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Zusammenfassung

Im Rahmen dieser Arbeit wurde eine systematische Untersuchung des Phéno-
mens der Feinstruktur der isoskalaren Quadrupol-Riesenresonanz in Atomkernen
durchgefiihrt. Hierzu wunde eine Reihe von hochauflésenden Protonenstreuexpe-
rimenten am iThemba LABS in Siidafrika durchgefiihrt. Die in diesen Experimen-
ten erreichte Energicauflosung von AE < 50 keV (FWHM) erlaubte es erstmals,
die Feinstruktur in allen untersuchten Kernen, **Ni, 3Y, 907y, 120Sn, 142N, 19 Er,
208Ph, zu beobachten. Damit wurde gezeigt, dass die Feinstruktur der Quadrupol-

Riesenresonanz ein globales Phdnomen ist.

Die Feinstruktur wird durch charakteristische Energieskalen beschrieben, die den
Zerfall von Riesenresonanzen iiber eine Hierarchie von Kopplungen an komplexere
Zustande charakterisieren. Im Rahmen dieser Arbeit wurden die Skalen mit Hil-
fe der Entropie-Index-Methode und neuen, auf einer Waveletanalyse basierenden
Verfahren, die zum Teil in dieser Dissertation entwickelt wurden und weiterge-

hende Informationen als die Entropie-Index-Methode liefern, extrahiert.

Die ermittelte Systematik zeigt eine Présenz von drei globalen Klassen der Skalen.
Zu der ersten Klasse gehoren die Skalen mit Grossen von unter 100 keV, die in
allen Kernen beobachtet wurden. Die zweite Gruppe von Skalen beinhaltet Skalen
im Bereich von 100 keV bis 1 MeV. Diese Gruppe zeigt grossere Variationen der
Skalenwerte von Kern zu Kern. Die dritte Klasse spiegelt die Skalen oberhalb

1 MeV wider, die der Breite der Quadrupole-Riesenresonanz entsprechen.

Um die physikalische Natur der Skalen interpretieren zu konnen, wurden die expe-
rimentell bestimmten Werte mit theoretischen Vorhersagen im Rahmen verschie-
dener mikroskopischer Vielteilchenmodellen verglichen. Eine qualitative Uberein-
stimmung zwischen den aus dem Experiment und den theoretischen Modellen ex-
trahierten Skalen bestétigt, dass die Zweiteilchen-Zweiloch-Konfigurationen eine
entscheidende Rolle fiir die Bildung der Feinstruktur spielen. Eine quantitative
Betrachtung zeigt dabei, dass die verschiedenen Modelle unterschiedliche Werte

fiir die berechneten Skalen ergeben.

Eine detailierte Analyse der Rolle der verschiedenen Prozesse im Zerfall der
Quadrupol-Riesenresonanz zeigt, dass in den schweren Kernen die kollektive Damp-

fung, die durch die Kopplung der Einteilchen-Einlochzustdnden an kollektive



Oberflachenvibrationen zustande kommt, alle Skalen verursacht und eine ent-
scheidende Rolle beim Zerfall spielt. Ein nichtkollektiver Démpfungsmechanis-
mus, bei dem Einteilchen-Einlochzustéinde an Vielteilchen-Viellochzusténde ge-
koppelt sind, ergibt hingegen keine prominenten Skalen. Durch den Vergleich mit
einem Modell stochastischer Kopplung wurden generische Eigenschaften dieser

nichtkollektiven Dampfung extrahiert.



Summary

In the present work the phenomenon of fine structure in the region of the isosca-
lar giant quadrupole resonance in a number of heavy and medium-heavy nuclei
is systematically investigated for the first time. High energy-resolution inelastic
proton scattering experiments were carried out in September-October 2001 and
in October 2003 at the iThemba LABS cyclotron facility in South Africa with an
incident proton energy of 200 MeV.

The obtained data with the energy resolution of AE < 50 keV FWHM revealed
the appearance of fine structure in all the nuclei studied (°*Ni, 39Y, %Zr, 129Gn,

12N, 166y, 29%8Ph), thereby establishing the global character of this phenomenon.

Fine structure can be described using characteristic energy scales, appearing as
a result of the decay of collective modes towards the compound nucleus through
a hierarchy of couplings to complex degrees of freedom. For the extraction of
the characteristic energy scales from the spectra an entropy index method and a

novel technique based on the wavelet analysis are utilized.

The global analysis of available data shows the presence of three groups of scales,
according to their values. To the first group belong the scales with the values
around and below 100 keV, which were detected in all the nuclei studied. The
second group contains intermediate scales in the range of 100 keV to 1 MeV. These
scales show large variations depending on the nuclear structure of the nucleus.
The largest scales above 1 MeV are classified to the third group, describing the

global structure of the resonance (the width).

The interpretation of the observed scales is realized via the comparison with
microscopic model calculations including the coupling of the initial one-particle—
one-hole excitations to more complex configurations. A qualitative agreement of
the experimentally observed scales with those obtained from the theoretical pre-
dictions supports the suggestion of the origin of fine structure from the coupling
to the two-particle—two-hole states. However, quantitatively, large deviations are

observed for the values of scales given by different models.

A more detailed study of the physical nature of extracted scales is provided with
the help of the quasiparticle-phonon model and extended time-dependent Hartree-

Fock model, which allow to separate the contributions from different damping



mechanisms. The main source of the observed scales is identified to arise from
the collective damping mechanism, which is the coupling to low-lying surface
wibrations. This conforms with the doorway picture of the damping of giant re-
sonances. At the same time, through the comparison with a model of stochastic
coupling to many particle-hole states some generic features of the non-collective

damping mechanism could be extracted.
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1 Introduction

Electric and magnetic giant resonances in the atomic nucleus represent a specta-
cular example of the complexity of collective phenomena that take place in many-
body fermionic quantum systems. In atomic nuclei these collective excitations of
atomic nuclei are usually classified according to their multipolarity AL, spin AS

and isospin AT quantum numbers [1,2].

The first experimental observation of the phenomenon of increased absorption
cross section of photons in some nuclei was made by Bothe and Gentner [3] and
was later confirmed by Baldwin and Klaiber [4]. An interpretation was given by
Goldhaber and Teller [5] within the macroscopic hydrodynamical model, which
treated protons and neutrons as rigid fluids, oscillating relative to each other.
This mode was identified as an isovector giant dipole resonance (IVGDR), cha-
racterized by the multipolarity, spin and isospin transfers AL = 1, AS = 0, and
AT = 1, respectively. The second experimentally observed collective mode in
atomic nuclei was the isoscalar giant quadrupole resonance (ISGQR). Since its
discovery [6], this mode has been also extensively studied in different nuclei in
various reactions [7—18], so that nowadays systematic experimental data exist on
its energy centroid, width, and the exhausted strength in terms of the energy-
weighted sum rule (EWSR) [10]. Macroscopically the ISGQR can be described
as a quadrupole (AL = 2) shape vibration of a nucleus, the protons and neu-
trons oscillating in phase, thereby defining the isoscalar (AT = 0) nature of this

resonance.

In the past decades many other collective modes were found to exist in ato-
mic nuclei. A remarkable progress in the understanding such elementary modes
of excitations has been made both experimentally and theoretically [2,19]. A
tremendous amount of experimental work has been carried out towards the inve-
stigation of global dependencies and systematics of those modes in various nuclei.
The macroscopic properties of giant resonances, like centroid energies and widths,
are now well studied for many nuclei. Despite all the experimental and theoreti-
cal efforts, our knowledge about the internal collective processes in the nucleus
is still very limited [19-22]. Perhaps one of the most urgent problems that has to
be solved for a complete understanding of intrinsic damping mechanisms of giant

resonances, is a - presently lacking - consistent explanation of the corresponding
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decay widths observed experimentally. Modern sophisticated many-body theories
often predict the centroid energies of the resonances quite well, however, they
fail when attempting to describe their widths. This problem is directly related
to the question of the dominant decay mechanisms of giant resonances. An early
experimental observation of fine structure in the region of giant quadrupole reso-
nance [23] was much debated until the hadronic reactions of comparable resolution
did confirm the physical nature of the observed fluctuations. Novel methods for
the analysis of fine structure phenomena were developed recently [24-27]. Appli-
cation to the 2°®*Pb data suggests the coupling between 1p — 1h and 2p — 2h states
as an origin of fine structure, described by the characteristic scales. However, a
question remained, whether the observed phenomenon is a peculiar feature of the

doubly-magic 2°*Pb nucleus, or is it a global one.

The aim of the present work was a systematic study of the phenomenon of fine
structure and associated characteristic scales of the ISGQR in heavy and medium-
heavy nuclei. A number of high-resolution inelastic proton scattering experiments
on a wide mass range of nuclei were carried out at iThemba LABS in order to

solve this question.

The thesis is structured in the following way. Chapter 2 provides an introduction
into the problem of understanding the intrinsic mechanisms of excitation and
decay of giant resonances. A widely-accepted doorway picture for the damping
of collective excitations in many-body quantum systems is discussed. Chapter
3 describes the facility at iThemba LABS and the experimental setup for high-
resolution scattering experiments. Chapter 4 deals with the technical details of
the experiments carried out. The main steps in the data analysis, and the finally
obtained excitation spectra of the nuclei studied are presented. The techniques for
characterizing the fine structure and extracting information out of it are outlined
in Chapter 5, emphasizing the well-established entropy index analysis. Chapter 6
introduces a novel wavelet transform technique. The results of a wavelet analysis
applied to the experimental data and comparison with those from the microscopic
model calculations are given. Modern theoretical approaches to the description
of excitation and decay of giant resonances are briefly introduced in Chapter 7.
Results of the comparative analysis of theoretical predictions and experimental
findings are presented in Chapter 8. The thesis closes with a summary and an

outlook.



2 Excitation and Decay of (GGiant Reso-
nances

The decay of giant resonances in nuclei is an excellent example of how a well-
ordered collective excitation dissolves into disordered motion of internal degrees
of freedom in quantum many-body systems [20]. Microscopically, giant resonances
are generally described within the random-phase approrimation (RPA) theo-
ries [28, 29|, where each nucleon is moving in an average mean-field potential
created by all the other nucleons, but without interacting with any other nucle-
on. Collective modes are treated as small-amplitude vibrations around the ground
state. These vibrations are described via coherent overlap of many one-particle—
one-hole (1p — 1h) excitations. A schematic representation of such a microscopic

description of the GQR for the example of the °Zr nucleus can be seen in Fig. 2.1,
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Fig. 2.1: An example of microscopic representation of giant resonances as a cohe-
rent superposition of many particle-hole transitions. Shown is the case
for electric electric quadrupole (AL = 2) excitation in the °Zr nucleus.
Proton (arrows with solid squares) and neutron (arrows with open squa-
res) 1p — 1h transitions from and to corresponding energy levels below
and above the Fermi level er, which contribute coherently to a given

collective mode, are shown.



where 1p— 1h transitions contributing coherently to a quadrupole (AL = 2) mode
are displayed. The existence of many differently coupled particle-hole excitations
induces a chaotic behavior in such a quantum many-body system with a large
number of degrees of freedom. This gives rise to the phenomenon of chaos-driven
decay of the collective motion of nucleons and appears as fluctuations and fine

structure in the nuclear response.

The RPA approach is the small amplitude limit of the time-dependent Hartree-
Fock (TDHF) model. It is rather successful in predicting the position and the
strength of giant resonances. However, it is not suitable for describing the damping
of the collective excitations. For a realistic description of how these modes decay,
one has to go beyond the mean-field theory and take into account the mixing of

1p — 1h excitations with more complex configurations.

In many-body systems the damping of excitations appears to be very complex
since it can involve many different processes. Already at the mean-field level
the RPA predicts only sharp states, with a resonance width acquired via several
damping processes (e.g. a fragmentation of the collective response into several
collective states, a process known in solid state and plasma physics as Landau
damping, which is the damping via coupling to uncorrelated particle-hole exci-
tations). This process is believed to be unimportant for giant resonances, with
the exception of the light nuclei. Another possibility for strength fragmentation
is via nuclear deformations, which can shift the energies of p — h excitations con-
tributing to the collective mode, a process often referred to as inhomogeneous
damping. Finally, particle or y-decay might also produce additional broadening

of resonance strength.

For the case of electric giant resonances in heavy nuclei, the strength distributions
are well approximated by assuming a Lorentzian line shape with a resonance decay

width I'. This width is usually explained to result from several contributions:
I=AT+TT 4T (2.1)

Here, AI' is the width acquired via a fragmentation of initial 1p — 1h states at
the mean-field level, which is caused by Landau damping. Another contribution
is the escape width I', which expresses the coupling to the continuum, i.e. direct

decay via particle emission from the initial 1p — 1h states. The third possibility 't
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describes the spreading width, which arises due to internal mixing with 2p—2h and
more complex configurations. The explanation for the spreading width is given
by the commonly-accepted doorway model for the decay of giant resonances. This

concept is discussed in more detail in the next subsection.

2.1 Doorway-State Picture of Giant Resonances

It is generally accepted that internal mixing occurs through a hierarchy of coup-
lings towards more and more complex degrees of freedom in the nucleus, starting
from the two-particle—two-hole (2p — 2h) and finally coming up to the np—nh
states of the compound nucleus. The doorway mechanism is expected to domina-
te the damping of giant resonances in heavy nuclei. The concept of doorway states
was introduced by Block and Feshbach [30] and was later generally formulated
by Feshbach [31,32].

A schematic representation of the damping of giant resonances within a doorway

picture is shown in Fig. 2.2. At ¢ = 0 the nucleus is excited from its ground state
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Fig. 2.2: Damping of giant resonances. A hierarchy of lifetimes and energy scales

in the decay of giant resonances as a result of different processes.



|0) by an external field, producing an infinite spectrum of eigenvalues F |0).
At the very first step, a mean field is settled down in the system by the time of
t =10722 — 1072 s, thereby allowing only few dominant frequencies to be selected
in the nuclear response, which correspond to energies of the so-called doorway
states. Though these states, described by the RPA, do not have any width, the
fragmentation of strength by a few MeV might appear if the number of such
doorways is more than one. This is believed to be significant only for light nuclei.
On the next level, these doorway states couple via residual two-body interaction
to the more complicated 2p — 2h states, thereby acquiring an additional width.
Most of these 2p — 2h configurations are so-called background states (shown as
dashed lines in Fig. 2.2), the coupling to which is weak and stochastic. Embedded
in such a background are a few collective 2p — 2h states, the coupling to which
is much stronger (solid lines at the 2p — 2h level in Fig. 2.2). As these states,
when observed experimentally, are partially overlapping, fine structure appears
in the nuclear response. On this level, the energy scales from several MeV down
to hundreds of keV are expected to be observed. Some of these 2p — 2h states
can in turn serve as doorways and couple via residual interaction to even more
complex configurations. This chain of couplings can be continued down to the
level of compound nucleus, where the energy is already equally distributed over
all available degrees of freedom. It might take t = 10716 s unless such a system
experiences a subsequent decay via a particle or gamma emission, a process known

as statistical decay.

In reality, the width associated with the coupling to 3p — 3h and more complica-
ted states, and eventually to the totally mixed states describing the compound
nucleus, does not differ substantially from the spreading produced by the door-
way coupling to 2p — 2h, because the increase of the density of complex states
is compensated for by the decrease of the coupling matrix elements. The effect
of this coupling is reflected in a smoothly varying strength function. Actually, a
particle decay out of the system might take place at any step of this hierarchy.
Accordingly, one can distinguish between different types of decay processes, as

shown in Fig. 2.3.

