an energy of E, ~ 6 MeV, and they coined for the
first time the term "pigmy resonance", to indicate this "new" E1 resonance. They
underlined that the agreement with the experimental values was better in the case
in which the "pigmy resonance" was included in their calculations, as it is possible

to note in Fig. 1.1.
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FIGURE 1.1: Comparison of the measured (solid curves) and cal-
culated spectra of the neutron capture y-rays. The dashed curves
present the results of calculations when both giant and pigmy reso-
nance are accounted for. The dashed-dotted curves give results of cal-
culations in which no account was taken for the pigmy resonance[6].

In 1971 R. Mohan et al. [7] gave a theoretical interpretation of this mode. They
introduced a three-fluid model of nuclei, in which the three fluids are the protons,
the neutrons of the same orbitals as protons, and the neutron excess. This lead to
two independent electric dipole resonances. The first one due to the oscillation
of all protons against all neutrons and the second one, energetically lower, where
only the neutron excess oscillates against a saturated core, in which protons and
neutrons are in the same orbitals. In this manuscript R. Mohan et al. [7] estimated
that the neutron-proton strength was more of two orders of magnitude stronger

than the strength of neutrons against the saturated core. This is in agreement with
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the currently idea for which the low-lying energy modes may be associated to the
oscillation of neutron excess against a saturated core.

K. Govaert at al. [8] carried out one of the first high resolution Nuclear Reso-
nance Fluorescence (NRF) experiment. The several methods, used to investigate
the PDR, will be recalled in detail in the Chapter 2. Subsequently, several NRF
experiments were carried out on the photo-response of nuclei, in the region of the
particle emission threshold [1]. Moreover, with the advent of high-energy radioac-
tive beams, several studies were performed in order to study the properties of this
mode in reaction experiments.

Tanihata et al. [9, 10] used secondary heavy-ion beams to measure the interaction
cross sections of light neutron-rich nuclei. They observed large cross sections for
nuclei located at the neutron drip line, as the '!'Li, implying a large radius. Also
for these nuclei a small dipole strength was found at very low energies, and some-
times this strength is also called pygmy resonance.

In the 1987 Hansen and Jonson [11] gave the interpretation that the large radius,
linked to the large observed cross section, was related to the spatial extension of
the wave function of the weakly bound neutrons, extending far beyond the nu-
clear mean field, and they coined the name "neutron halo". Nowadays, it is known
that in the halo nuclei the low-energy dipole strength is of non-resonant character
and it is related to the single-particle excitations of the loosely bound neutrons.
However, these investigations have triggered the idea that a vibrational mode of
loosely bound neutrons against a saturated core might appear and might be ob-
servable in neutron rich nuclei. The study performed on Oxygen isotopes, us-
ing Coulomb excitation, revealed that the low-energy dipole strength can not be
explained just considering a single-particle excitation, as in the case of 'Be, im-
plying an excitation neutron excess -core [12, 13]. An intense experimental and
theoretical investigation has then started in the nineties to understand the dipole
response of neutron-rich nuclei. The numerous experiments have employed both
Coulomb and Hadronic excitations, in both stable and unstable nuclei [1-3], as bet-
ter specified in the Chapter 2. The use of both Coulomb and Hadronic excitations
is justified by microscopic calculations and can be explained studying the transi-
tion densities of low-lying modes, as will be discussed in the following sections.
These investigations have shown that the dipole strength related to the excita-
tion of excess neutrons is completely decoupled from the Giant Dipole Resonance
(GDR) and it is located close to the neutron separation threshold, it is in this sense
Pygmy Dipole Strength (PDS) or Pygmy Dipole Resonance (PDR). Despite of the
innumerable theoretical and experimental efforts, the knowledge about the nature
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of the PDR is still not conclusive.

