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Abstract

The past decade has seen an increase in studies dedicated to understanding the low-lying
electric dipole (E1) response, commonly referred to as the Pygmy Dipole Resonance (PDR).
These studies revealed that the PDR has a mixed isospin nature, and that the use of
complimentary probes is needed to fully understand this response. Since majority of studies
on the PDR focused on spherical nuclei, the influence that deformation has on the PDR
response is yet to be understood. Preliminary relativistic proton scattering studies on **Sm
performed at RCNP (Japan), showed potential evidence for a splitting in the PDR response
similar to that of the Giant Dipole Resonance with deformation. A tentative interpretation
suggested that this splitting could be connected to the splitting of the resonance structure
with respect to the K quantum number. Theoretical studies considering the deformed
HFB+QRPA model however, suggest that this splitting is connected to the isospin mixed

character of these states as observed in spherical nuclei.

The isoscalar responses of the spherical *Sm and axially deformed *®*Sm isotopes were
investigated for the first time using the inelastic scattering of alpha particles at 120 MeV.
The comparative experiments were performed at iThemba LABS in South Africa, coupling
together for the first time, the K600 magnetic spectrometer in zero-degree mode with the
BaGeL (Ball of Germanium and LaBr3:Ce detectors) array. The particle-gamma coincidence
measurement was used to obtain the cross section for the population of the pygmy states. In
both nuclei, the region of the PDR was excited and the E1 multipolarity of the transitions
was supported by the angular correlation between the a-particles and the co-incident y-rays

measured.

The total exclusive cross section measured for 4Sm amounted to 24.3 + 3.8 mb/sr while

for 154Sm to 18.8 &+ 2mb/sr. The experimental results were compared with the prediction

Vi



of the RQTBA and the deformed HFB4+QRPA theories, respectively. The theoretical cross
sections were extracted within a semiclassical coupled-channel approach. The fragmentation
observed in the experiment for the **Sm was underestimated by the calculations, although
good agreement with the total cross section measured was found. In the case of the deformed
154Sm however, the experimental cross section accounted for only 52% of the predicted cross

section in the same excitation region.

The isoscalar response extracted in this thesis was compared with the isovector strength
obtain from an experiment performed at RCNP using the relativistic proton scattering at
forward angles. The double hump observed in the isovector channel was not found in the
case of the isoscalar strength. This implies that the difference obtained between these two
experiments is related to the “isospin splitting” of the PDR rather than a splitting of the

strength connected with the K quantum number.
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Chapter 1

Introduction

The atomic nucleus is a fascinatingly complex system. Whilst one would expect such a
system with many degrees of freedom to behave in a chaotic and disorderly manner when
subjected to an external stress, instead it is able to self organise into simple modes of
collective motion. The modes of collective motion that manifest in the form of vibrations
are of particular interest to the eld of nuclear structure physics as studying their properties
can provide better insight into the bulk properties and the non-equilibrium dynamics of

nuclei.

In this thesis, particular attention is drawn to the Electric dipole (E1) response observed in
atomic nuclei. The E1 strength is almost entirely exhausted by the Giant Dipole Resonance
(GDR), located in the energy range of 10-20 MeV. A small contribution to the strength
however, comes from a number of low-lying lstates concentrated around the neutron-
separation threshold. These states are frequently denoted as the Pygmy Dipole Resonance

(PDR). The typical E1 dipole response observed for spherical nuclei is illustrated in Fig.1.1.

Within the hydrodynamic model, the PDR has been interpreted as an oscillation of excess
neutrons against a proton-neutron saturated core [1, 2]. Its connection to the neutron
skin, therefore, makes investigations of the PDR particularly important. The neutron-skin
thickness has been linked to several parameters that in uence the Equation of State (EOS),
including the nuclear polarizability [3, 4] as well as the symmetry energy [5]. In addition,
since the PDR falls in the region of the neutron separation energy, it has an in uence on

the r-process particularly in the synthesis of heavier nuclei [6] and also has an impact on the



Figure 1.1: Anillustrative depiction of the Electric dipole (E1) excitations typically observed
for spherical nuclei.

gamma strength function at the particle threshold [7]. Studies that contribute to an accurate
understanding of the PDR strength and which aid towards building a microscopic picture

of the underlying structure behind this low-lying strength are therefore highly desirable.