The decay reactions may be qualitatively classified as due to direct, semi-direct,
pre-equilibrium, or statistical processes. Direct decay occurs via coupling of the

initial 1p — 1A states to the continuum, leading to direct emission of the particle,
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Fig. 2.3: Schematic representation of the different decay processes that might take

place at different stages of the damping of collective motion [2].

which takes excitation energy out from the system. Preferential decays of the
resonance to particular one-hole states in the residual nucleus are called direct.
The corresponding escape width I'" depends significantly on the mass number
A, the excitation energy, the multipolarity, and may be not negligible in lighter
nuclei. The resonance may also mix with more complicated states, like surface
vibrations or 2p—2h states, giving rise to the spreading width I'*. It can be further
separated into two parts, I''! for the decays of the intermediate configurations
(pre-equilibrium decay) and I'* for the statistical decay of equilibrated compound
nucleus. The relative probability of different decay channels for such decays are
predicted by the Hauser-Feshbach calculations, describing statistical decay as an

evaporation of the particle from the equilibrated compound nucleus.

The separation between direct- and compound-decay can be eventually obtained
through model-dependent calculations. Thus, by studying the particle decay of
giant resonances, e.g. by means of coincidence experiments, as it was done e.g. at
the S-DALINAC [33-35] and iThemba LABS [34,36], and comparing the results
with the Hauser-Feshbach model predictions, one can gain information about
the predominant decay path of such collective modes in different nuclei. In the
case where the observed experimental spectra cannot be accounted for by the
statistical model calculations, the presence of a direct decay component can be
invoked [20].

In order to understand the resonance decay towards the compound nucleus, one
has to go beyond the mean field and include the couplings to more complex

configurations in the microscopic description. The two-body nature of the nuclear
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interaction suggests that the 2p—2h components of the many-body wave-function
play the dominant role in the damping of giant resonances. The most effective
amongst them are those containing an uncorrelated particle-hole excitation and a
single collective surface vibration or two vibrations. As many microscopic models
predict, the coupling to these doorway states causes a strong fragmentation of the
resonance strength. This is the phenomenon of collisional damping, essentially
connected with the coupling of giant modes to the quantal fluctuations of the

nuclear surface.

The microscopic calculations that include the coupling to the 2p — 2h configu-
rations are successful in describing many properties of giant resonances. The
microscopic description can be further extended by introducing more and more
complex components such as 3p — 3h ... np—nh. All modern transport theories
include such a hierarchy of progressively more and more complicated levels of
description [37-39]. However, the model space and the level of complexity of such
approaches becomes so large, that one has to artificially truncate the model space
using some selection rules. The computational power of modern computers is still
not sufficient to treat this problem self-consistently and one is effectively limited

to the very first step of the 2p — 2h configurations.

2.2 Fine Structure and Characteristic Scales in
the Nuclear Response

Investigation of the dominant damping mechanisms of giant multipole resonances
is of paramount importance for unraveling their dynamical, intrinsic structure.
Experimental verification of the above discussed and now widely-accepted door-
way picture and of the dominant damping mechanisms of giant resonances still
remains an open question. One of the most promising approaches to this long-
standing problem lies in the phenomenon of fine structure in the nuclear excitation
spectra and the related characteristic scales of fluctuations associated with the
coupling between collective states and internal and external degrees of freedom.
One expects a hierarchy of lifetimes and related, via the Heisenberg uncertainty

principle, characteristic energy scales, starting from the typical scale associated
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with short-lived collective states, the full width at half-maximum (FWHM) which
is of the order of few MeV, going down to the scales characterized by the width of
long-lived compound nuclear states which is of the order of few eV or even smal-
ler. This hierarchy of couplings leads to the fluctuations in the observed strength,
giving rise to the formation of the fine structure, as it is visualized in Fig. 2.4.
In the case of strongly overlapping decay channels, one works in the regime of
Ericson fluctuations [40,41]. The appearance of fine structure itself was alrea-
dy observed for quite some time [23,42] in the region of the ISGQR in 2°*Pb.
High-resolution (AE =~ 50 keV FWHM) electron scattering data obtained at
DALINAC in Darmstadt revealed structures in the excitation energy spectrum,
which clearly exceeded the statistical significance and could not be interpreted
as pure statistical noise. As mentioned above, this phenomenon resulted in much
debate concerning its physical nature, since at the same time the proton- or a-
particle scattering experiments could not detect any fine structure. As soon as
the necessary energy resolution could be achieved for the hadronic probes, the
comparison of electron and proton scattering data demonstrated that the obser-
ved fluctuations are to a very large extent similar and are, therefore, physical in

nature [43].

In order to characterize the properties of the observed fine structure and extract
quantitative information out of a complex signal where several scales of different
nature are mixed, a variety of methods were proposed so far, e.g. using a doorway
model and microscopic calculations [44] or autocorrelation techniques [40,41] as-

suming a statistical distribution of the decay channels [45]. The problem becomes
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Fig. 2.4: Schematic representation of the fine structure formation out of a mixture

of multiple scales of fluctuations.



especially difficult to treat when the number of scales in the fine structure is lar-
ger than two. This problem aside, the results provided by such methods remain
dependent on underlying model assumptions. Therefore, one needs more elabora-
te and versatile tools to study the properties of these multiscale fluctuations. A
few novel ideas for such analysis have been proposed recently. One representative

example is a multifractal analysis [24-26] of the fluctuating strength function.

One of the most promising techniques so far is the entropy index method, which
allows for the extraction of multiple scales of fluctuations from the excitation
energy spectra [46]. This method has been successfully applied to the above-
mentioned case of the ISGQR in 2°Pb. The extracted characteristic energy scales
of fluctuations appeared to be independent of the exciting probe [27]. At the same
time, the comparison to the second-RPA calculations for E2 response in 2°Pb
demonstrated [47] that the observed scales indeed result from the first step of the
coupling hierarchy, i.e. 1p — 1h to 2p — 2h states, thus proving its dominant role
in the process of internal damping. This result has raised many new questions, in

particular the following:

- Is fine structure of the ISGQR a global phenomenon, appearing also in other

nuclei, or is this a peculiar feature of the doubly-magic 2°*Pb nucleus?
- Does fine structure also appear in other resonances, e.g. GDR?

- What about magnetic giant resonances? The relative importance of escape and
spreading widths in the spin-flip resonances, such as the Gamow-Teller (GT)
and the spin-dipole resonance, may be quite different from that in the electric

resonances.

- Are the observed scales characteristic to a nucleus or to a resonance, or can any

generic behavior be revealed?
- What is the physical nature of observed scales?
- What is the role of the escape width?

A set of experiments was carried out at iThemba LABS, South Africa, with the
aim of answering some of these questions by studying this phenomenon systema-
tically in medium-heavy and heavy nuclei using high-resolution inelastic proton
scattering. The next chapter outlines the experimental facility and techniques

used to obtain such valuable experimental data.
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3 High-Resolution Proton Scattering at
iThemba LABS

The facility at iThemba LABS with its K600 high-resolution magnetic spectro-
meter is one of the two presently existing places in the world where hadronic
reactions in the intermediate energy range (100 - 200 MeV /nucleon) with an
energy resolution of AE/E ~ 10~* or better can be studied. This opens a variety
of new exciting possibilities to address questions at the very forefront of current
nuclear structure and astrophysical research. This chapter will introduce the ac-
celerator facility and the experimental setup used for the high-resolution proton

scattering experiments that constitute the main content of the present thesis.

3.1 Separated-Sector Cyclotron Facility

The inelastic proton scattering experiments on the investigation of the fine struc-
ture phenomena of the ISGQR took place at the National Accelerator Centre
(NAC), recently renamed iThemba LABS (Themba means hope, and LABS
stands for Laboratory for Accelerator Based Sciences), located in Somerset West,

near Cape Town.

Figure 3.1 shows schematically the layout of the main accelerator together with
related installations for various experiments and applications. A primary beam
of protons and light ions can be produced and pre-accelerated by an injector
cyclotron SPC1. Another injector cyclotron SPC2 with external ion sources is
used for polarized protons and heavy ions. The heart of the facility is a separated-
sector cyclotron (SSC), a four-sector machine with a sector angle of 34°. After
injection into the cyclotron the particles start to gain energy while circulating in
the RF and magnetic fields on the cyclotron orbits, the maximum proton energy
gain per turn being about 1 MeV. At the exit high-energy beams of various
ions can be extracted and used in a wide range of applications, like radioactive
isotope production, or proton and neutron therapy for medical treatment of cancer
patients. An intense program of fundamental nuclear physics research is also
carried out at iThemba LABS (see e.g. [18,48-54]).
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3.2 The K600 Magnetic Spectrometer

For the present experiment a proton beam with an energy of 200 MeV and cur-
rents between 5 and 20 nA was provided by the SSC and delivered to the experi-
mental hall of the K600 magnetic spectrometer. The spectrometer layout is shown
in detail in Fig. 3.2. A proton beam from the accelerator enters the scattering
chamber (1), at the center of which is a set of targets put on a target holder. For
measurements at small scattering angles an internal Faraday cup (2) is used as a
beam dump. At larger angles one can use an external beam dump (3). Protons
scattered off the target are collimated by one of the collimators installed on the
carousel (4) which define the solid angle. The protons then pass through the ion-
optical system of the K600 spectrometer. It is a QDD-type horizontal-bending,
focussing magnetic spectrometer for protons and other light ions of intermedia-
te energy. Its optical system consists essentially of a sextupole magnet (5), a
quadrupole magnet (6) for vertical focussing, and two horizontally-bending dipo-
le magnets (7) and (9), each having its own focussing coil, the so-called K- and
H-correction coils (8) and (10). The K-coil is a quadrupole focusing element, used
to adjust for first-order kinematical variations of momentum with angle [55]. The

H-coil is a hexapole focusing element to correct for second-order aberrations.

The particles are focused on the focal plane of the spectrometer, where a detector
system is placed (see Fig. 3.3), consisting of three multiwire drift chambers (12).
The particle momentum is analyzed by the X-chambers with 198 vertical signal
wires along the dispersive direction. A Y-chamber, having 16 horizontal wires,
is used for monitoring the vertical beam alignment. Two paddles of 3.2 mm and
12.7 mm thick plastic scintillators, located behind the drift chambers, serve as a
trigger and a particle identification detector. The design of the K600 magnetic
spectrometer at the iThemba LABS essentially follows the one previously used
at the Indiana University Cyclotron Facility (IUCF) [56,57]. It can be operated
in three modes of (A) low, (B) medium, and (C) high dispersion. The spectrome-
ter settings were optimized for the medium dispersion mode (B) with 200 MeV
protons, covering an excitation energy bite of about 23 MeV. With these set-
tings the full excitation energy range of interest could be recorded within a single
measurement, while still providing sufficient resolution at the focal plane. Some

important parameters of the K600 spectrometer are summarized in Table 3.1.
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Fig. 3.3: Plan view of the K600 focal-plane detector system.

Tab. 3.1: Parameters of the K600 magnetic spectrometer

Parameter Value
Resolving power (for 0.6mm object slit) 28000
Horizontal acceptance (mrad) =+ 44
Vertical acceptance (mrad) + 44
Max. solid angle (msr) 6

Dispersion (cm/% )

- mode A 9.8
- mode B 8.1
- mode C 6.2
Mean radius of central ray (cm) 210 (mode B)
Maximum rigidity (T-m) 3.6 (mode B)
Maximum proton energy (MeV) 520
Length of the focal plane (cm) 78
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3.3 Dispersion Matching Techniques

The full capabilities of a magnetic spectrometer can only be achieved if the cha-
racteristics of the beam are matched to the requirements of the spectrometer by
a proper adjustment of the beam-line optics. The methods of matching beam
properties to the specific spectrometer focussing conditions allow the compensa-
tion for line-broadening effects caused by the beam momentum spread. This is
particularly important for the class of experiments like the ones presented here,

where the highest possible energy resolution is aimed for.

The special design of the beam line at iThemba LABS allows for a so-called lateral
momentum dispersion-matched mode to be realized. The principle of momentum
dispersion matching is shown schematically in Fig. 3.4 and requires adjustment
of the beam dispersion, emittance and spot size at the target using beam-line
focussing and steering elements to match with the ion-optical properties of the
spectrometer. In the conventional achromatic mode (left panel of Fig. 3.4), the
beam is focussed to a point at the target. If the beam particles are not mo-
noenergetic, but have some energy spread, then the rays having slightly different
momenta will be focussed by the magnetic field of the spectrometer to different
points in the focal plane and they will cross it at slightly different angles. The
image resolution in such a case will be affected by the initial momentum spread
of the beam. In order to achieve a better resolution, momentum dispersion mat-
ching techniques can be applied. In the lateral dispersion matching mode (middle
panel of Fig. 3.4) one adjusts the dispersion of the beam on the target in a such
way that the rays of different momenta traverse different path lengths through
the magnetic field, and are focussed back on the focal plane at one point, thus
providing better image resolution, almost unaffected by the residual spread of the
primary beam energy. There exists also a third possibility, the so-called angular
dispersion (right panel), when the primary beam is delivered to the target not on-
ly with a certain dispersion, but also having an angular convergence. All particles
scattered through the same angle then cross the focal plane not only in the same
point, but also under the same angle. This technique allows for the improvement
in the angular resolution, which is of crucial importance for zero-degree scattering

experiments [58].
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Fig. 3.4: Dispersion matching techniques. In the achromatic mode (left panel),
the position and the angle of scattered rays at the focal plane depend on
the initial beam energy spread, which thereby limits the resolution. The
lateral dispersion mode (middle panel) makes it possible to improve the
resolution by spatially spreading the beam spot on the target according
to the beam dispersion, matching it with the focussing properties of the
magnetic spectrometer. A further improvement can be achieved in an
angular dispersion mode (right panel), when additionally the angles of
incoming rays at the target are matched accordingly so that the focal
plane position and angle are not affected by the initial beam energy

spread.
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4 Experiment

During three weekends of beam-time in September/October 2001, inelastic scat-
tering experiments of 200 MeV protons were carried out for a wide mass range
of targets of closed and near-closed shell nuclei, 2°°Pb, 120Sn, 9Zr, 89V and °®Ni.
In proton scattering, one can excite a certain kind of multipole modes rather
selectively, by choosing appropriate kinematic conditions. The scattering angles
were selected to match the maximum of the cross sections for AL = 2 excitations
in the corresponding targets, thereby exciting predominantly the ISGQR under
investigation. Additionally, for two selected examples (*°Zr and 2“*Pb), measure-
ments were taken at angles above and below the maximum of the AL = 2 angular
distributions in order to estimate the effects of the mixing of different multipoles

in the cross sections.

In October 2003 another set of experiments took place, and the excitation energy
spectra for two more target nuclei '®*Er and “2Nd were taken in the maximum
of the AL = 2 cross section. The information on all the targets and scattering

angles used is summarized in the Table 4.1.

Tab. 4.1: Summary of information on the targets and scattering angles used.