1.2 Theoretical approach

The interpretation of the structure of the low-energy E1l strength in almost all nu-
clei with a neutron excess is currently under discussion. Indeed, while the main
features of the E1 response, mainly dominated by the Isovector Giant Dipole Res-
onance (IVGDR), are reproduced quite consistently in many models, the energet-
ically low-lying part of the E1 strength often differs between calculations, since it
is much more dependent on the details of the nuclear force and theoretical mod-
els. For these reasons, the systematic of the low-lying E1 strength is a matter of
on going discussions and there are several approaches to study these low-lying
states [1]. In ref. [2] it is possible to find a detailed and complete description of
the theoretical approaches. In this section we report just a brief overview, with a
particular attention for the ®*Ni results, reported in ref. [4].

For spherical and closed shell nuclei the use of the Hartree-Fock (HF) method com-
bined with the Random Phase Approximation (RPA) is the most appropriate tool
[14-18]. For open shell and deformed nuclei the use of Hartree-Fock-Bogoliubov
method with Quasi-Particle RPA is employed for the description of the PDR [19,
20]. Extensions of particle-hole approaches, taking into account two-particle - two-
hole contributions, like the second RPA approach [21, 22], and the coupling to two
or three-phonons configurations, like the Extended Theory of finite Fermi Systems
(ETFES) [23] or the Quasi-particle Phonon Model (QPM), which takes into account
explicitly the coupling between nucleons and phonons [24], have been used in
the description of the low-lying dipole states. Relativistic mean-field theory, like
RRPA [25-27] or the RQRPA [28-30], give also a good description of the proper-
ties of nuclei. A good description of the PDR features is obtained also within the
Relativistic Quasi-particle Time Blocking Approximation (RQTBA) [31].

All these calculations coincide on the main characteristic of the low-lying states,
namely the fact that such states are originated in nuclei with a neutron excess.
Moreover, the strength of this mode is more intense in the exotic neutron-rich nu-
clei with respect to the stable ones. Furthermore, in neutron poor nuclei a PDR
correlated to a proton skin has been predicted [32].

As an example, in a pioneering theoretical work [14] it has been shown that, as
soon as the number of neutrons increases, the isovector and isoscalar dipole re-

sponses show a small bump at low energy in the strength distribution, which is
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FIGURE 1.2: RPA strength distributions for isovector (upper) and
isoscalar (lower) response for Ni isotopes.

well separated from the well known peak of the GDR.

In Fig. 1.2 it is shown the predicted dipole response to an isovector (upper panels)
and isoscalar (lower panels) probe for Ni isotopes. These strengths were obtained
performing an HF plus RPA calculation. The curves are generated by a smoothing
procedure, using a Lorentzian with a 2 MeV width. In the figure it is possible to
observe that, as soon as the neutrons number increases, a small peak, at around 10
MeV, becomes evident in the isovector dipole response and it is clearly discernible
for the ®Ni isotope. We note this trend also in the lower panel, where the isoscalar
response is plotted. These calculations have been obtained considering the opera-
tors for the isovector response (IV) and isoscalar response (IS) given by :

N & -
ol — % Z Y (F) = 2= Y rpYam () (1.1)
p=1

) Yam (i) (1.2)

M:>

1:1
In the Fig. 1.2 the peaks, shown in the two panels, at different excitation energies,
are related to different excitation modes, as can be evidenced by studying the dif-
ferent structure of their transition densities. Looking at the ®®Ni case, the small
bump at around 10 MeV corresponds to the PDR excitation. This confirms that the
PDR is linked to the neutron excess and it is present in both isoscalar and isovector
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FIGURE 1.3: Schematic representation of the PDR state generated as
an oscillation of the core against the neutron skin.

responses. Therefore, considering that a nucleus with a neutron excess is made of
a saturated core (in which neutrons and protons sit in the same orbitals), and a
neutron skin, then the PDR can be considered as a surface mode corresponding to
an out of phase oscillation of the core against the neutron skin, which is formed by
the neutron excess, as shown in Fig. 1.3.