The PDR has been studied over a range of nuclei, spanning several mass regions across the
nuclear chart. Complementary studies comparing the use of hadronic probes such as
particles and 'O with that of -ray probes, revealed a structural splitting of the PDR.
These ndings imply that a higher-lying subset of states (populated better with -ray
probes) display more isovector (IV) characteristics, while the lower-lying states (populated

by both probe types) have a strong isoscalar (IS) component. Although previous studies
have provided a wealth of information on the PDR, they have been mostly concentrated on

spherical nuclei and only very recently have studies turned focus to deformed nuclei.

In the case of the GDR, the role of deformation has been studied in Sm and Nd isotope chains
using both -ray and -particle probes. These studies revealed a splitting in the response
whereby a lower-energy component of the GDR became more prominent with increasing
deformation, giving the appearance of a double-hump structure [8, 9, 10]. This splitting
has been attributed to the di erent contributions arising from the K=0 and K=1 quantum

numbers as de ned along and perpendicular to the nuclear deformation axis.
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Preliminary (p,p") studies on **Sm performed at the Research Center for Nuclear Physics
(RCNP) [11, 12], showed potential evidence for a splitting in the PDR response similar to
the K-splitting observed in the GDR. This conclusion however, was drawn based on the
consideration that the energy di erence between the two peaks found is compatible with

the deformation of the nucleus ground state.

Theoretical studies considering relativistic quasiparticle random phase approximation calcu-
lations based on a deformed Hatree-Fock-Bogoliubov (HFB) model suggests a predominance
of K=0 strength in the lower part of the response rather than being equally distributed,
while the higher-energy part of the strength shows both K=0 and K=1 components [13].
Additionally these calculations predict an isovector and isoscalar response where the isospin
mixed character of these states show a suppressed response in the isoscalar channel at high

energies, similar to that observed in spherical nuclei.

This thesis sets out to investigate the isoscalar PDR response in deformed nuclei for the
rst time. Comparative experiments were performed at iThemba LABS in South Africa, on
the spherical'**Sm and prolate deformed®*Sm using the(; © ) reaction channel.**Sm
and ®*Sm occur on opposing extremes in the chain of isotopes that undergo a transition in
shape-phase from vibrators to rotors, characterized by a soft potential in the beta degree
of freedom [14]. These experiments were the rst to couple together the K600 magnetic
spectrometer in the zero-degree mode with the BaGeL (Ball of Germanium and LaBr3:Ce

detectors) array.
The layout of the thesis is as follows:

Chapter 2 provides a brief review of theoretical and experimental studies dedicated to the
PDR, highlighting the well established properties and open questions regarding this dipole

mode. A focus is placed on details pertaining to the PDR in deformed nuclei.

Chapter 3 provides a description of the theoretical considerations necessary to interpret the
reactions investigated in this thesis. The cross sections based on theoretical models are

shown.
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In Chapter 4, the reader is introduced to the experimental techniques and equipment used

to perform the ( © ) scattering measurements at iThemba LABS.

Chapter 5 contains a descriptive detailing of the various data reduction processes used
to extract the experimental cross-sections. A multipolarity assessment to con rm the E1
nature of the measured states in terms of the particle-gamma angular correlations is also

shown.

In Chapter 6, the cross-section results obtained from the experiment for the isoscalar com-
ponent of the PDR in the two Sm isotopes is presented. The results are discussed in
comparison with the theoretical predictions shown in Chapter 3, as well as in comparison
to data obtained from other studies which utilised complementary probes to investigate the

PDR region of these Sm isotopes.

The thesis draws to a close in Chapter 7, where conclusions from the present study and

future plans are discussed.
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Chapter 2

Review of the PDR

A large e ort toward studying the PDR both experimentally and theoretically has taken
place since the rst signature of this low lying dipole strength was observed. From the
theoretical perspective, the PDR has been investigated using both macroscopic models and
microscopic model representations. The review papers of Refs [15, 16] give a comprehensive
description of the various models that have been used, including describing their successes,
shortcomings and limitations. Experimentally, the PDR has been studied within several
mass regions of the nuclear chart. A predominant portion of these studies probed the PDR
region using the (; 9 reaction channel, however the multi-messenger approach utilizing
complimentary probes became well established in the last decade. An extensive review of
the experimental e ort towards studying the PDR is given in refs. [17, 18]. In this chapter,
the main properties of the PDR inferred from the reviews are highlighted, while particular

attention is given to the PDR in deformed nuclei.