Target element Angles (deg.) Density (mg/cm?) Enrichment (%)

208p, 6, 8, 10, 12.5 0.74, 6.0 >08
166y 8 1.8 >95
L42Nq 9 1.49 >95
120G 8 4.5 >95
907 9.2, 11, 13 10.1 97.7
8y 9.2 1.9 >95
58Nj 10 3.0 >95
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4.1 Experimental Procedure

Before taking data, a special procedure of adjusting the offsets and threshold
settings of the time-to-digital converter (TDC) modules of the drift chambers
was carried out, to ensure reliable timing information from each wire. At the
beginning of the assigned beam time period, the proton beam was delivered in
the achromatic mode to the scattering chamber at the K600 spectrometer. A
test Tun with a thin 2°®*Pb target was performed to check the operation of the
spectrometer and the detector system, as well as the data acquisition system.
The energy resolution at this stage was in the range of 100 keV. A spectrometer
setting for the mid-point of the focal plane corresponding to an excitation energy
of 50 MeV in 2°Pb was then chosen. At this setting, the cross section is essentially
constant and the measured spectrum resembles the features of a 'white spectrum’.
The data served to calibrate the time-to-distance conversion table, as described
in [59]. This table is used to obtain drift lengths of secondary particles to the
corresponding wires from the measured drift times. With such information it
is possible to calculate the focal-plane crossing position and the angle of the
scattered proton by a linear regression from the obtained drift distances. After
this step, the beam dispersion matching was realized. For an approximate setting
of the beam-line elements, calculations with the ray-tracing simulation programs
TRANSPORT and TRACK [60] were used, taking into account not only the
whole beam transport system, but also the actual experimentally measured field
map inside the K600 spectrometer. Although there was no any direct tool to
confirm the realization of perfect matching conditions in the first experiment, the

procedure gave a significant (factor of two) improvement in the resolution.

A unique possibility to achieve dispersion matching conditions is provided by the
so-called faint beam method. The intensity of the incoming beam is reduced by
several orders of magnitude by inserting meshes in the beam line between the
ion source and the injector cyclotron. It allows the magnetic spectrometer to be
positioned at zero degrees and the incident beam be observed directly with the
focal-plane detector system. This method, first realized at RCNP [61], has been
later successfully implemented at iThemba LABS, and realized for the first time
in the 2003 experimental campaign, proving the validity of the approach utilized

here, based on the predictive power of the ray-trace simulations.
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For monitoring the energy resolution, a thin (740 pg/cm?) 2%Pb target was used
and small adjustments of settings of the K- and H-coils and the group of quad-
rupole magnets in front of the scattering chamber were performed, in order to
achieve the smallest width for the elastic line and low-lying prominent transitions.
A typical value of AE = 30 keV FWHM was achieved. A 1° wide vertical slit-
collimator at the entrance of K600 spectrometer was used, which defined the solid

angle of the spectrometer AS), = 1.3 msr.

Before starting the actual data taking, the beam position on the target was
checked using a Al,Oj3 scintillating target with a hole of 3 mm in diameter in its
center. Steering elements immediately in front of the scattering chamber were ad-
justed so that the beam passed exactly through the hole. Additional background
optimization was achieved by minimizing the count rates in the scintillator padd-
les of the detector system when slightly adjusting the beam position. Afterwards,
background from beam halo was monitored using an empty frame target, and
when necessary, the beam was readjusted to obtain the smallest possible coun-
ting rate in the drift chambers from the halo background. In some cases all of
these steps had to be repeated iteratively, to ensure a minimum contribution
of the experimental background to the spectrum and provide the best possible

resolution.

Once these preparations were attended to, the process of collecting experimental
data could begin. The events from elastic scattering were then cut off by moving
a brass block in the in the vacuum chamber in front of the focal plane such that
the count rate from the elastic line disappeared completely. This reduced the data
rates by a factor of 103. In order to achieve sufficient statistics in the spectrum
region of giant resonances, approximately 12 hours per angle setting per target
were required. A typical data acquisition run lasted for 2 hours and was followed
by another background check with an empty frame measurement, after which a
next data run was started. Because of the instabilities of the cyclotron and long
measuring periods, the resolution of 30 keV could not be maintained during the
experiment, so that on average the full-statistics spectra show resolution of 35 to
50 keV (FWHM). The stability of the magnetic fields of the K600 dipoles was
monitored throughout the experiment by means of two NMR probes, and was

shown to be sufficient to avoid an extra contribution to the energy resolution.
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4.2 Data Acquisition and Online Analysis

The timing and energy signals from the detectors were processed by standard
NIM and CAMAC fast electronics. The data acquisition electronics used during
the experiment is schematically shown in Fig. 4.1. The main steps of the data
acquisition process are as follows. An event trigger is started after a coincidence
between the two scintillator paddles is established. Each scintillator paddle has
two photomultipliers, at opposite ends. After extraction of the time information
with a constant-fraction discriminator (CFD), the signals from the opposite pho-
tomultipliers of each paddle are fed into a mean-timer, which serves to provide

independence of the timing of the trigger signal from the intersection point in

Paddle1 Paddle2

ADC |3
1

y Y ¥ v
CFD CFD ID CFD CFD

\A 4

L 5| Mean || L 5| Mean ||
Timer Timer
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L AND :veto
Discr start  stop Delay 4—, \—> Delay

'
TDC | fast clear DAQ\—> nggri]c

busy

RF

vDC start stop Del Disc SSC
Data ¢ i elay iscr le——

TDC fast clear

|
Data

Fig. 4.1: Schematic view of the data acquisition electronics used in the experi-

A

ment.
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the focal plane. This signal is then used as a start for the time-of-flight (TOF)
measurement. The signal from the cyclotron’s RF system serves as a stop signal.
The spectrum with the distribution of TOF values is later used to suppress events
that are not correlated with the beam pulse. Additionally, the pulse heights from

each scintillator paddle are digitized for the purpose of particle identification.

Each signal wire of the multiwire drift chambers is connected to its own pre-
amplifier, discriminator and a separate channel of the time-to-digital converter
(TDC) module. When a signal is registered on a signal wire, the corresponding
TDC counter is started and a delayed paddle coincidence trigger signal serves as
a common stop for all the channels, thereby providing the drift-time information
for each activated drift cell. All these data are then passed via a VME front-
end [62] to a VAX data acquisition computer and in parallel to a tape storage
device. A VAX/VMS 4000 workstation was used for data acquisition and online
analysis using the XSYS software [63,64].

For the online analysis, a simplified algorithm of track reconstruction was used
and only some basic spectra were collected for monitoring purposes. The dead
time of the data acquisition system was determined with a standard technique by
inhibiting the current integrator scaler with a busy signal from the data acquisi-
tion system. As the goal of the present experiment was the investigation of fine
structure in the spectra rather than absolute cross section measurements, the data
were taken with high beam currents of up to 25 nA, for the sake of good statistics.

The resulting dead time values of up to 20% were considered acceptable.

4.3 Offline Data Analysis

For the offline analysis the same XSYS software package was used. However,
the analysis algorithm was significantly improved producing a much more precise
track reconstruction, smaller background, and better excitation energy resolution.
A schematic of the offline data processing algorithm is presented in Fig. 4.2. The
discussion of the different steps of the analysis is supplemented by the correspon-
ding figures, serving as examples. First, one has to distinguish between protons

and other charged particles detected by the spectrometer. Particle identification
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Fig. 4.2: Algorithm of the offline raw data analysis routine.

can be achieved via particle time-of-flight (TOF) information and independently
via the energy-loss spectrum in the scintillator paddles. It was shown in ion-
optical simulations [48] that one can clearly separate protons from other charged
particles by looking at the time interval between the actual particle scattering
off the target, and its arrival at the focal plane. In practice, one starts the TOF
measurement by the signal from the scintillator paddles and stops it using a de-

layed signal from the radio-frequency (RF) system of the cyclotron accelerator.
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Such a TOF spectrum is shown in Fig. 4.3. One can clearly see a proton peak
superimposed on the flat background of other uncorrelated events. To select the
proton events one sets a gate in the analysis software on this peak, shown by the
dashed lines in Fig. 4.3. At a later step, the validity of the drift-chamber data is
checked. If one plots the TOF-spectrum for valid VDC events only (the bottom
histogram of Fig. 4.3), then one can see that the background has disappeared.

Another method for identifying different charged particles is realized using the
signals from the scintillator paddles. The energy deposited by a charged particle
in the scintillator material depends on the particle charge and kinetic energy. This
energy is then converted to a proportional amount of light in the scintillator. The-
refore, by digitizing the signals from the photomultipliers using analog-to-digital
converters (ADC) one obtains a measure of the energy-loss of the particle AF
in the scintillator paddles. In order to eliminate the pulse height dependence on
the position along the scintillator, an average of the two values from the oppo-

site photomultipliers was taken. Figure 4.4 presents a 2D distribution of events

Events (x 104 )

0 1
80 120 160 200

Time-of-Flight (channels)

Fig. 4.3: Time-of-flight spectrum for all events (top) and for events with valid
VDC data (bottom). The dashed lines show the gates for selecting proton

events.
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Fig. 4.4: Particle identification spectrum, produced by the AF signals from the
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Fig. 4.5: Drift time offset adjustment for each wire of the VDC. Left: original
drift time distribution. Right: the same after offset adjustments.

according to their energy losses AF; and AFE, in the first and second paddles.
Proton events are localized and can be easily separated from other background
contributions by putting a suitable gating condition in the analysis software, as

shown in the figure.

In the next step, the drift times from the VDCs have to be converted into absolute
values of drift distances using a look-up table. Although the so-called ’autotrim-
ming’ procedure was utilized in order to align the offsets of all TDC channels, the
distribution of drift times during offline replay of raw data (left panel of Fig. 4.5)

still shows large deviations from a straight line. This may result in an incorrect
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position reconstruction and artificial structures in the spectra. Therefore, an ad-
ditional software offset correction for each TDC channel was implemented into
the offline analysis. The right panel of Fig. 4.5 displays the results of such an

offset correction.

After that, the integrity of the drift chambers raw data was tested. A valid event
should have not less than 3 and not more than 9 wires hit. The drift times
associated with these wires must be within a specific allowed range. Up to two
missing wires in one event are allowed if the number of wires hit is sufficient for
the reconstruction. Drift time values should follow in such an order, that one
can assign a track unambiguously to the corresponding drift distances. Then, the
position of the crossing point in the focal plane along the dispersive direction
is determined using the drift distances and wire-position coordinates. The slope
of the trajectory should also fit into a certain range of values, constrained by

geometrical considerations.

Next, the scattered-particle focal-plane position and angle spectra are generated.
To achieve the best position resolution, one has to do further offline corrections.
For this purpose, additional 2D distributions of events as a function of position,
angle, and time-of-flight are constructed. Figure 4.6 shows as an example correla-
tions between the position of the particle in the focal plane and its time-of-flight
(left plots). The excitation energy region of the first excited state in 2Pb is
shown. One can see that the distribution of raw data is not straight, but slightly
tilted. Using the polynomial correction function of 3rd order, one can make it
straight, as shown in the bottom-left panel, thereby improving the resolution.
A similar procedure can be performed for the position-vs.-angle distribution, as
demonstrated in the right part of Fig. 4.6, leading to a further improvement in

the resolution.

This plot can also be used for the identification of possible instrumental back-
ground sources in the data. Thus, Fig. 4.7 shows the position-vs.-angle distribu-
tion over the whole focal plane for one run on the 2°*Pb target. Note that the
excitation energy increases to the left with decreasing channel number. One can
identify several excited states. The elastic scattering line should have appeared
at the rightmost position, however, it was suppressed by the focal-plane beam

blocker. Nevertheless, a small part of elastically scattered protons did rescatter
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Fig. 4.7: Full distribution of events over the position and the angle in the focal
plane of the spectrometer. One can identify a background caused by
rescattering of protons on the focal-plane beam blocker (see Fig.3.2).
A closed-polygon line denotes the gating condition for filtering out the
background.
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on it and passed into the detector system at a different point and angle. These
events show up as a tilted line, going across the focal plane. Using suitable gating
condition (like the one shown in Fig. 4.7 by a closed polygon line) one can still
remove this background contribution from the final spectra. Finally, the particle
momentum and excitation energy spectra were calculated using the information
from several identified states in the spectra and information from the '2C target

calibration run. Afterward one proceeds to the next event.

It was observed that because of accelerator instabilities and drifts the energy
resolution was degrading slowly with time. Therefore, for an additional improve-
ment of the resolution in the offline analysis, long runs were divided into several
subruns, which were energy-calibrated separately and lated merged back into a

single spectrum. This resulted in a gain in resolution of several keV.

4.4 Measured Spectra

The final spectra obtained after summing up all the data for a given target and
angle are presented in this section. The excitation energy spectrum of 2°*Pb mea-
sured at # = 8° is presented in Fig. 4.8, compared to the (e,e’) data from the
DALINAC [23], and proton scattering data from IUCF [65], discussed in the in-
troduction, and having a comparable energy resolution. One can see that, indeed,
similar structures are observed in all three experiments. Figure 4.9 shows the sa-
me excitation spectrum in 2°Pb at 8° for three excitation energy ranges, the
upper part representing the global overview of the whole spectrum, whereas the
lower left- and right-hand side plots magnify the region of the ISGQR and the
high-excitation energy region, respectively. The difference is striking, pointing to
the physical nature of the former due to the presence of several energy scales, and

the statistical nature of the latter.

It is also interesting to reverse the time perspective and compare to results of pio-
neering experiments demonstrating the prominent excitation of the ISGQR in the
(p,p’) reaction, to see the advances that have been made due to the development
of experimental techniques. Such a retrospective view can be seen in Fig. 4.10,

where the two excitation energy spectra of the *°Zr(p,p’) reaction under similar
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data at iThemba LABS under similar kinematics. A broad bump in
the upper spectrum around 14 MeV is interpreted as the GQR. The
resolution of 1 MeV is insufficient to observe any detailed structure.
When measured with high energy-resolution, the GQR region expanded
in the lower part exhibits fine structure, and a double-hump structure

deviating from the typical assumption of a single Lorentzian.

kinematic conditions are shown. The upper part shows the old data by Bertrand
et al. [66] measured with 1 MeV resolution. Underneath are the recent iThemba
LABS data. The improvement of the energy resolution from 1 MeV down to
40 keV FWHM brings a qualitatively different picture, resolving subtle effects of
the GQR in an atomic nucleus of *°Zr. With such a high energy resolution one
can observe fluctuations of different strengths and scales. Another spectacular
feature of the new data is that the resonance bump does not have a Lorentzian
form (as assumed in all analysis of hadronic scattering data), but has a rather

fragmented double-hump structure.
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Fig. 4.11: Experimental excitation energy spectra of the ISGQR in several nuclei,
12081 (top-left panel), %°Zr (top-right panel), *Y (bottom-left panel),
and *®Ni (bottom-right panel) measured at E,, = 200 MeV for scattering
angles corresponding to a maximum in the AL = 2 angular distribution.
All the cases show the appearance of the fine structure, confirming the

phenomenon as a global feature of the ISGQR.

The excitation energy spectra of the GQR region in other measured target nuclei
are presented in Fig. 4.11. In all the nuclei studied one could observe the ap-
pearance of the fine structure, which conforms to the suggestion of the global
character of this phenomenon in the ISGQR, present in many different nuclei.
The figures 4.12 and 4.13 investigate the kinematical dependance of the fine
structure phenomenon for the cases of 2°Pb and °Zr. Both nuclei were mea-
sured over a larger angle range where other multipoles may become important.
Finally, Fig. 4.14 presents two excitation energy spectra of *2Nd (left) and '°Er
(right) nuclei taken during the second beam time in year 2003. Resonance struc-
ture is observed in both spectra. *2Nd spectrum contains several strong peaks on
top of the resonance. Despite increased level density in a deformed '*Er nucleus,
one can still see rather strong fluctuations of the cross section, indicating the

presence of fine structure even under such conditions.
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Fig. 4.14: Excitation energy spectra in the GQR region of **Nd at ©, = 9° (left)

and '%Er at ©, = 8° (right).
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5 Search for Characteristic Energy Sca-
les of Fluctuations

Very often complex many-body systems exhibit an interplay of ordered collective
motion with chaotic behavior. Giant resonances in atomic nuclei represent an
example of such an interplay, where a highly collective excitation of almost all
nucleons is damped out via a chaotic continuum of many intrinsic degrees of

freedom in many-body quantum-mechanical systems.