Indeed, it is possible to study the PDR mode also using a Macroscopic Pygmy
Model (MPM) [4]. In this model the density is the sum of three terms:

o(r) = pp(r) + 05 (r) + 0 () (1.3)

where c and s indicate the core and the skin, respectively. The neutron and proton

transition densities are defined by:

c S
Sou(r) = 6 [%d’o gr(r) NexZde ;r(r) ] (1.4)
d
Spp(r) =4 {% P gr(r)] (1.5)

Starting from these transition densities one can construct the isoscalar and isovec-

tor transition densities (we omit, for simplicity, the r dependence):

| Nsd (05, + pp) N + Z dpS |
Opis =0 A dr A dr (1.6)

-&d(P% —pp) N+ ZdpS|

Opiv =0 A dr A dr

(1.7)

The neutron core density as well as the neutron skin density can be calculated

within the Hartree-Fock (HF) approach, imposing that the core is formed by the
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protons and neutrons occupying equal orbitals. In this model it is assumed that
the protons are more strongly interacting with the neutrons of the core than with
the neutrons of the skin. In the following we report the results for the transition
densities, obtained with the MPM model, as well as with other models and the

comparison between such models.

1.2.1 Microscopic model for the low-lying dipole states

The Pygmy dipole states are described more precisely using a microscopic model.
In this approach the transition densities that commonly one can use are deter-
mined with the wave function and the amplitudes coming from a HF plus RPA
calculation [4] or their extensions [25, 26, 28, 30].

In general, one can consider a vibrational state, namely an oscillation of the nu-
cleon density around the ground state density p°(7) [33].

Considering an excited vibrational state |v), the corresponding time-dependent
wave function is:

iEyt

[9(£)) = [0) +cyfv)e™ ™ (1.8)

and the corresponding nuclear density is given by:

A
p(7t) = (y(t)| ; SF—T)|w(t)) = °(7) + 6p(7, 1) (1.9)
with B
Sp(F,t) = (0] Y 6(F—F)|v)e " +ce. (1.10)

i=1

The transition density is the time-independent part of dp(7, t), that is:

A
P17 = Ol Lo =7)lv) (1.11)

i—
The transition densities can be used to have information of the structure of a vi-
brational state, in particular regarding the spatial distribution of the oscillations.
In Fig. 1.4 transition densities for the ®*Ni are plotted, in the case of the PDR
state, predicted at around 10.4 MeV, in the case of Isoscalar Giant Dipole Reso-
nance (ISGDR), which is predicted by the RPA calculation at an excitation energy
of E=32.2 MeV, and in the case of IVGDR that is predicted at about E=17 MeV.
In particular, the transition densities for protons (black dashed line) and neutrons
(red dot-dashed line) as well as the isoscalar (black solid line) and isovector (green



12 Chapter 1. General features of the Pygmy Dipole Resonance

solid line) combinations are shown in the Fig. 1.4.

In the panel (a) the trend shown is typical of the PDR states: the proton and neu-
tron transition densities are in phase inside the nucleus while at the surface only
the neutron contribution is present. The tails of the neutron transition densities
extend themselves to a larger radius than the proton ones. This behavior suggests
also the idea that the PDR could be considered as a surface vibration of the neu-
tron skin against a saturated core. In the same figure (panel (d)), it is possible to
note that the isoscalar and isovector part of the transition densities at the surface
have the same order of magnitude and the same shape, which denotes mixing of
the isovector and isoscalar character of the mode, therefore this mode can be pop-
ulated by both isoscalar and isovector probes [16]. In Fig. 1.4 (b), one can observe
the typical behavior of the isovector GDR with the proton and neutron transition
densities out of phase, and thus a strong isovector transition density (panel (e)).
This corresponds to the macroscopic picture of the GDR produced by an oscilla-
tion of protons against neutrons. In Fig. 1.4 (c) and (f), the characteristic shape
of a compressional mode is shown by the transition densities of the ISGDR: the
proton and neutron contributions are in phase, giving rise to a strong isoscalar
component with a node close to the nuclear radius. In the case of ISGDR another
model is able to reproduce such state: the Harakeh-Dieperink (HD) model [34].
This model allows to calculate the corresponding isoscalar transition densities, as-
suming that the isoscalar dipole Energy Weighted Sum Rule is fully exhausted by

a single collective state.

The microscopic, macroscopic, and the HD models allow to extract the transi-
tion densities in the case of PDR mode, as shown in Fig. 1.5 [4]. In the figure (a) the
isoscalar transition density calculated with the MPM model (blue dot-dashed line)
is shown together with the other two iscoscalar transition densities, calculated
with the RPA and HD models. In the peripheral region the agreement between
the RPA model and the MPM model seems better with respect the HD model. In
the figure (b) the transition densities are shown for the isovector mode of the PDR,
in this case only the RPA and MPM can be used. In this figure it is also possible to
see the good agreement between the two models.

This comparison, as will be also discussed in the following, seems to contain the
fundamental characteristics that are important in the definition of the PDR state: a
mixing of isoscalar and isovector components, which makes possible the popula-
tion of the state via both isoscalar and isovector probes.
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FIGURE 1.4: RPA transition densities calculated for the ®®Ni in the
case of: the low-lying dipole states (a)-(d), the IVGDR (b)-(e) and
the ISGDR (c)-(f). As indicated in the legends the proton, neutron,

isoscalar and isovector components are plotted.
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FIGURE 1.5: Comparison among the transition densities calculated
with the RPA, HD and MPM models in the case of isoscalar and

isovector modes of the PDR [4].
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FIGURE 1.6: Schematic representation of the interaction between two
nuclei as described by the Eq. 1.13.

1.2.2 Nuclear form factors

In order to extract information about the Pygmy Dipole Resonance and the relative
EWSR percentage it is possible to perform Distorted Wave Born Approximation
(DWBA) calculations, which depend on the models used for inelastic form factor.
These calculations are performed using a complex optical potential. The potential
has a real part as well as an imaginary part:

U(R) = V(R) + iW(R) (1.12)

where V(R) is the real part and W(R) is the imaginary component of this potential.
In a heavy ions reaction the nuclear potential is usually given by the so called
double folding procedure which consists on performing an integral of the nucleon-
nucleon interaction over the nuclear densities of both the projectile and the target
nuclei [35, 36].

It can be written as:

UR) = [ [ oplFpr()o(Fro)drdrs (1.13)

where the p,(77) and p;(72) are the projectile nuclear density and the target nu-
clear density respectively, while v(7}y) is the nucleon-nucleon interaction, with
r1p = 13 — 11, as shown in Fig 1.6. The real part of the optical potential, which
together with the Coulomb interaction, determines the classical trajectory, is con-
structed with the double folding procedure [35, 36]. Taking also the isospin de-
pendent part of the nucleon-nucleon interaction it is possible to write the local
effective interaction v(r1) as composed by two terms, the isoscalar part vy gen-

erating an isoscalar ion-ion potential and an isovector term v; giving an isospin
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dependent folding potential which has an explicit dependence on the difference
between the neutron and proton densities. This implies that the neutron-neutron,

proton-proton and neutron-proton interactions will be:
Unn = Upp = U + U1, Unp = Vg — U1. (1.14)

Then for the double folding the U(R) potential can be written as:

UR) = [ [lop,(r1)pe,(r2) + pp, (r)pt, (1)) 0 + 01)dradrs

+ [ [onr)os, (r2) + pp, (r)pr, (r2)) (00 = 01)drade - (1.15)

The transition densities are the basic ingredients to construct the nuclear form fac-
tors describing nuclear excitation processes. The use of proper form factors, that
can be derived either within a macroscopic collective model or in a microscopic
approach, is of fundamental importance to deduce these physical quantities. Typ-
ically, the form factors in a microscopic approach are calculated within the proce-
dure of double-folding. Indeed, the double-folding potential, between two heavy
ions, is obtained by integrating the nucleon-nucleon interaction over the densities
of the two nuclei, as in the Eq. 1.15.