In this section, a brief overview will be given of the techniques that might appear
to be suitable for studying such a class of phenomena. In more detail, the concept
of entropy will be discussed, together with the novel method of the entropy index

analysis.

5.1 Characterization of Quantum-Chaotic Phe-
nomena

In order to quantitatively characterize the fine structure observed in the high
energy-resolution experimental data one needs elaborate tools with whom one is
able to extract the significant features out of noisy spectra in a model-independent
way. Several methods have been proposed so far. Historically, one of the first me-
thods successfully adopted to the fine structure studies was the doorway-state
analysis, applied for the case of the GQR in 2®®Pb [44] and later for magnetic-
dipole strength in ®®*Ni [67]. Assuming sequentially a one- and a two-doorway
model for coupling to a large number of complex configurations one was able to
extract the coupling matrix elements and determine the escape and spreading
widths for the underlying doorway states. Despite the richness of extracted in-
formation, the practical application of the doorway-state analysis is connected
with complications. Firstly, the technique itself is very sophisticated and time
consuming. Thus, only in the case of the one doorway assumption unambiguous
results could be derived, whereas when suggesting the two-doorway configuration

in the decay of the GQR in 2“*Pb the problem becomes so complicated, that
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in practice no reliable estimates can be made anymore. Secondly, the results of
the analysis are model-dependent, since one has to know the number of doorway

states a priori.

A typical path towards chaos goes through a sequence of fluctuations. There
exist several quantitative measures of chaotic vibrations: frequency distribution,
fractal dimension, invariant probability distribution, Lyapunov exponents [68]

and correlation dimensions [69], Kolmogorov entropy [70] etc.

When the motion is periodic or quasiperiodic, the frequency distribution shows
a set of narrow spikes or lines, indicating that the signal can be represented by

+iwrt  Near the onset of chaos, however, a

a discrete set of harmonic functions e
continuous distribution of frequency appears, and in the fully chaotic regime the
continuous spectrum may dominate over the discrete spikes. The representation
by the Fast Fourier Transform essentially treats a signal as a periodic function. In
general, this is not the case and a discontinuity is introduced which adds spurious
information into the frequency distribution. This is called aliasing error, and some

methods exist to minimize its effect [71].

The Lyapunov exponent A\, which was initially introduced for an analysis of chaos,
measures the rate at which nearby points on an attractor diverge or converge along
nearby trajectories. For regular motions the condition A < 0 is realized, whereas
for chaotic motions A should be positive. Correlations are a well-known tool to
measure the lifetime of a quantal system. Thus, the autocorrelation function can
be utilized. When a signal is chaotic, information about its past origins is soon
lost. This means that the autocorrelation function goes to zero as time goes to
infinity or that the signal is only correlated with its recent past. Correlation
integrals and correlation dimensions are useful quantities to examine whether a

given signal is chaotic or not [68,69].

Unfortunately, all these quantities are properly defined only for stationary signals,
and, therefore, are not applicable to the case of damping of giant resonances,

which is a highly non-stationary process.

The nearest neighbor spacing distribution [72] and the Ag-statistics are reliable
measures for chaoticity of the system in a regime of resolved non-overlapping

states of one known well-separated class (e.g. states with a certain spin J7).
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However, this quantity cannot be applied to the case of the continuum of strongly

overlapping states and fluctuating strength.

The fluctuation analysis using the autocorrelation function is also an established
method to extract level densities and scales out of the fine structure. Nevertheless,
in this method there also exists a problem, namely that the background should be
known beforehand, which is usually not the case for experimental data. Besides,

the method is restricted only to the case of small and intermediate scales.

5.2 Entropy Index Method

A natural approach to quantitatively describe the degree of order or chaos in
a complex system is to use a concept of entropy. The thermodynamic entropy
is well known in physics as a measure of disorder of a system. A new measure
of spectral entropy has been recently defined from the Fourier power spectrum.
An ordered activity with a narrow peak in the frequency domain would result
in a low entropy, while disordered activity with a wide-band frequency response
would give large values for the entropy. However, it has some disadvantages: the
Fourier transform does not take into account the time evolution of the frequency

patterns. It also requires stationarity of the signals, which is often not fulfilled.

Consequently, a further development of this idea is to define the entropy from
a wavelet transform. Based on this concept is the entropy index method, which
enabled, in a novel way, to determine the number of scales present in the spectra
and their magnitude. This technique has been initially proposed for the study of
self-similar fluctuations in heartbeats [73] and was later adopted to fine structure
studies [46]. The method gives model-independent results, for it does not make
any a priori assumptions on the number of doorways or on the decay mechanisms.

The following section describes the entropy index method in detail.

The main idea is to construct a measure that would characterize the fluctuations
of some physics observable o(F), e.g., the cross section or the strength function,
as a function of the resolution in energy 6 F/, as shown in Fig. 5.1. Having an expe-

rimental spectrum covering the excitation energy interval AE = [Fyin, Fiaz|, one
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Fig. 5.1: Entropy index method explanation. The binning width éFE defines the
scale, at which the fluctuations are to be characterized. A set of coef-
ficients D;(0F) describes the fluctuation level at a given scale for each
subinterval of the spectrum by taking the coarse-grained derivative of

the function.

can divide this interval into n equal bins with the size of 0 E, so that n = AE/JE.
The coefficients D; for each bin j is defined as

D, (5E):/Ej dE o (E)U,(E), (5.1)

where Ej = E,,;, + jOE. In this expression, V;(E) denotes the analyzing window
function which takes a non-zero value in the interval [E;_;, E;] and is equal to
zero outside the given bin. One can take any antisymmetric function with zero

mean. The simplest one is just a step function defined as follows
U, (F)=sign(E—(j —1/2)0F). (5.2)

The coefficients D; represent a coarse-grained derivative of the function o in each

bin j, and the values of these coefficients are directly related to the fluctuations
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of o at the considered scale d E. These coefficients are then normalized by the

average of their absolute values,
W; (0F) = |D;| / (| Djl) (5.3)

with

(ID;1) =1/n Y _ DI, (5-4)

1=1n
so that the normalized quantities do not depend on the magnitude of the original
signal. In order to obtain global properties of these fluctuations, one builds an

entropy index K

n

K (0F) = —% SO W; (GE)log W; (9F) (5.5)

which has several interesting properties. For the case of pure statistical fluctuati-
ons the values of K (§F) remain constant. A change in the behavior of K (JF) is a
signature for the appearance of a characteristic scale. For progressively more and
more complex configurations the entropy index value should increase reaching the

maximum value for the scale with the most complex np-nh configuration, i.e.
K(5E)np_nh > > K(5E)2p_2h > K(dE)lp_lh. (56)

Therefore, changes in the entropy index K (JF) at certain energy scales J F indi-
cate the existence of multiple scales present in the fine structure. By studying the
behavior of K (JF) it is possible to extract the values of characteristic energy sca-
les of fluctuations in the excitation spectra. Very often the number of data points
is not large, which limits the analysis at large binning intervals d . In order to

avoid this problem, one takes many repetitions of the analyzed data interval [46].

5.3 Results of the Entropy Index Analysis

This method has already been successfully applied to the case of ISGQR in
208Ph [27]. Tt has been shown that the entropy index method can detect well-

separated prominent scales of fluctuations in the spectra. The intermediate scales
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of fluctuations around 1.1 MeV, 460 keV and 125 keV for an excitation energy
region 7.6 — 11.7 MeV were found. Figure 5.2 displays the entropy index as a
function of the averaging interval 6, when deduced from the 2°*Pb(p,p’) expe-
riment at iThemba LABS (see Fig. 4.8), for the same excitation energy interval.
The entropy index in Fig. 5.2 exhibits sudden variations as a function of §F
which can be associated with the appearance of different dominant scales in the
fine structure. Although the number of dominant scales appears directly from the
analysis, their precise determination is not straightforward from the localization
of the curvature changes. The model studies carried out have shown that for the
models considered in [46] the entropy index can be approximated by a function
F(0F) defined as F(6E) = ) K,(0F) where n is an index running over the
different scales and where K, (0F) is defined as a Fermi-Dirac-like distribution

function

kn

ln(dli)n— dn)

with parameters k,,, d,, and A,,. A superposition of Fermi functions simulates the

K,(0E) = (5.7)

1+exp(

characteristic increase of the entropy index with the appearance of a new scale.

0.4 —— : : : :
208 ’ —

Pb(p,p ) E, = 200 MeV
0,=8°
E, =7.6-11.7 MeV

Entropy Index K(3E)

02l . 1 - - R
0.1 0.5

Energy Scale 6E (MeV)

Fig. 5.2: Entropy index K as a function of the averaging interval 0F for the
208Ph spectrum. The solid line is a fit using a superposition of Fermi-
Dirac functions which simulates the characteristic increase of the entropy

index with the appearance of a new scale in the spectrum.
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By studying the model cases where the scales I';,, were known, one could establish
an empirical relation K, (I",)/k, = 0.92 + 0.01. By applying the same ratio to the
parameters of Fermi-Dirac functions that are obtained from the fit to the entropy
index derived from experimental data, one can extract the values of characteristic
scales. The solid line in Fig. 5.2 is a fit by a sum of several Fermi-Dirac functions
using the least squares minimization. The data provide evidence for several scales
in the spectrum, 1.1 MeV, 440 keV, and 100 keV, which are similar to what was
found previously in 2*®Pb [27]. At the same time, the entropy index of the proton
data, in the region between 200 and 300 keV, shows an increase of the entropy
index with increasing scale, which cannot be described by Fermi-Dirac functions.
This represents an intrinsic problem of the entropy index method, which often

hinders the correct extraction of characteristic scales.

5.4 Limitations of the Entropy Index Method

The development of the entropy index method was in some sense a turning point
which revived the discussion of a long-standing problem of damping of collective
modes, resulting in new ideas and possibilities. Despite this fact, there are a few
reasons which limit to some extent the application of this method. A test study
of the possible influence on the entropy index of the physical background from
e.g. quasielastic scattering, and possible experimental background showed that
their energy dependence can under certain circumstances affect the results of the
analysis. It was also found that the choice of the energy interval may play a

significant role.

The main drawback of this technique is the lack of information on the localization
of scales against excitation energy. One is not able to tell if the scale is really
coming from a local resonance area or exists over larger energy regions. Besides,
the resolution of the extracted values of scales appears to be intrinsically limited
by the technique itself. For example, if several scales are lying close to each other,
or even partially overlap, or are weak (i.e. are having small significance) the
entropy index method will not be able to separate them. In this case it is not easy

to unambiguously determine the number of the scales and their values. Therefore,
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the results obtained from the entropy index method have to be accompanied by

the analysis using other methods for identification of the characteristic scales.

5.5 Local Scaling Dimension

Another novel idea is a multifractal analysis of the fluctuating strength function,
proposed by Aiba et al. [25]. It is, however, essentially similar to the approach of
the entropy index method in the way of constructing some characteristic measu-
res for the fluctuations as a function of scaling dimension, namely the partition

function, thereby inheriting the same limitations as the entropy index method.

Although in the case of theoretical strength calculations the local scaling dimen-
sion method provides a good extraction of scales [24-26], the numerical study
carried out showed that the technique is not stable in respect to even the con-
stant background. This makes the application of the method to experimental
data, which usually contain some background, questionable. Besides that, the re-
solution of scale extraction in this technique is rather limited, so that it is suitable

only in cases where one has just few well-separated scales.

5.6 Fourier Analysis

The Fourier transform (FT) is an adopted tool for the analysis of periodic sig-
nals [74]. It decomposes a signal into its constituent frequency components. De-
spite the functionality of the Fourier transform, there are several shortcomings of
this technique. The first drawback is the inability of the F'T to accurately repre-
sent functions that have non-periodic components that are localized in time or
space, and are often observed as a signature for a transient behavior. The FT is
based on the assumption that the signal is periodic and of infinite length. Another
deficiency is its inability to provide any information about the time dependence
of a signal, since the signal to be examined is assumed to be stationary, and thus

cannot give a time evolution of the frequency pattern. Any existing correlation
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between the time and frequency domains of a signal will not be detected by the
Fourier transform. Most physics phenomena in nature are actually not stationary,
but rather have a transient, aperiodic character. The Fourier analysis appears to

be not suited for the non-stationary aperiodic signals having finite duration [75].

5.7 Windowed Fourier Transform

The above-mentioned limitations of Fourier analysis can be partially resolved by
using a windowed Fourier transform (WFT). Under the assumption that the ana-
lyzed signal is quasi-stationary within the narrow time period, the FT can be
applied within this narrow window. This window is shifted along the time axis,
and the same procedure is repeated, thereby obtaining the time evolution of the
frequency spectrum. An arbitrary windowing function such as a boxcar (no smoo-
thing) or a Gaussian window can be chosen. The problem with the WFT roots
back to the Heisenberg uncertainty principle, which dictates that one cannot know
what spectral components exist at what instances of time. What is known are the
time intervals in which a certain band of frequencies exist [75]. Using a window
of infinite length, the FT is obtained, which gives perfect frequency resolution,
but no time information. Moreover, the stationarity assumption is violated. The
narrower one makes the window, the better the time resolution, and the bet-
ter the assumption of stationarity, but a poorer frequency resolution becomes.
In the WFT one averages short-duration components and cannot capture those
components that last longer than the window itself. The cutoff of low- and high-
frequency components that did not fall within the frequency range of the window
gives additional inaccuracy to the obtained results. The inefficiency is caused by
the fact that usually several window lengths must be tried to determine the most
appropriate choice. The WFE'T represents, therefore, an inaccurate and inefficient
method of time-frequency localization. For analyses where a predetermined sca-
ling may not be appropriate because of a wide range of dominant frequencies, a
method of time-frequency localization that is scale independent, such as wavelet

analysis, should be employed [76].
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6 Wavelet Analysis

The wavelet analysis provides a novel and extremely effective way to represent and
analyze multiscale structures. Indeed, many physical systems are organized into
“levels” or “scales” of some variable. A multi-resolution or scalable mathematical
representation may provide a simpler and more efficient extraction of the relevant
degrees of freedom in physical systems [77]. In this section, a brief review of
the wavelet transform and its defining properties is presented together with the
discussion of practical aspects and optimization for the problem of fine structure

in nuclear response and giant resonances.

6.1 Wavelet Transform

The distinct feature of a wavelet analysis is the presence of a scaling parameter,
which - loosely speaking - can be interpreted as reciprocal Fourier frequency. The
wavelet transform (WT) differs substantially from the windowed Fourier trans-
form (WFT), discussed above, as it allows for an arbitrarily precise localization in
time of high-frequency signal features. This is explained schematically in Fig. 6.1.
Shown are the Heisenberg uncertainty boxes associated with the analyzing func-
tions in the position, or, applied to our case, excitation energy—vs.—energy scale
plane. In the WFT the Heisenberg box has always constant dimensions at all sca-
les and locations. On the contrary, in the wavelet transform the analyzing wavelet
function changes its size depending on the scale parameter, so that the associa-
ted Heisenberg uncertainty box in the position-scale plane becomes narrow and
tall at small scales or wide and short at higher scales. This flexibility allows the
time evolution of the frequency pattern to be studied with an optimal resolution.
Another important distinction between the wavelet and Fourier analysis is that
the former is not limited to using sinusoidal analyzing functions only, but rather
can employ a large selection of localized waveforms as long as they satisfy the

predefined mathematical criteria described below.

The WT is based on the concept of wavelet functions or so-called wawvelets. There

exist two conditions which determine whether a certain real or complex function
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Fig. 6.1: Heisenberg uncertainty box associated with the analyzing function of the

WEFT (left panel) and WT (right panel) in the position-vs.-scale plane.
The WFT retains the resolution constant all over the time-frequency
plane. Conversely, the resolution of the wavelet transform is adjusted to
the optimum at each point. Better scale information is extracted at large
scales, where the signal dynamics is low and the time information is less
important, whereas for small scales, where the signal changes rapidly,

the resolution in time is improved.

U(z) can be used as a wavelet,

/ U*(z)dr =0, (6.1)
and -
K¢:/WW@HM<a% (6.2)

where the index * means complex conjugation. The quantity Ky is the wavelet
norm, or so-called admissibility constant, which is different for various wavelets.
The first requirement imposes that the function must be oscillating (therefore,
'wave-’ in the naming convention), and in the absence of an imaginary part its
mean value should be zero. The second equation describes the requirement of
a finite duration or so-called compact support of the function (therefore, -let’).
Thus, wavelet basis functions describe the local behavior more efficiently because

they are not affected by properties of the data far away from the location of
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Fig. 6.2: Some frequently used wavelet functions. The Haar wavelet (top-left pa-
nel) is a combination of several Heaviside step functions, producing a
square wave. Its usage is analogous to the entropy index method. The
Mexican hat (top-right) is the second derivative of the Gauss function,
taken with a negative sign. It has better localizing properties, than the
Haar wavelet. The Morlet wavelet (bottom-left) is a locally periodic wa-
vetrain, constructed out of a plane wave modulated by a Gaussian. The

so-called Bior3.9 function has no analytic form (bottom-right).

interest. In other words, a wavelet is a small wave, localized both in time and

frequency domains.

Having only these two conditions one might expect to have an unlimited variety
of functions that can be used as wavelets. Indeed, constructing a function that
satisfies these two requirements is not a very difficult task. However, highly so-
phisticated mathematics is involved when wavelets with special properties are
wanted. Some examples of such functions widely used in wavelet analysis are
presented in Fig. 6.2. Their properties will be discussed later, as soon as some

important features of the wavelet transform have been introduced.
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The wavelet transform of some signal o(F) is defined as its convolution with the

(generally complex-conjugated) wavelet function as

C(0E, E,) = \/% /J(E)\II* (E‘”” _ E) dE . (6.3)

The first parameter JF scales the function (makes a dilation), whereas the se-
cond parameter FE, shifts the wavelet position along the excitation energy, so
that the scale localization information becomes accessible. As a result of such a
transformation one obtains a 2-D distribution of wavelet coefficients C(0F, E,.).
These coefficients will be large at those scales 0 E and locations FE,, where the
form of the scaled and shifted wavelet W(z) has a great similarity to the analyzed
data sample o(FE). Vice versa, if the scale of a wavelet function is very different
from characteristic scales in the data at a given location, the coefficients will be
small. Therefore, by studying this 2-D distribution of wavelet coefficients one can
extract not only the values of the characteristic scales but also their locations,
which is very important for non-stationary processes. It is also possible to re-
construct the original signal out of the wavelet coefficients by using the inverse

wavelet transform [75,78,79]

o (F) = KL@ 770 (0FE, E,) (5;)5/2\1, (E5;E> d(0E)dE, . (6.4)

—oco 0

This reconstruction procedure is widely-used in practice for wavelet filtering of
noise out of the data and in compression algorithms. As it will be shown later in
the present work, another important application of the inverse reconstruction is

the significance test of different wavelet scales.

6.2 Continuous vs. Discrete Wavelet Transform

The wavelet analysis can be generally divided into two categories: continuous
wavelet transform (CWT), where the scale and location parameters 6 E and E, are

varied continuously, or discrete wavelet transform (DWT), which adopts variables
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only at discrete points
§E, =2"A E, =k-0E, ,k=1,2,..., (6.5)

where A is the binsize of the data. The smallest possible scale is therefore 2A.

Both methods have their advantages and drawbacks. Continuous wavelets are
more favorable when high temporal and spectral resolution and/or phase infor-
mation is required. The CW'T provides intuitively clear results that are easy to
interpret. However, depending on the problem the computational effort can be-
come demanding, when the arrays of the wavelet coefficients become huge. A
limitation of the CW'T is that only an approximate reconstruction of the signal

from the obtained wavelet coefficients is possible.

Contrary to the CWT, the DWT can be performed quickly. The DW'T is able
to produce a very sparse representation of large amounts of data, conserving at
the same time the characteristic features. Often the coefficients from the DW'T
are used to verify the fractal scaling properties of chaotic behavior in different
phenomena. The drawback here is that the scale resolution is limited as one has
to increase the bandwidth of the filter by a factor of two at each new scale. The
DWT does not possess translational invariance, i.e. the results will depend on the
selected interval and how this interval is divided into separate subregions (the
same problem appears in the entropy index as well). Finally, the DWT is possible
only with some specific wavelets from which an orthogonal basis of functions can

be constructed.

The choice of which kind of a wavelet analysis to use, the continuous transform
or the discrete one, depends very much on the nature of the phenomenon un-
der investigation, and on the data itself. The ability of the wavelet transform
to localize structures both in time and in frequency domains makes it possible
to analyze time series that contain non-stationary power at many different fre-
quencies [80]. The wavelet transform has been proven to be particularly useful
for analyzing signals which can be characterized as aperiodic, noisy, intermittent,
irregular, transient, fractal and so on. The unique properties of the WT have
resulted in a number of sophisticated wavelet-based methods for signal decompo-
sition, manipulation, pattern recognition, feature extraction (e.g., discontinuities
and singularities). The range of applications is very large and is still expanding
quickly [81].
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6.3 Properties of the Wavelet Transform and
Wavelet Functions

In the present section, some of the most important features of the wavelet trans-

form are briefly outlined.

6.3.1 Linearity of the Wavelet Transform

From (6.3) one can immediately see that the wavelet transform is a linear opera-
tion. This means that the wavelet transform of a signal, which is the sum of two
components,

o(E)=01(E)+ 02(E), (6.6)

is equal to the sum of the two separate wavelet transforms of these two com-

ponents, i.e.

\/% / [01(E) + oo E)| (E(;EE> dE = C1(6E, E,) + C5(6E, E,) . (6.7)

This is a very useful property, especially when combined with the property of

vanishing moments.

6.3.2 Vanishing Moments

One of the very ’desirable’ properties is the number of the so-called vanishing
moments of the wavelet function. One can define a £* moment of a wavelet

function by

M, = /xk U(z)dr, k=0,1,.. (6.8)

“oo
By the definition of a wavelet function, the 0» moment M, is zero, according
to (6.1). In other words, any wavelet function has at least one vanishing moment
(My). However, one can construct such wavelet functions that will have other

higher moments equal or close to zero, i.e.

M,=0, k=0,.,N. (6.9)
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Such a function is said to have N vanishing moments. The importance of this
property becomes clear if one recalls that the wavelet transform is a linear ope-
ration. Usually the experimental data are composed of a useful signal of interest
and a noise component, or some background, which hampers the extraction of

the useful information
o(F) = Uusefuz(E) +opa(F) . (6.10)

If the background contribution opg(F) can be approximated by a constant or by
some polynomial function, then the wavelet transform of the measured data using
a wavelet function with a sufficient number of vanishing moments will effectively
filter out the background contribution, so that the result will not be affected by
the background. This remarkable feature makes wavelets a powerful tool for the

analysis of real experimental data with background.

6.4 Selection of the Optimal Wavelet Function

An important advantage of the wavelet analysis is the freedom to use different
wavelet functions and find the most appropriate one for a given problem, thereby
extracting the required features most efficiently. In order to achieve a sparse
representation of the signal using wavelet analysis, one has to select a function,
which best resembles the features of the signal to be studied. Thus, the shape of
the wavelet function should be similar to that of the signal. However, also the
scale resolution of different wavelets must be taken into account. It is worthwhile,
therefore, to consider the applicability of different wavelets to the field of giant

resonances in more detail.

6.4.1 Haar Wavelet

The Haar wavelet function is a square wave (top-left of Fig. 6.2). It is perfect
for real-time processing because of the high computational speed, which results

from the simplicity of the Haar wavelet function. Additionally, both continuous
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and discrete Haar wavelet transforms are possible. However, its bad analytic be-
havior with the abrupt change at the interval boundaries, i.e. its bad regularity
causes some deficiencies of the Haar wavelet applications. Smooth signals can-
not be approximated well by the Haar wavelet. Moreover, it has only the trivial
0 vanishing moment. When applied to the fine structure studies, the wavelet
transform using the Haar wavelet gives results which are affected by any back-
ground except a constant one. However, the most important limitation of the
Haar wavelet is its poor resolving power for the scales. Although it is rather good
in localizing the scale position along the excitation energy axis, its precision of
determining the scale values is very limited, since it acts as a rather broad-band

frequency filter.

6.4.2 Mexican Hat and Other Derivatives of a Gaussian

The Mexican hat (top-right of Fig. 6.2) is defined as the second derivative of a

Gaussian curve: )

x
\IlMexhat(x) = (1 - 33'2) exp <_§> . (611)
As compared to the Haar wavelet, this function has a regular analytic form and
possess much better scale precision, although it is achieved at the expense of

decreased spatial resolution.

Generally, any m!" derivative of a Gaussian of the form

Vg, (z) = (—1)mjx—mm exp (-?) (6.12)

for m > 0 will satisfy the admissibility conditions. The Gaussian curve itself
(m = 0) is not admissble as a wavelet since it does not have a zero mean, see (6.1).
The m!" derivative has m vanishing moments starting from the 0% to (m — 1)
and will therefore effectively suppress any polynomial components of the studied
signal up to (m — 1) order, thereby emphasizing contributions of weak higher

orders or features, which are hidden in the background.

6.4.3 Morlet Wavelet

Another widely used function is the Morlet wavelet (bottom-left of Fig. 6.2),

named after Jean Morlet, whose fundamental work laid the basis of the whole
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of multiresolution analysis. The Morlet function is obtained by taking a periodic

wave and localizing it with a Gaussian (bell-shaped) envelope

U prortet(z) = Y4 cos(ka) - e~ /2. (6.13)

The value of k specifies the number of “significant” sinusoidal oscillations within
a Gaussian window. Formally, the function (6.13) is not generally applicable as
a wavelet. However, for & > 5 the admissibility condition (6.1) is satisfied within
the accuracy of computations with single precision arithmetic. Higher values of
k would slightly improve the scale resolution and in a limiting case one would
end up with a Fourier spectrum. However, at the same time the scale localization
property would be decreasing. For the analysis of nuclear giant resonance spectra

described below, a value of £k = 5 was found to provide the best compromise.

The Morlet wavelet appears to be the most suited for the present studies of fine
structure phenomena in nuclear spectra, as it gives the smallest time-bandwidth
product [82]. Indeed, the Morlet function, being a superposition of a Gaussian
and a plane wave, has one of the best localization properties among the whole
wavelet family both in position and in scale domains, thus resulting in a more

precise and reliable extraction of the characteristic scales.

6.4.4 Biorthogonal Wavelet Bior3.9

The Bior3.9 wavelet (bottom-right of Fig. 6.2) properties are close to those of
the Morlet wavelet, which makes it also suitable for fine structure studies. Its
advantages are good resolution and applicability to the discrete wavelet transform,
which makes it possible to exactly reconstruct the original signal from the wavelet
coefficients. Besides, it possesses three vanishing moments which makes results
insensitive to polynomial backgrounds of up to third order. An example of its
application to the data will be given later on. A certain disadvantage is that this

wavelet cannot be expressed in an analytical form.
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6.5 Results of the CWT

In this section the application of the continuous wavelet transform to the experi-
mental data will be discussed. Some of these results were presented during several

international conferences and were recently published in [83-85].

6.5.1 Scales from the GQR in **®*Pb

As one could see in the previous section, the CWT using the Haar wavelet is
a natural extension of the entropy index method. However, instead of using the
Haar wavelet one can obtain better performance with other wavelet functions,
e.g. a Morlet wavelet function. Figure 6.3 demonstrates the application of the

new wavelet approach to the experimental 2*Pb(p,p’) spectrum measured at

S 20®Pp(p,p’) "E, =200 MeV/
; 0, = 8°
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Fig. 6.3: The CWT of the excitation energy spectrum of 2*Pb(p,p’) measured at
8° using the Morlet wavelet. Upper panel: spectrum of the GQR. Middle
panel: 2D distribution of the squared wavelet coefficients as a function
of excitation energy (horizontal axis), and energy scales (vertical axis).
Dark regions indicate large amplitudes, whereas white ones correspond
to small values. Left-hand side: wavelet power spectrum which corre-
sponds to a projection of the squared wavelet coefficients onto the axis

of the wavelet scale. Note that the power increases from right to left.
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8° using the Morlet wavelet. The upper panel shows a part of the excitation
energy spectrum, corresponding to the region of the GQR. Underneath the two-
dimensional distribution of the squared wavelet coefficients is shown for each scale
from 50 keV up to 1 MeV in the Y direction and for the same excitation energy
region from 8 to 13 MeV in 2%®Pb in the X direction. The shading intensity of
each point on this plot corresponds to the magnitude of the squared wavelet
coefficients (dark for large, white for small one). The values for each scale were
normalized by the value of the scale itself. This is done in order to conserve
the power of wavelet transforms at different scales, so that the values at different
scales are comparable to each other. This also leads to the enhancement and better
recognition of the dynamics at smaller scales, which would otherwise be strongly
damped by the more powerful coefficients at larger scales. One can see on this plot
regions of increased intensities (dark colors), reflecting the fluctuations, occurring
with corresponding scales (Y axis), and also localized at a certain region of the
spectrum (X axis). This also demonstrates one of the advantages of the wavelet
transform over the Fourier transform, and also over the entropy index method,
which provides only the global features of the whole selected excitation energy
interval of the spectrum. In contrast, the wavelet analysis delivers additional

information on the localization of scales in the excitation spectrum.

A further extension of the method is to project this 2D-plot to the scales axis,
producing the so-called wavelet power spectrum, shown in the left panel of the
figure. The maxima at certain scales along the vertical scale axis correspond
now to the values of characteristic scales. Note that the horizontal power axis is
increasing from right to left. For visibility reasons, the scale axis in Fig. 6.3 is
limited to the value of 1 MeV. The smallest scale is the trivial one that comes
from the experimental resolution. Figure 6.4 shows the region of scales up to
3 MeV, providing evidence for further characteristic scales. Both Figs. 6.3 and
6.4 demonstrate that the scales are localized in the energy region of the GQR in
208Ph. Another proof is given by Fig. 6.5, where wavelet power spectra in 2*Pb
are shown for two different excitation energy intervals, the 8 to 13 MeV region
of the GQR (upper panels), vs. the excitation region of 16 to 21 MeV, where
only statistical fluctuations are observed (bottom panels). Indeed, no pronounced
scales can be detected at high excitation energies, even with a magnification factor

of 10 in the power axis.
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Fig. 6.4: Same as Fig. 6.3 for larger scales up to 3 MeV. Here one can observe
large scales, describing the gross structure of the resonance. This shows

that the scales are really coming from the resonance.
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Fig. 6.5: Left-hand side: Excitation energy spectrum of 2*Pb for the energy in-
terval of the GQR (top), and for the higher excitation energy region
(bottom). Right-hand side: Wavelet power spectra for these two regions.

At higher excitation energies one can see no prominent scales.

6.5.2 Scales in Other Magic Nuclei

The other nuclei studied in the present work also show the appearance of scales,

as it is demonstrated in Figs. 6.6 - 6.8 for the region of the GQR in spectra of
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Fig. 6.6: The CWT of the '**Sn(p,p’) spectrum for E, = 200 MeV and 6, = 8°

using the Morlet wavelet.
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Fig. 6.7: The CWT of the *Zr(p,p’) spectrum for E, = 200 MeV and 6, = 9.2°

using the Morlet wavelet.

the (p,p’) reaction on 2°Sn, %9Zr, and °®Ni, respectively. Again, one can see in all
the measured spectra structures with different scales, and one can easily extract

the values of these characteristic scales. Figure 6.9 displays the wavelet analysis
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Fig. 6.9: Top: Spectrum of 12Nd(p,p’) at 9° (left) and its wavelet power (right).