In a similar way, the form factors are constructed by using the density of one nu-
cleus on one side and the transition densities of the exited nucleus on the other
side. Following the procedure described in ref. [4, 16], in which also the isospin-
dependent part of nucleon-nucleon interaction is included, the form factors have

two components Fy and Fj, defined as follows:

Fo = //[(5ppn(7’1) + (5Ppp(r1)]vo(r12)[ptp(r2) + Ptn(fz)]r%drlr%drz (1.16)

Foo= [ [Bop0) — o, (mlortrna)lpn(r2) — pr,()ldnidn (117)

In particular, the form factor F; is zero when we consider reactions in which
one or both nuclei have N=Z.
In Fig. 1.7 we plot the form factors obtained in ref. [4] for the 68N + 12C reaction.
In this figure the form factors obtained with the MPM transition densities (Eq. 1.6,
1.7 ), the RPA one and also the one obtained with the Harakeh-Dieperink (HD)
model are shown. From Fig. 1.7 (a) one can infer that the models generate differ-
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FIGURE 1.7: (a) Form factors for the system ®Ni + 2C for the PDR
state. (b) Form factors for the system %®Ni + 12C for the ISGDR state.
These form factors are calculated with the RPA, HD and MPM models

[4].

ent form factors, this means that these differences have an implication on the cross
sections and it is important to construct the correct form factor to extract informa-
tion on the Pygmy Dipole Resonance parameters. For the ISGDR (panel (b)) the
form factors, calculated with the HD and with the RPA method, are identical, with
a small difference present just in the peripheral region.

In order to understand the implication of these differences in the evaluation of the
cross section, we show in Fig. 1.8 the cross section for the PDR and ISGDR states
[4]. As it is possible to observe the cross section for the ISGDR, obtained with the
HD model and with the microscopic RPA approach, are almost identical. This re-
sult is due to the fact that the ISGDR state is a pure isoscalar state. While, there is
not agreement between the cross section for the PDR obtained with the different
models ( Fig. 1.8 (a)). The difference between the MPM and RPA models, observed
in both form factors and cross sections, can be explained considering the different
transition densities obtained with these models (Fig. 1.5).

The difference in transition densities, between the two models, arises because in
the RPA case transition densities are constructed considering particle-hole config-
urations, while in the macroscopic approach, transition densities are obtained as
derivative of the ground state densities.

The difference obtained with the HD model, in the case of the PDR, means that
to extract correct information about the PDR is fundamental to include all the im-

portant properties of these states, in particular the strong mixing of isoscalar and
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FIGURE 1.8: (a) Differential cross section for the the system 8Ni + 12C
for the PDR state. (b) Differential cross section for the system *®Ni +
12C for the ISGDR state [4].

isovector characters.

For completeness, we show in Fig. 1.9 different results obtained with some the-
oretical models, discussed at the beginning of this Chapter. In the upper panel of
this figure we show the E1 strength distribution, for the 1'%Sn nucleus and for the
neutron rich %Sn nucleus, calculated in the relativistic time blocking approxima-
tion (RQTBA) and in the relativistic quasi-particle random-phase approximation
(RQRPA) as presented in ref. [37].

In this figure it is possible to note that the low-lying E1 strength is strongly en-
hanced and shifted to lower energies in the neutron rich 140G, isotope, showing,
also in this case, that such strength increases with larger neutron number.

In the lower part of the figure are plotted the transition densities of the most pro-
nounced low-lying E1 excitations in the RQRPA calculation. For comparison also
the corresponding densities of the GDR, at higher excitation energy, are given.
Also these models reproduce the main characteristic of the pygmy mode: in the
inner part proton and neutron transition densities are very similar and in phase,
while at the outer part only the neutron contribution is present, which leads to the
interpretation of the neutron-skin oscillation.
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FIGURE 1.9: Upper part: E1 strength distribution calculated, up to
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densities corresponding to the most pronounced peaks at low excita-
tion energies at 8.94 MeV and 11.78 MeV for the 165 and 7.18 MeV
and 10.94 MeV for the 1405n, respectively. For comparison the transi-
tion densities in the region of the GDR for both nuclei in the RQRPA

calculation are also given. Figure taken from ref. [1].
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1.3 Link of PDR with the EoS and r-process

There are also two important aspects related with the PDR in nuclei. One is the
link of pygmy states to the equation of state of neutron-rich matter and also to
objects in the universe such as neutron stars [26, 30, 38]. The other one is the influ-
ence of the PDR on reaction rates in the astrophysical r-process which synthesizes
approximately 50% of the abundance of the elements heavier than iron [39-41].