Bottom: Comparison with the case of subtracted strong states.

results for the GQR region in 2Nd(p,p’) reaction. One can extract several scales:
120 keV, 190 keV, 370 keV, 1300 keV, and 3200 keV. One may expect some
influence from the strong peaks, superimposed on a resonance, on the extracted
scales. The subtraction of these peaks leads to a disappearance of a 190 keV scale

and a slight shift of all the other scales.
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6.5.3 Importance of Wavelet Function Selection

As noted above, another advantage of the wavelet transform is the flexibility to
use different wavelet functions, adapted to achieve the necessary resolution when
extracting the values of the characteristic scales. This is demonstrated in Fig. 6.10
which shows power spectra obtained using four different wavelet functions (from
top to bottom: Morlet, Bior3.9, Mexican Hat, Haar). Comparing the distributions
of maxima and their separation, one observes better localization properties of the
Morlet wavelet in comparison to the other three wavelets. The Haar wavelet gives
the worst scale resolution. Evidently, of the four the Morlet wavelet is best-suited
for the present task of the detection of characteristic scales in the nuclear respon-
se. Accordingly, this function was selected for carrying out the CW'T analysis,
described below. Another wavelet, the Bior3.9, which also shows good localizing

properties, will be used in the discrete wavelet analysis.

:

-QOZr(p,p') Morlet
E, = 11-17 MeV

Bior3.9

Wavelet Power (log a.u.)
o

1t Mexican
Hat
Ol
1 Haar
0 1 0
10 10

Wavelet Scale (MeV)

Fig. 6.10: Power spectra of the experimentally measured spectrum in the GQR
region of °Zr nucleus using four different wavelet functions, from top to
bottom: Morlet, Bior3.9, Mexican Hat, Haar. The latter has the worst
scale resolution of all four functions, whereas Morlet function shows

the best performance.
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6.5.4 Role of Other Multipoles

The question whether the observed fine structure and characteristic scales really
originate from the GQR can also be partially answered by studying the evolution
of power spectra as a function of the scattering angle. For this purpose, the exci-
tation energy spectra for two selected cases of °Zr and ?°*Pb targets were taken
for a larger scattering angle range above and below the maximum of the AL = 2
excitations, thereby enhancing contributions of other multipoles and suppressing
the GQR. The results of the wavelet analysis for *°Zr are shown in Fig. 6.11
for ©, = 9.2°, 11°, and 13°, with the spectra on the left-hand side and wavelet
power spectra on the right-hand side. The power is normalized so that the smal-
lest scale (experimental resolution) has unit power. This normalization removes
any dependency on the statistics of the spectra, and the power at different angles
can be compared directly. The same scales are observed at all three scattering
angles. Therefore, the impact of other multipoles on the scales of the GQR, is
negligibly small. As the GQR cross section is getting weaker, the power of large

scales decreases.
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Fig. 6.11: Power spectra for “°Zr(p,p’) at three different scattering angles. At 9.2°
the GQR is excited mostly, getting weaker at larger angles. The wave-
let power spectra show no appearance of new scales at larger angles.
The power of large scales is decreasing with the scattering angle, in

conformity with the decrease of GQR strength.
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Fig. 6.12: Same as Fig. 6.11 for the 2°*Pb(p,p’) reaction. Maximum of the GQR
cross section lies close to 8°. The GQR is getting weaker at larger

scattering angles.

Similar results for the 2°8Pb target, shown in Fig. 6.12, are more difficult to inter-
pret. At ©, = 6° the spectrum contains considerable instrumental background.
The 310 keV and 700 keV scales present at the most forward angle are discon-
tinued at ©, =8° and larger scattering angles, meaning that these scales are of
other nature than the quadrupole resonance. In contrary to this, the 110 keV scale
increases in power as one moves from 6° to 8°. All scales, present in the maxi-
mum of the ISGQR at 8°, are getting weaker in power at larger angles, similarly
to the case of ?°Zr, thereby supporting the hypothesis of their origin from the
quadrupole mode. At 10° a new scale of 230 keV appears, and gets even stronger
at 12.5°, whereas the 110 keV scale, on the contrary, almost disappears. So, in
the case of the GQR in 2°*Pb, multipoles other than AL = 2 might affect the
scaling information. Nevertheless, in the maximum of quadrupole excitations at

8° there is no evidence of any scales caused by other multipoles.
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6.5.5 Role of Shell Closures and Deformation

Nuclear shell structure plays an important role in defining decay properties of
giant resonances in different nuclei. Figure 6.13 can provide some qualitative in-
sight into these aspects, where two neighboring nuclei “°Zr and Y are compared
in terms of fine structure and power distributions. In the “°Zr nucleus more power
is concentrated in large scales, describing the gross structure, whereas in the %Y
nucleus a larger level density makes high-frequency fluctuations more pronoun-
ced as compared to the intermediate scales. Also remarkable is the appearance of
another scale of 850 keV and a strong enhancement of the 120 keV scale in Y
as compared to the %°Zr case. The difference may come from the isobaric analog
state (TAS) in 8Y at 13 MeV, which might cause the appearance of new scales.
In order to check its contribution, the IAS was cut out of the spectrum of Y,
and the analysis repeated. The result is shown in the lower part of Fig. 6.13. No

any significant differences in the wavelet power spectrum can be observed.
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Fig. 6.13: Comparison of spectra (left) and wavelet power distributions (right)
in 9Zr(p,p’) and ¥Y (p,p’) reactions (top and middle plots, respective-
ly) at 9.2°. Additional scale of 850 keV appears in Y. Bottom plot:
subtracting TAS at 13 MeV from the spectrum of 3Y(p,p’) does not

change the result.
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Fig. 6.14: The CWT of the °Er(p,p’) spectrum for E, = 200 MeV and ©, = 8°

using the Morlet wavelet.

Figure 6.14 displays the CWT analysis for the GQR region in a deformed %°Er
nucleus. The wavelet analysis detects a complex pattern of fluctuations. The
wavelet power shows the appearance of several scales. Definitely, a more thorough
systematic study of fine structure and scaling information in relation to shell and
deformation effects needs to be carried out in order to draw out more definite

statements.

6.5.6 Summary of Extracted Scales in the ISGQR Region

All the wavelet power distributions for experimental spectra in the region of
quadrupole resonance are shown in Fig. 6.15. A global analysis of all obtained
experimental data reveals three general classes of scales, which are summarized
in Tab. 6.1. Class I contains a scale around 100 keV which was observed in all the
nuclei studied. Several intermediate energy scales of the order of several hundreds
of keV belong to Class II. The values of these scales vary rather strongly from
nucleus to nucleus. The third class contains the largest observed scales of several

MeV which reflect the gross structure and the total width of the resonance.
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Fig. 6.15: Wavelet power distributions from the experimental spectra in the region
of the ISGQR in (top to bottom): 2*®*Pb, 120Sn, 997 89y 5Ni.

Tab. 6.1: Summary of the scales observed experimentally (in keV).

Nucleus | IT II1

208ph 110 500 1500 2600
166 Fy 150 250 880 2260 3260
12Nd 130 420 1200 3200
1208 80 220 330 470 1100 3200
N7y 70 140 260 540 2100 3100
89y 120 190 320 540 830 2100 3100
P8Ni 70 170 360 580 850 2800 4700
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6.6 Discrete Wavelet Analysis

The discrete wavelet transform (DWT) can be understood as the application of
low-pass (large scales § F) and high-pass (small scales d F) filters on the spectrum
separating it into a so-called approzimation (A) and the details (D), respectively,
as shown in Fig. 6.16. Starting at the smallest possible scale (5 = 1) one can
reconstruct the original spectrum exactly as o(F) = A1+ D1. In the second step,
A1 can be further decomposed into A2+ D2, and so forth. Figure 6.17 presents an
application of the method [83] to the spectrum of 2**Pb(p,p’) reaction measured
at ©, = 8°. In the topmost panels the spectrum is shown, underneath are the
approximations A; (left-hand side) and details D; (right-hand side) at different
decomposition levels i. Each level corresponds to a certain range of scales, given
at the right-hand side. At each step the scale range increases by a factor of two.
One finds that the details D; corresponding to certain ranges of scales (e.g. Ds,
Dy, D5, D7, Dg) are more important, whereas other details D, Dy and Dg are less
significant. One advantage of the present method over the entropy index method
is the possibility to distinguish whether scales are globally seen over the whole

spectrum or rather localized at certain energy regions.

Original spectrum c(E)

Lowpass Filter Highpass Filter
Large scales 8E [«——> Small scales &E | (E) =A1 + D1
Approximation A1 Details D1

A2 «—Y—> D2 o(E) =A2 + D2 + D1

A3 D3 o(E)=A3 + D3 + D2 + D1
[ ] [
[ ] [ ]
[ ] [

Fig. 6.16: Schematic representation of the discrete wavelet transform as a decom-
position of a signal into different frequency components using a set of

band-pass filters.
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Approximations A, Details D, Scales
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Fig. 6.17: The discrete wavelet transform decomposition of the 2*Pbh(p,p’) spec-
trum measured at F, = 200 MeV and ©, = 8° into the approximations
A, and details D;.

While the possibility for a precise determination of characteristic scales with the
DWT is strongly limited, a big advantage of the method is that the decomposition
is reversible. This allows for a direct test of the importance of different scale
regions for the reproduction of the observed fine structure patterns. The left-hand
side of Fig. 6.18 shows a comparison of the original spectrum (top) with the one
reconstructed from the sum Ag+Dg+D74+D5+Dy+D3 (middle). The fluctuations
can be reproduced remarkably well. The bottom part of Fig. 6.18 shows the
relative errors of such a reconstruction, which is generally less that 10%. If one,
on the other hand, takes the sum of Ag with the scales predicted to be less
important (right-hand side of Fig. 6.18), only a rather poor reconstruction of
the original spectrum is achieved. Similar results of the decomposition within
the DWT analysis for the case of GQR in °Zr are shown in Fig. 6.19. A good
reconstruction can be achieved by taking Ag and Dg, D7, D4, D3, and Dy as
is presented in Fig. 6.20. These results confirm the scale values from the CWT

analysis.
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Fig. 6.18: The experimental spectrum (top panels) and its reconstruction (middle
panels) from the decomposition in a discrete wavelet analysis analog to
Fig. 6.16, including either the scale ranges predicted to be important
(left-hand side) or unimportant (right-hand side). Bottom plots show
relative errors of the reconstruction, which are in one case much smaller

that in another one.

Thus, the discrete wavelet analysis is indeed capable of separating out the scale
regions which carry the information about the fine structure and to test their
importance directly. The experience shows that this method works quite well in
cases where one has only few well-separated scales, so that most of the levels of
decomposition (see Fig. 6.16) can be excluded. In the case of the GQR this seems
to be somewhat problematic, since one really has several closely-lying scales, so
that almost each level of decomposition contains one or two scales and should be

taken for a proper reconstruction of the fine structure. Moreover, if a scale value
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Fig. 6.19: Same as in Fig. 6.17 for the case of “Zr(p,p’) at £, = 200 MeV and
0, = 9.2°.

lies close to the boundary between two scale ranges, its power will be distributed
over both ranges, which might further complicate the interpretation of obtained

results. Still, a cross-consistency check using the DW'T is of great help.

A very practicable method to quantitatively estimate the importance of each de-
composition level is based on calculating the squared wavelet coefficients from the
details of the DWT, as shown in Fig. 6.21. Plotted there is the sum of squared
details, normalized to unity, as a function of the level of decomposition. At cer-
tain levels there are clear maxima and minima, reflecting the significance of the
corresponding scale ranges. Thus, in the case of 2%Pb (left-hand side), at level 6 a
strong minimum is observed meaning that no characteristic scales are present in
the region 192-384 keV, which is consistent with the results of the CW'T analysis,
carried out above. The similar picture for “°Zr, shown in the right-hand side of
Fig. 6.21, reveals that levels 1, 5 and 6 are not significant for fine structure cha-
racterization, as it was just found from the reconstruction procedure. Two scales
from Tab. 6.1 for %°Zr belong to one such unimportant range. However, observing

Fig. 6.15, one can conclude that the magnitudes of these scales are weak, so that
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Fig. 6.20: Same as in Fig. 6.18 for *Zr(p,p’) reaction at FE, = 200 MeV and
0, = 9.2°.

their significance is questionable. This represents a good example for a check of

relevance of scales, using the discrete wavelet transform.

It is also useful to plot the squared details as a function of scale range, as shown in
the upper part of Fig. 6.22. A direct comparison of obtained distributions with the
wavelet power spectra obtained from the CWT analysis (lower part of Fig. 6.22)
is be made. Indeed, a very good correspondence between the scale ranges in the
DWT analysis and the wavelet power spectra from the CWT demonstrates the

consistency of the two techniques.
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as a function of the wavelet scale range. Lower part: Corresponding

wavelet power spectra from the CWT.
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7 Fine Structure and Microscopic Mo-
dels for the Damping of (Giant Reso-
nances

Precise information on the scales present in the excitation energy spectra of giant
resonances is of particular interest since it may help in understanding which
mechanisms are dominant for the decay. However, the interpretation of the fine-
structure scales is still far from being straightforward. Proper understanding of
the observed subtle phenomena is impossible to accomplish without the help of

the modern sophisticated microscopic models.

For a physical interpretation of the obtained results, one has to compare them
with the microscopic predictions for the strength functions of the collective mode
studied, discussed in the next section. On the other hand, fine structure with its
characteristic scales may serve as a stringent test for the validity and further im-
provement of the microscopic description of collective excitations in atomic nuclei.
The experimental data set obtained on a number of different closed-shell and
near-closed-shell nuclei provides a real challenge for modern microscopic nuclear

structure calculations.

7.1 Mean Field Approximation

The mean-field approximation can be, for example, described theoretically using
a Time-Dependent Hartree-Fock (TDHF) approach [19,29]. Tt is based on the
Vlasov equations of the time evolution of a one-body density matrix. This ap-
proach can treat, in principle, any type of motions in the mean field, even those
with large-amplitude oscillations. However, the practical treatment is in general
rather complicated. For the description of giant resonances, one linearizes the
equations under the assumption that one has only small-amplitude vibrations.
This reduces the TDHF formalism to the Random-Phase Approximation (RPA)
equations [19,29].

In this approach the nucleons move independently in the average potential. The
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quasiparticles (gp) only interact via the mean field. This excludes damping pheno-
mena which are related to residual collisions of quasiparticles in the mean field.
Nonetheless, there exists a damping mechanism which is of purely quantum-
mechanical origin. The damping effects contained in this description are usually
referred to as one-body dissipation. One of them is Landau damping. In a finite
nucleus it occurs as a mixing between the collective state and the nuclear p — h
excitations. In some cases, e.g. in light nuclei, Landau damping may introduce
a fragmentation of initial 1p — 1h doorways and produce a typical scale. A se-
cond damping mechanism is induced by a direct particle emission from the initial
1p — 1h state, leading to an escape width I'" (see Fig. 2.3). However, as discus-
sed in the next chapter, qualitative agreement with high-resolution experimental
data can only be achieved including two-body effects, such as in extended RPA
approaches that go beyond the mean field. It has been shown that the coupling
of 1p — 1h to 2p — 2h states gives significant effects (see e.g. [43,86,87]).

7.2 Models Beyond the Mean Field

One-body dissipation from the nuclear mean field appears to be insufficient to
describe observed resonance broadenings. A so-called collisional damping or two-
body dissipation is needed to account for the widths. An extension for these effects
involves complicated parts of the two-body density matrix. There exist several
approaches that have been proposed for the description of the damping of giant
resonances, including internal mixing. Figure 7.1 summarizes microscopic calcu-
lations for the E2 response function in 2°®Pb in comparison with the experimen-
tal findings of the recent data. Structure functions calculated within the second
random phase approximation (SRPA) [27], extended time-dependent Hartree-
Fock (ETDHF) [88], extended theory of finite Fermi systems (ETFFS) [43], and
quasiparticle-phonon model (QPM) [89] are shown. The predictions differ sub-
stantially, each having a unique fragmentation of the collective strength over
different ranges of excitation energies. In the following section, a brief discussion

of each approach will be given.
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Fig. 7.1: Experimental spectrum of 2*Pb at 8 compared to microscopic model
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tions (top to bottom): SRPA [27], ETDHF [88], ETFFS [43], QPM [89].
All models predict slightly different centroid energies, fragmentations,
widths, and fine structure of the GQR.

71



7.2.1 Second-RPA Model

A small-amplitude limit of the generalized theory, the so-called second Random-
Phase Approximation (SRPA), involves 1p — 1h as well as 2p — 2h excitations of
the static ground state. The solutions of the SRPA equations are obtained numeri-
cally, using several approximation schemes, which separate out the most relevant
degrees of freedom. The SRPA has been successfully used for the description of

damping of giant resonances (see e.g. [86,90]).

The SRPA calculation shown in Fig. 7.1 was taken from [27] and is based on
the M3Y interaction [59] with an adjusted short-range part for reproducing the
experimental centroids of the low-multipolarity electric giant resonances in 2%*Pb.
A truncation of the 2p — 2h configuration space was made at £, = 20 MeV. At
this limit one includes about 1.5x10* 2p — 2h states. Details of the calculation
are described in [91].

The method used here focuses on diagonal matrix elements in the 2p — 2h sub-
space. Their distribution can be approximated by a Gaussian, assuming random
fluctuations. All configurations associated with matrix elements exceeding this
Gaussian fit are included in the further analysis (about 3000 in the present ex-
ample). The complex SRPA self-energy is chosen to attain a finite resolution
similar to the experimental data. At the RPA level, the strength function consi-
sted essentially of a single collective state around 12 MeV. By introducing 2p —2h
components, the FWHM strongly increased and fine structure appeared on top

of the global shape.

7.2.2 Extended Time-Dependent Hartree-Fock Model

A similar approach is realized within the extended time-dependent Hartree-Fock
(ETDHF) model, again linearizing the TDHF equations so that one has only the
low-amplitude vibrations. One accounts for the damping due to the incoherent
2p — 2h decay in the form of a non-Markovian collision term [92,93]. The isoscalar
strength distribution for the GQR in 2°®Pb given by the ETDHF by employing
an effective Skyrme force is shown in the third row of Fig. 7.1. More detailed

discussion of the model calculations can be found e.g. in [87,88].
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7.2.3 Extended Theory of Finite Fermi Systems

Another analogous method of describing damping of collective motion in atomic
nuclei beyond the mean field theory is done within the extended theory of finite
Fermi systems (ETFFS), where, in addition to the previously discussed damping
mechanisms, namely Landau damping and more complex 1plh® phonon or 2qp®

phonon configurations, the coupling to the single-particle continuum is included.

An extension of Migdal’s Theory of finite Fermi systems [94] was developed and
applied to collective vibrations in closed shell nuclei in the past ten years. This
microscopic approach is based on a consistent use of the Green function method.
Here one considers in a consistent way more complex 1p — 1h®phonon configura-
tions beyond the RPA correlations. Moreover, these configurations are not only
included in the excited states but also explicitly in the ground states of nuclei.
A review of the theoretical approach is given in [95]. The result for the GQR in
208Ph nucleus [43] is shown in the fourth row of Fig. 7.1. One can see that the
coupling to the continuum leads to an additional broadening of the strength. This
effect is, however, believed to be much more significant for a proper description
of resonance damping in light and medium-heavy nuclei, where the role of the

continuum is very important.

7.2.4 Quasiparticle-Phonon Model

Another approach permitting to include complex degrees of freedom equivalent
to the SRPA is the quasiparticle-phonon model (QPM) [89,96], which proved
to be very successful in the microscopic description of different giant resonances
[72,97,98]. Decisive features of such an approach are, firstly, a sophisticated way
of diagonalizing the Hamiltonian, avoiding the need to treat large configuration
spaces via a specific truncation scheme based on the properties of a coupling
hierarchy. Secondly, it offers the possibility to separate different contributions
to the damping in the nuclear response. This allowed for a further insight into
the physical nature of the observed fine structure and scales. A more detailed
description of the QPM theory will now be introduced, because the in-depth

analysis presented in the next chapter will be based on these results.

In the QPM nuclear excitations are described by creations of phonons made up
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from particle-hole pairs. Due to pairing correlations, the occupation probability
for a state j is not exactly one or zero. These states are denoted as quasiparticle
(gp) states. Since 1p — 1h pairs couple to an integer transfer of the quantum
numbers, one can describe the transition as a creation of a boson, the so-called
phonon. Note, however, that the term phonon is not reserved for collective states
only, but applies to transitions with rather pure 1p — 1h character as well. The
model can account not only for I-phonon transitions, but also for multi-phonon

excitations.

A characteristic feature of the QPM is a step-by-step diagonalization of the Ha-
miltonian of the system. The Hamiltonian is first introduced on the basis of the

mean field with a the residual interaction
H = Hs.p. + Hpair +H,; . (71)

The first term in (7.1) corresponds to the average field for neutrons (n) and

protons (p) and is expressed in terms of operators for creation a! _ and anni-

jmT

hilation aj,,, of particles on the level of the average field with quantum numbers

j = [n,l,j] and m in the form

n’p
Hs.p. - Z Z EjTa;—mTajmT 3 (72)
T jm
where Ej is the energy of the single-particle level degenerated in spherical nuclei

by the magnetic quantum number m, and 7 = —1(+41) means neutrons (protons).

The second term of (7.1) describes the residual interaction, responsible for pairing
in non-magic nuclei. This interaction is described by monopole pairing with a
constant matrix element G\” which is treated as a parameter to be adjusted to

experimental pairing energies

n?p
Hpair = Z GS'O) Z \/(QJ + 1)(2]/ + 1)[aj+m7'a;r—m7']00 [aj/*mTaj'mT]OO ) (73)
T 33

with
+ af — E : Ap + af
[ajmTaj’m’T])\M - ijj’m’ajmTaj’m’T ) (74)
m,m/’
A . . . .
where O, are Clebsch-Gordan coefficients. In a semi-magic nucleus the pai-

ring term gives a non-zero contribution for open proton or neutron system. Since
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the QPM is usually applied to medium and heavy nuclei with filling of diffe-
rent subshells of neutrons and protons, the neutron-proton monopole pairing is

neglected.

Finally, the residual interaction H,; is taken in the model in a separable form
allowing a multipole decomposition. Its part in the particle-hole channel can be

written as

Z Z Y 1 oMY (1) Ma(7p) | (7.5)

(N
0(1)

(isovector) residual interaction and p = 0(1) for isoscalar (isovector) transitions.

where k7, are the model parameters which determine the strength of isoscalar

The multipole operator ML(T) is given by

M;u Z < jmle)\f)\( )Y)\M< )lj m T >a _]mTaj/m/T (76)

Jym,j’m/

for natural parity states and by

M (M= Y <imrlit T () Yo, (D]aali'm'T > af agme (7.7)

j7m7j/7m/7lml

for unnatural parity states. The function f{(r) is a radial form factor which is

A

taken either in form 7% or as a derivative of the central part of the average field

f(r)y=4dU7(r)/dr.

The solution of the Schrodinger equation is obtained by means of iterative dia-
gonalization of the model Hamiltonian given by (7.1). The first two terms are
diagonalized at the beginning. For this purpose, the Bogoliubov canonical trans-
formation from particle creation (annihilation) operators to quasiparticle creation

(annihilation) operators is applied

a;_mT = Ujc jmT + ( 1)j_mvjaj—m7 : (78)
The values u? and sz correspond to occupation probabilities for particles and holes
in the shell j. The ground state of even-even nuclei is considered as quasiparticle

vacuum my| >4, = 0. The energy of the ground state is then minimized

0{< [Hsp. + Hpair| >4 +Zﬂj(“§ + Ug2' -1} =0, (7.9)

J
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where p; are Lagrange coefficients. The resulting BCS equations can be solved
providing correlation functions C; = G” >_; u;jv; and chemical potentials A for
neutron and proton systems. The coefficients of the Bogoliubov transformation
can be calculated from these values according to

1 Ejr — )
u?:§(1—’T>,u§=1—v§, (7.10)

J €

where €, is the quasiparticle energy

e = 1/C2 + [Ejr — A2 (7.11)

Having diagonalized the first two terms of the model Hamiltonian, one can write
Hs.p. + Hpair - Z Z ejra;m-ajmq- . (712)

Since the ground state is determined as a quasiparticle vacuum, the simplest
excited states in the nucleus are two-quasiparticle states a;rnw 7 | >4 which
correspond to particle-hole transitions if monopole pairing vanishes. One can ma-
ke a mapping into the space of quasi-boson operators and introduce the following

phonon operator for multipolarity A and projection p
)‘l“ o Z Z{¢JJ T @]Ta]'T] o (_1)>\_M j\;’r[a]”To‘jT])\—p} . (713)

The total number of different phonons for a given X should be equal to the sum of
neutron and proton two-quasiparticle states coupled to the same angular momen-
tum. An index ¢ is used to number these phonons. The phonons Qj\rm- in (7.13)
are made up only from proton-proton and neutron-neutron two-quasiparticle con-
figurations [a;aj,T] . The coefficients ] 2 and ] - can be obtained by diago-
nalization of the Hamiltonian in the space of one-phonon states Qj{m| >pp, USING

the variation procedure

5{< Qi HQ | >pn — w” Z{ irr) j;T)2}2”0, (7.14)

where wy; is the energy of the i-th phonon. This yields the well-known RPA
equations, whose solutions for each multipolarity A™ give the spectrum of one-

phonon excitations wy;.
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For actual calculations, the average field for neutrons and protons is approximated

by a phenomenological Woods-Saxon potential with parameters from [99]

Vo A 1d T
1+ e0—BO/ag — 12¢2 7 dr (1 AT S) +Voou(r) (7.15)

including a central, a spin-orbit and a Coulomb term, respectively. After dia-

U'(r) =

gonalizing the model Hamiltonian in the space of one-phonon states it can be

rewritten in terms of the phonon operators

H= Z@Az‘Qj\rMQAm + Hipne. (7.16)

At
where H;,,;. contains the remaining part of the residual interaction, which cannot
be projected onto the space of the phonon operators. One can expand it in an
infinite sum of even-number phonon operators. Taking into account only the first
term of the expansion, i.e. only two-phonon operators, one can obtain the non-
diagonal terms of the model Hamiltonian H;,,; in the space of phonon operators

in the form

Hint. = Z U))\\zlzlgl ()‘Z)Qi—ui[QAwlilQ)\2ﬂ2i2]>\u +hc., (717)

ALt
A1p1ir
Aoz

where the matrix elements of the interaction between one- and two-phonon con-

figurations U1 (Ai) = <Q,\m H| [Qj\rll“:le\LQlliQ})\> can be calculated by making
A1l A1%1 ¢)\2i2

use of the internal fermion structure, i.e. from the amplitudes ¢7", ¢7.", 7757,

Aoi i

djjj%?’ and JJ” 33’

Accordingly, the wave function of excited states with angular momentum A and
projection p is written as a composition of one-phonon and two-phonon configu-

rations

Z R; Qf, + Z P QL QL | ) - (7.18)

A1p1in
A2 2tz

The coefficients R; and PAA;;;, together with eigenenergies of the states (7.18), are
calculated from the diagonalization of the Hamiltonian (7.16) in the space of the
states (7.18).
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Fig. 7.2: Diagonalization scheme within the QPM.

The step-by-step diagonalization procedure is schematically depicted in Fig. 7.2.

The calculated ISGQR strength distribution in 2°®Pb is shown in the bottom
panel of Fig. 7.1. One can see that the centroid energy of the resonance seen
experimentally is well reproduced. However, the width given by the QPM is un-
derestimated. (the possible reasons for this are the used interaction, the missing
coupling to the continuum, or the truncation scheme). The applied two-step dia-
gonalization is very useful for saving computational time. It allows a huge space
of two-phonon configurations to be truncated by excluding the ones which have
very small matrix elements. The omitted two-phonon configurations are believed
to give almost no contribution to the damping process of collective one-phonon
states. This leads to a significant reduction in the range of the matrices to be
diagonalized. Another advantage of this calculation scheme is that it allows the
disentanglement of various contributions to the damping of collective response in

heavy nuclei by setting different truncation thresholds.

In the following chapter the results of the wavelet analysis, when applied to the
predictions of the model discussed, are presented. Based on these results one can,
in a novel quantitative way, judge on the ability of different models to describe

the fine structure observed in the ISGQR.
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8 Results and Discussion

8.1 Origin of Fine Structure

An interpretation of the physical nature of the characteristic energy scales ob-
tained from experiment is possible only via a comparison with the results from
microscopic calculations. Within the RPA model, where only 1p — 1h transitions
are treated, the GQR strength is concentrated in just a few states. In the case of
208Ph it is only one state, so that the response function shows no fine structure.
Accordingly, as Fig. 8.1 demonstrates, the wavelet analysis does not detect any
characteristic scales, except the trivial scale - a folding width of 50 keV, included

for the comparison with experiment.

If one goes a step beyond mean field and includes the coupling to 2p — 2h configu-
rations the GQR strength in 2°*Pb shown in the top frame of Fig. 8.2 fragments
into many states and the fine structure appears. By way of example the SRPA

calculation is discussed as a representative case. The wavelet transform in the

208 |
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Fig. 8.1: The CWT of the E2 response in 2*®Pb nucleus predicted within the RPA
model. The strength is concentrated in one state, and there is no fine

structure. The wavelet analysis also reveals no scales.
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Fig. 8.2: The CWT of the E2 response in 2*Pb nucleus predicted by the SRPA

calculations.

middle of Fig. 8.2 and the power spectrum on the left-hand side exhibit several
characteristic scales. This fact is a demonstration of the significance of coupling to
2p—2h configurations for the formation of fine structure and related characteristic

scales, found in the experimental spectra.

8.2 Comparison of Extracted Scales

The present data on the ISGQR in 2°*Pb provide a remarkable opportunity for an
in-depth comparison of theory and experiment. A variety of microscopic calcula-
tions, including the coupling to 2p — 2h configurations with different truncation
schemes and using different effective interactions, is available for this doubly-
magic nucleus. The strength distributions calculated with SRPA, QPM, ETDHF,
and ETFFS, are plotted in Fig. 7.1, together with the experimentally measured
excitation spectrum. This allows a detailed comparison to be made for the cha-
racteristic scales obtained from the experiment vs. those from different model

predictions, as it is shown in Figure 8.3. The wavelet analysis, therefore, repres-
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Fig. 8.3: Wavelet power spectra of the GQR in 2°®Pb, from top to bottom: expe-
riment, SRPA, QPM, ETDHF, ETFFS.

ents a novel approach providing a quantitative measure for the ability of different

models to describe fine structure and characteristic scales. Table 8.1 summarizes

Tab. 8.1: Summary of the scales in 2*Pb observed experimentally compared to

the different microscopic models that take into account coupling of

1p — 1h to 2p — 2h configurations.