In the following sections we recall some theoretical and experimental works to

explain more in detail these two important links with the PDR.

1.3.1 Constraints on the symmetry energy and neutron skins from

Pygmy Dipole Resonance

The density dependence of the nuclear symmetry energy plays a crucial role in
nuclear physics and astrophysics and it is investigated in both theoretical and ex-
perimental works. As itis known, the symmetry energy is not an observable which
can be directly measured, and it has been typically obtained from complex analy-
ses of multifragmentation reactions. The energy per particle in a nuclear system,
characterized by a total density p (sum of the neutron and proton densities p, and
pp) and by a local asymmetry 6= (0, — pp)/p is usually defined as [42]:

E E )

Z(P/‘S) = Z(Prfs =0) +S(p)o (1.18)

In this equation the so-called symmetry energy is indicated with S(p), and the
derivative of the symmetry energy at saturation is related to the "slope" param-

eter L by the equation:

S (Ol = 3 (1.19)
The PDR is connected to the presence of the neutron-skin in neutron rich nuclei,
therefore the study of the Pygmy Dipole Resonance could be also important be-
cause of the connection with the slope of the symmetry energy. This means that
the study of the PDS (Pygmy Dipole Strength) could give important information
about these quantities.
As an example, we show in Fig. 1.10 results obtained in ref. [42] in which the
authors investigated correlations between the behavior of the nuclear symmetry

energy, the neutron skins and the percentage of EWSR in the case of **Ni and
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FIGURE 1.10: In the panel (a) the correlation between L and the per-

centage of sum rule for the PDR in the ®®Ni is plotted. In panel (b) the

correlation between L and the neutron skin in the ®Ni is shown. The
numbers refer to several models used in the calculation [42].

13261, using different RPA models for the dipole response. A comparison with ex-
perimental data allowed to constrain the value of the derivative of the symmetry
energy at the saturation and the neutron skin radius, obtaining a value of the sym-
metry energy S(pp) ~ 32.3 £ 1.3 MeV and a neutron skin thickness ~ 0.200 £ 0.015
fm for the ®Ni.

This kind of theoretical investigation can be a good tool to add a further con-
straint to the knowledge of the EoS. However, one has to take into account that
each experiment probes different density region. This means that to add relevant
information about the EoS and its parameters, a series of studies, probing the be-
havior of symmetry energy at different densities, should be pursued; the study of
Pygmy Dipole Resonance constitutes an important part of these studies. More-
over, when comparing results from different studies, one should not compare just
the L parameter, that is, the extrapolation toward the pg region, but the effective

behavior of the symmetry energy in the region of sensitivity of the given study.

Nuclear Dipole Polarizability

From an experimental point of view it is possible to extract the neutron skin of
a nucleus as well as the slope of the symmetry energy starting from the study
of the electric dipole polarizability. The electric dipole polarizability is indeed an
observable directly related to the inverse of the energy-weighted sum rule and,
as pointed out by Reinhard and Nazarewicz [43], this observable could provide

a more robust and less model dependent observable to extract the neutron skin
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ARy, thickness. This variable was measured for the first time in the ®Ni in ref.
[44] and it is defined as follows:

_ he [®o(E)

Where o (E) is the photo-absorption cross section. In the manuscript of Rossi et al.,
[44] the authors used the obtained ap in order to extract values for the ARy, ;. In-
deed, the measured dipole polarizability is compared to relativistic random phase
approximation calculations, yielding a neutron-skin thickness of 0.17(2) fm, see
also Fig. 1.11.
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FIGURE 1.11: Correlation between neutron-skin thickness and dipole

polarizability in ®*Ni using FSUGold [45]. The shaded zones indicate

the experimental errors on the measured ap and extrapolated AR, ,
values [44].

Therefore, a systematic study for different nuclei could be very valuable to explore
possible model dependence and eventually to constrain the density-dependence
of the symmetry energy. The density dependence of the symmetry energy is of
fundamental importance because it governs also the radius of neutron stars. This
means that the study of the PDR could be a link to understand the neutron stars
(~ 10* m ) starting from the study of the neutron skin in nuclei (=~ 10~1> m). Huge
theoretical and experimental efforts are indeed still in progress to constrain the
symmetry energy of the EoS, and its density dependence.
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1.3.2 Influence of the Pygmy Dipole Resonance to the r-process

The study of the PDR may give an important contribution also to the knowledge of
the r-process. The majority of the existing elements in the universe are produced
in stars. The radiative neutron-capture has a fundamental role in the production of
such elements because it is believed to be responsible for the formation of the vast
majority of the elements heavier than Fe. Depending on the neutron densities Ny,
it is possible to distinguish two types of neutron-capture processes: the slow (s)

3 and

neutron-capture process, which is a low-density process with N, ~# 108 cm™~
the rapid (r) neutron-capture process, at densities Ny, ~ 10 20 cm~3. The s process
operates in mass regions situated within the valley of  stability .

Whereas, the r-process is believed to proceed in explosive stellar environments
producing neutron-rich nuclei well beyond the B-stability valley and consequently
giving rise to the formation of heavy exotic nuclear systems. In several theoretical
works, it is shown that the existence of a low-energy E1 pygmy resonance could
enhance the neutron capture cross sections [39-41].

As an example of calculations of this phenomenon, in ref. [46] the author reported
the influence of the statistical compound nucleus model, the PDR and the direct
capture mechanism, on the radiative neutron capture by neutron-rich nuclei. The
neutron capture rates are commonly evaluated within the framework of the statis-
tical model of Hauser-Feshbach . This model makes the fundamental assumption
that the capture process takes place with the intermediary formation of a com-
pound nucleus CN in thermodynamic equilibrium. In this approach, the (n,y)
rate, at temperatures of relevance in r-process environments, strongly depends on
the low-energy tail of the GDR [46].

However, in this paper [46] the author predicted that the PDR strength, even with
a small strength, is enough to increase the neutron capture cross section.

In Fig. 1.12 (a)-(b) we show the Maxwellian-averaged neutron capture rate, cal-
culated with and without the PDR component. In this paper [46] the author eval-
uated also the influence of a direct channel (DC) process with respect to the for-
mation of a compound nucleus. Studies on neutron capture reactions have been
devoted to the description of the DC mechanism, in which the incoming neutron
is scattered directly into a final bound state without forming a CN. In Fig. 1.13 the
r-abundance distributions, resulting from two r-process events, are shown . The
first one Fig. 1.13 (a) is characterized by a low temperature T=10° K and a neutron
density N= 102" cm 3. In these conditions an (n,y)-(y,n) in the equilibrium can
not be achieved, i.e. the (n,7) and (7,n) rates are not systematically larger than
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FIGURE 1.12: (a) Ratio of the Maxwellian-averaged (n,7) rates, cal-

culated at T=1.5 10° K with GDR+ PR and without the PR contribu-

tion, as a function of N for 3100 neutron-rich nuclei involved in the
r-process. (b) same as (a) as a function of S,, [46].

the B-decay rates. As we can note in Fig. 1.13 (a), the GDR rates lead principally
to the production of the A ~ 90-110 elements. The PDR effect tends to accelerate
the neutron captures and enables the production of heavier nuclei with A ~ 130.
However, neither the CN damping effect nor the DC contribution influence the
r-abundance distribution significantly. The second example of r-process event is
plotted in Fig. 1.13 (b), for a T=1.5 10° K and a neutron density N= 10" cm 3, in
this case the GDR and GDR + PDR capture rates are much larger than the S-decay
rates, so that an (n,7) equilibrium is achieved in all the isotopic chains.