Class of Scales I IT IIT
Experiment (keV) 110 500 1500 2600
Theories

SRPA 80 250 800 2100
QPM 110 770 1400
ETDHF 70 120 230 930

ETFFES 80 130 310 570 2500
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the values of characteristic scales observed in the fine structure of 2%*Pb in the
region of GQR, as compared to those given by the microscopic model calculations
that include 2p — 2h configurations. The global analysis of available data shows
the presence of three groups of scales, classified according to their values. To the
first group belong the scales with the values around and below 100 keV, which
were detected in all the nuclei studied. The second group contains intermediate
scales in the range of 100 keV to 1 MeV. These scales show large variations de-
pending on the nuclear structure of the nucleus. The largest scales above 1 MeV
are classified to the third group, describing the global structure of the resonance
(the width). Considering the largest scales, characterizing the width of the reso-
nance, the closest values are given by the SRPA and ETFFS predictions. As for
the other scales, of all the microscopic models the results of the QPM are the

best in reproducing the experimental observation.

Figures 8.4-8.6 represent similar comparisons of scales in 12°Sn, *°Zr, and %%Zr,
extracted from available microscopic calculations. In order to verify the relevance
of obtained scales and their importance, the discrete wavelet analysis is used. As
an example, the comparison between the DW'T analysis and the CWT results
is made in Fig. 8.7 for the predictions of the GQR strength within the ETDHF
and ETFFS models. A consistency of the two techniques is demonstrated. This
allows a direct comparison of the ranges of scales given by the DWT to be made,
as shown in Fig. 8.8. It is found that all models predict different ranges for scales

to be important for the damping of the GQR in 2°*Pb nucleus.
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Fig. 8.4: Left: Spectrum of 2°Sn(p,p’) reaction at © = 8° vs. QPM and ETDHF
predictions for the ISGQR. Right: corresponding wavelet power spectra.
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Fig. 8.6: Left: Spectrum of *®*Ni(p,p’) reaction at © = 10° vs. QPM prediction for
the ISGQR. Right: corresponding wavelet power spectra.
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Fig. 8.7: Sum of squared details from the DWT (top) vs. the CWT power (bot-
tom) for ETDHF (left) and ETFFS (right) models, of the GQR in 2%*Pb.
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Fig. 8.8: The CWT power spectra (right) and the DWT decomposition results
(left) for available microscopic models of the GQR in 2%*Pb.

Summarizing this subsection, significant differences are observed on the scales
from different models. The possible reasons are different techniques for model-
space truncation, different interactions used in the models, and in the case of

ETFFS the coupling to the continuum.

8.3 Collective vs. Non-Collective Damping

While the quantitative results of different models differ considerably, the suc-
cess in reproducing at least the qualitative features of the characteristic scales
motivates attempts to extract their underlying physical nature from the model
predictions. In the framework of the QPM, which is very successful in describing
many different collective modes, one is able to make a decomposition of the full

model space into subspaces approximately corresponding to different damping
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Fig. 8.9: Collective vs. non-collective damping mechanisms. The term collecti-
ve corresponds to coupling to low-lying surface vibrations. The non-
collective contribution results from the mixing of initial 1p — 1h states

with the large background of states with more complex wave functions.

mechanisms. One such important mechanism contributing to the damping of the
single-particle as well as the collective response in heavy nuclei is the coupling to
low-lying surface vibrations, in the following called collective. Another significant
contribution may come from mixing of the initial 1p — 1h states with the large
background of states with more complex wave functions, called non-collective.

These two mechanisms are depicted diagrammatically in Fig. 8.9.

The two contributions can be approximately disentangled within the QPM by
considering the properties of the coupling matrix elements between the one- and
two-phonon configurations. The probability P (Vép__&h) of finding a certain value
of ‘Gipjlih is displayed as a histogram in Fig. 8.10 for the case of 2°*Pb. The
distribution deviates significantly from the Gaussian form (dot-dashed line in
Fig. 8.10) expected for chaotic systems: one finds a strong overshoot of very small
matrix elements and some enhancement at large values. Very similar features
have been reported from the analysis of off-diagonal interaction matrix elements
in shell-model calculations. The excess of small matrix elements indicates that
many two-phonon configurations contribute little to the fragmentation process.

On the other hand, the large matrix elements have an appreciable effect and are

due to the presence of soft collective modes.

For separating the collective and non-collective mechanisms as prescribed abo-
ve, the two-phonon configurations are divided into two subspaces: (i) — a large
subspace with matrix elements following the Gaussian distribution (plus overs-
hoot of the small matrix elements), and (i) — a small subspace with large matrix

elements values above the Gaussian tails.
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2p-2h
\Y 15-1/7 (keV)

Fig. 8.10: Distribution of coupling matrix elements of 1p — 1h states to the back-
ground states of more complex configurations in the full QPM calculati-
on for the E2 response in 2°®*Pb. Dot-dashed line shows a Gaussian dis-
tribution, which follows from the Gaussian orthogonal ensemble (GOE)
statistics as predicted by the Random Matrix Theory [100] for fully
chaotic systems, the value for the Gaussian width is adopted to the
data. One can see a large overshoot in the number of small matrix ele-
ments and the wings of the distribution, which carry the most collecti-

vity of the excitations and are responsible for the collective damping.

The QPM Hamiltonian was then diagonalized in the 2-phonon subspaces compo-
sed from the I-phonon®(i) and alternatively from the 1-phonon@®(ii) subspaces.
The resulting E2 strength functions are displayed in the left frame of Fig. 8.11.
It is obvious that the fragmentation is dominated by the collective mechanism.
One should also keep in mind that the full calculation is not just the sum of
the two contributions, and interference terms may play a role. The correspon-
ding wavelet power spectra are displayed in the right frame of Fig. 8.11. The
decomposition makes clear that all scales in the calculation are already present
in the collective part. These findings are also confirmed by a comparable analysis
within the ETDHF model, shown in Fig. 8.12. This model also allows based on
a perturbation approach to separate the contributions from the collective and
the non-collective damping mechanisms. The absence of pronounced scales in
the non-collective part suggests a generic origin, i.e. a stochastic coupling to a
"'background’ of complex states. The level spacings and coupling matrix element

distributions are then described by the Gaussian orthogonal ensemble (GOE).
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Fig. 8.11: Left-hand side: Experimental spectrum of the ISGQR in ?*®*Pb as com-
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and non-collective damping contributions. Right-hand side: the corre-

sponding wavelet power spectra.
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Fig. 8.12: Same as Fig. 8.11 for the ETDHF model predictions.



Figures 8.13 and 8.14 present a similar disentanglement for the case of 12°Sn and
provide the same picture. The results for 2°Pb and 2°Sn show that all the scales
observed in the full QPM prediction are already reproduced by including only
collective damping. The conclusion can be drawn that in heavy nuclei what is
called collective damping is responsible for all the scales. In the non-collective

part of 2°Pb and '?°Sn, a broad distribution of wavelet power is observed.

Conversely, the decomposition into a collective and a non-collective part in medium-
heavy nuclei ?Zr and °®Ni (see Figs. 8.15 — 8.17) shows an increased role of
the non-collective damping. The role of collective and non-collective mechanisms
changes dramatically as one moves towards lighter nuclei. The structure in the
lighter nuclei is still not so well described. The non-collective damping mecha-
nism is becoming more non-generic as one goes to lighter systems. The results
of the ETDHF model qualitatively confirm the findings from the QPM model.
However, the perturbative approach of the ETDHF leads to large shifts in the
strength distributions, which might indicate strong interference effects of the two
damping mechanisms, intrinsic within the model. This makes the results more

difficult to interpret, as compared to the QPM calculations.
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Fig. 8.13: Left-hand side: Experimental spectrum of the ISGQR in 12°Sn at © = 8°
as compared to the QPM result and its decomposition to the collective

and non-collective parts. Right-hand side: the wavelet power spectra.
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QPM result and its decomposition to the collective and non-collective
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8.4 Nature of the Non-Collective Damping

For a better understanding of the wavelet analysis results, it is worthwhile to
consider a qualitative model for the non-collective coupling. First, a discussion
of a simple, schematic approach, the so-called picket-fence model is given. In the

next step we proceed to a more realistic picture allowing for stochastic coupling.

8.4.1 Picket-Fence Model

Within the picket-fence model one considers the case of a single doorway state,
which can couple to many equidistantly spaced background states. The left pa-
nel of Fig. 8.18 shows the response function, and the right panel the resulting
wavelet power distribution using a Morlet wavelet function. The two upper plots
correspond to the case when coupling matrix elements are all equal. In this case

one obtains a strength function, which has a well-known Breit-Wigner shape

1 r

S(E)=— . 8.1
(E) 21 (E — Ey)? +172%/4 (8.1)
constant | | 10 constant
0.01 coupling ] ’5 coupling
—~ © 6
S 0.005 bt
L 2>
<0 ; O 10
W 0,03 random @ '®random
n coupling 2 | coupling
I >
©
0.01} =,
O5 10 15 20 10 10°
Excitation Energy (MeV) Wavelet Scale (MeV)

Fig. 8.18: Picket-fence model for one doorway state, coupled to many equidistant-
ly spaced background states. Left panel: the response function. Right
panel: the wavelet power distribution. Two cases: a) constant coupling
matrix element V., (upper plots) - A Breit-Wigner shape for the re-
sponse is reproduced. The wavelet analysis detects the presence of one
scale which corresponds to the width of the distribution. b) Random

coupling matrix elements with uniform distribution (lower plots).
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The wavelet power distribution shows, as expected, the appearance of only one
scale, which corresponds to the width I' of that distribution. The Fermi’s golden
rule relates then the width T to the squared coupling matrix element |V|* and

the density of the background states p via the expression

r=2x|V[p. (8.2)

The two other plots at the bottom of Fig. 8.18 show the results for the case where
coupling matrix elements are generated randomly with a uniform distribution.
The global behavior of the response function remains, additional structures caused
by a chaotic component appearing on top of it. The wavelet analysis shows the
same large scale, resulting from the width, together with an increased intensity at
smaller scales. For each realization of the ensemble of random matrix elements,
a unique wavelet power distribution will appear, reflecting the chaotic origin of

coupling matrix elements.

Although the example given is very simplified and practically never realized in
real nuclei, one can see how well the wavelet transform performs when applied to
the problem of doorway coupling. In the following a more realistic model case is

considered.

8.4.2 Stochastic Coupling Model

In both previous examples of the picket-fence model the background states were
placed at equidistant spacing. A more realistic case is realized by generating the
level spacings D between the background states randomly according to a Wigner
distribution [101]

7 D T D?
Pwigner(D) = 5@ exp <_Z(D>2> (8.3)

for a given average level spacing (D). This distribution shows the so-called “le-
vel repulsion”, i.e. an absence of small distances, which is characteristic for fully
chaotic systems. The values of coupling matrix elements are randomly generated
using not a uniform but rather a Gaussian distribution, having a width corre-
sponding to that from the full QPM calculation for ?®*Pb (see Fig. 8.10). The

strength function generated in such a stochastic coupling model is in agreement
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Fig. 8.19: Stochastic coupling model. Left-hand side: the strength function. Right-
hand side: the wavelet power averaged over an ensemble of many ran-
dom realizations. Dashed line: the wavelet power for the case of non-

collective damping within the QPM for 2°*Pb nucleus.

with the predictions of the Random Matrix Theory (RMT) for fully chaotic sy-
stems. The results of the wavelet analysis for this model are shown in Fig. 8.19.
The left panel gives the form of the response function for one random realization

for the coupling matrix elements and the positions of the background states.

In order to detect a generic feature that would not depend on any random reali-
zation a statistical ensemble of many such response functions has been generated.
For each realization the CWT using Morlet wavelet function was calculated. The
average wavelet power distribution was then extracted for the whole ensemble
and is shown in the right panel of Fig. 8.19. One can see a rather featureless dis-
tribution of scales, having a flat maximum at several hundreds of keV. A rather
good correspondence is observed with the wavelet power that was obtained for
the non-collective component of the QPM calculation in 2*Pb (dashed line in
Fig. 8.19). This finding serves as a strong indication that the non-collective dam-
ping is indeed a generic mechanism, coming from the stochastic coupling with
the background complex configurations, and leading to the appearance of rather
broad range of scales in the nuclear response with a maximum at scale values of

several hundred keV.
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9 Summary and Outlook

The present thesis has been devoted to the investigation of the phenomenon of
fine structure of giant resonances in heavy and medium-heavy nuclei. Emphasis
was placed on the extraction of the properties of the ISGQR. High-resolution
inelastic proton scattering data were collected at the iThemba LABS cyclotron
facility utilizing an E, = 200 MeV proton beam and the K600 magnetic spec-
trometer for 8Ni, 89Y, 99%7r, 120Sn, 42Nd, 1Er, and 2°®Pb target nuclei for kine-
matical conditions corresponding to the maximum of a AL = 2 excitation. For
some selected cases, angular distributions were measured above and below the
maximum of the AL = 2 angular distributions in order to estimate the effects
of different multipoles contributing to the cross sections. An energy resolution of
35 to 50 keV FWHM was achieved using dispersion matching techniques, which
were mandatory for the detection of the fine structure in the excitation energy
spectra. Fine structure was identified in all the investigated nuclei, thereby pro-
ving it to be a global feature, at least for medium-heavy and heavy nuclei. Recent
work [102] also confirms the appearance of fine structure in a spin-isospin mode
(Gamow-Teller resonance). Furthermore, high-resolution (e,e’) data suggest its
existence in E1 (GDR) and M2 modes [35,103].

Several methods have been applied for the characterization of fine structure and
the extraction of energy scales. New techniques based on a wavelet transform
were developed and utilized, which give the precise and model-independent in-
formation on the scales and their localization in the excitation energy spectrum.
These features of the wavelet analysis allowed to confirm that the experimentally

identified scales are indeed characteristic for the ISGQR energy region.

For the interpretation of these data, a variety of microscopic models has been
used. By comparison to RPA and more sophisticated microscopic calculations,
which are in good agreement with the experiment, it could be shown that the
fine structure and the characteristic scales of it are related to the coupling of
1p — 1h to 2p — 2h states. This probably represents the clearest experimental

confirmation so far of the doorway picture of giant resonances.

In order to reveal the physical nature of the observed scales, a detailed comparison

to QPM predictions was made, in which different damping mechanisms could be
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disentangled. The collective damping, i.e. the coupling of 1p— 1h states to surface
vibrations, was found to be responsible for all the scales, proving the commonly
accepted hypothesis that the collective mechanism is dominant in the damping.
On the contrary, the non-collective damping, which is due to the coupling to the
background of many more complex states, gave no pronounced scales, but a rather
broad distribution of wavelet power. Further comparison with several model ca-
ses lead to the conclusion of a generic nature for non-collective damping, which
actually comes from a stochastic coupling in which many randomly distributed

small matrix elements contribute incoherently to the damping process.

In future experimental studies an improved energy resolution must be achieved
in order to uncover the next levels in the hierarchy of couplings, which are ex-
pected to produce even finer structure and smaller scales. Possible approaches

are the decay study of giant resonances using high-resolution detector arrays
EUROBALL [104] and GAMMASPHERE [105].

It would be also of interest to study the transition from spherical to deformed
nuclei (e.g., on the basis of the neodymium isotope chain 142144146.1498N()  Pre-
sently, reliable theoretical microscopic predictions for deformed nuclei are still
lacking. Inclusion of two-phonon configurations has been achieved within the
QPM using a Nilsson model basis, however, applications have been restricted to
the low-energy collective modes only [96], like octupole vibrations or the orbital

M1 scissors mode.

These studies would allow one to go a step further in understanding the transition

from order to chaos in fermionic quantum systems like the atomic nucleus.
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