Recently, more precise microscopic calculations, as the QRPA, have been used to
investigate this phenomenon [39]. In particular, the folded QRPA strength is used
for the evaluation of the neutron capture cross section within the framework of
the statistical model of Hauser-Feshbach. The cross sections at energies around 10
MeV are found to be enhanced by a factor up to 30 when approaching the neutron
drip line. The low-energy contribution to the E1 strength predicted by the QRPA
calculations is held responsible for this enhancement [39]. This result underlines
the crucial role of the PDR in this process. However, more accurate calculations in

this area are needed.
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Chapter 2

Experimental method for the study of
the PDR

In this Chapter we introduce the main experimental findings, and in particular we
describe the use of nuclear reactions to study the PDR in radioactive beam, that is
the subject of this thesis.

The experimental study of the PDR started with the use of the NRF method, how-
ever the possibility to excite this mode with both isoscalar and isovector probes
allows to use both real or virtual photons and the hadronic interaction, using «
particles and others interacting nuclei. In this Chapter we recall two main papers
[1,3].

2.1 Real photons

Experiments using real photons have provided first data to study the PDR prop-
erties in stable nuclei. The method of photon scattering (7, 7’) nuclear resonance
fluorescence (NRF) was used to investigate several stable nuclei in different mass
regions. The real photons are highly selective to excite dipole states, this means
that exclusively the J=1 states are excited in an even-even nucleus. Moreover, the
excitation mechanism is well known and this includes only the electromagnetic in-
teraction. For this reason, the spin, parity or transition strengths can be extracted
from the measured quantities in a model independent way.

The disadvantage is that photons are often completely absorbed in the excitation
process; consequently to determine the excitation energy the photon energy has to
be known. It is possible to use a mono-energetic photon beam, in order to know
the photon energy from the beginning, or the excitation energy has to be deduced
from the spectroscopy of the decay products. Moreover, depending on the prop-

erties of the photon beam either excited states in a large or narrow energy region
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are populated from the ground state.

In the case of single excitations one is sensitive to the integrated cross section [; f,
which describes the excitation from the ground state into the excited state at E; and
the following decay to the final state at E;. The connection to the corresponding

transition widths is given by [1, 47]:

he\? Tol
Ii,f = 71’2 (E) ng (2-1)

In this equation T' is the total width and T'g and Ty are the partial width to the
ground state and the final state, respectively. The spin factor is given by ¢ =
(2ji +1)/(2jo +1). The decay width to the ground state is directly linked to the
reduced transition probabilities B which for the present case of El is given by (
formula taken from [1, 47]):

B(E;) t 4 Ty [(MeV\? LT Ly MeV
U L —9554-10 4 —2 =249.10 3= —F 2.2
2 fm? eV \ K TokeVfm? E 22)

In order to calculate the decay width I'y and the B(E1) values for the single excita-
tions, the corresponding decay branching to the ground state has to be known. In
some cases, no decays to excited states are observed and thus I'g/I'=1. However,
small and unobserved decays to excited final states may add and lead to a value
of I'p/I' smaller than 1. In this case the extracted B(E1) values represent a lower
limit. In such approach, parity and spin quantum numbers can be deduced by
investigating angular and polarization observables. For the determination of the
spin of the excited state the multipolarity of the transition can be measured, using
the angular distribution of photons with respect to the incoming beam. In the case
of an even-even nucleus and thus a ground state of JJ = 07 the angular distri-
butions of the spin cascades 0—1—0 and 0—2—0 differ considerably from each
other and from an isotropic distribution. For these cases it is sufficient to measure
the intensity of the transition at few angles, as 90 © and 135 ° with respect to the
beam axis. This means that, from an experimental point of view, few detectors but
with a high resolu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>