2.1 Macroscopic description

One of the rst macroscopic interpretations by Mohan et al. [1], modelled the PDR states
within a hydrodynamic approach similar to the Steinwedel and Jensen [19] model that
showed success in interpreting the GDR for heavy mass nuclei. In these models, the nucleus
is described as a liquid drop consisting of compressible proton and neutron uids which
can undergo collective density uctuations about their equilibrium density. For oscillations

where the protons and neutrons move in phase, the mode is described as isoscalar (1S),



whilst for out-of-phase motion the mode is called isovector (IV). The oscillatory motion
can be described by considering the e ect of bulk properties such as polarisation, pressure
and ow velocity, with the condition imposed that the total density should remain constant

within the nuclear radius.

In the case of the IVGDR, the result is a compressional density oscillation of the proton
uid against the neutron uid. For describing the PDR, a 3- uid model was rst considered
which described the protons, neutrons occupying the same orbitals in a core and excess
neutrons each as individual compressible uids. In this model, two independent dipole
modes arise, which for the case 6f8Pb results in a dipole resonance at 13.3 MeV and one
at 4.4 MeV. These coincide with the GDR and PDR regions respectively. In order to reduce
the complexities of describing the restoring force when considering 3 uids, instead another 2
uid model was suggested which treated the combination of protons and neutrons occupying
the same levels as a core uid oscillating out-of-phase with a uid of excess neutrons. This

has been the most commonly used for describing the PDR from a macroscopic viewpoint.

A similar macroscopic model by Bastrukov et al. [20], model the PDR excitation as an
elastodynamic excitation whereby the nucleus, considered to be a sphere containing an
elastic continuous medium consists of a core with uniformly distributed nuclear and electric
charge densities surrounded by a layer. The PDR excitation in this case arises from the
oscillation of the layer against the core which is induced by the elastic restoring force. The
total electromagnetic strength, estimated from the squared dipole moment of the charge-
current density, as well as the estimated energy for the dipole mode showed fairly reasonable
agreement with experimental data. However the nature of the dipole mode being only of

isoscalar character is inherently implied with this model.

2.2 Microscopic description

While macroscopic models give physical insight into the gross features and bulk properties
of the various nuclear excitation modes, a much more accurate and in-depth understand-

ing of these phenomena can be obtained when considering how the microscopic nature
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of the nucleus gives rise to these behaviours. These models are based on the mean eld
and energy-density functional theories and have been able to successfully predict import-
ant characteristics of the giant resonances such as their energy, strength and the damping
mechanisms responsible for their measured widths. They have also been successful at re-
producing the low-lying PDR strength and its increase in relation to increasing the neutron

excess.

Examples of microscopic models which have been able to successfully reproduce the PDR
strength include the Hartree-Fock-Bogoliubov (HFB) approach with Skyrme or Gogny ef-
fective nuclear interactions in spherical and closed shell nuclei, the HFB plus Quasi-particle
RPA (QRPA) in open shell spherical and deformed nuclei, relativistic mean- eld models
like relativistic RPA and Quasi-particle RPA. Figure 2.1 shows predictions of the isovector
and isoscalar dipole strength distributions obtained for the electromagnetic and isoscalar
responses in several isotopes of Ca, Ni, Zr and Sn from ref [18]. These calculations were
obtained using a discrete self-consistent Hartree-Fock plus RPA code with an SGII skyrme
interaction [21]. This gure highlights the development of the low lying PDR strength with
increasing neutron number in both the isoscalar and isovector channels for nuclei spanning

di erent mass regions.

The main principle behind these models is to construct a self consistent mean eld describing
the potential generated by all the nucleons in a nucleus to form a basis for the ground state
wave equations. Excitations can then be built up from elementary 1p-1h (or quasi particle)
con gurations which correspond to as an example, the promotion of a particle above the
fermi surface leaving a resulting hole in the level below. From the residual interaction,
state mixing of all p-h con gurations occurs. States of the same angular momentum which
add coherently, give rise to a collective state. In some models, coupling to more complex
con gurations like 2p-2h, 3p-3h are included which reproduce certain features observed in

experiments better.

Other theoretical approaches based on the particle-vibration coupling model take into ac-
count the strong coupling of nucleons to nuclear surface oscillations associated with the

collective excitation. In the quasi particle-phonon model (QPM), phonons are constructed
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Figure 2.1: The isovector and isoscalar dipole strength distribution obtained from HF plus
QRPA with SGII interaction model calculations [21] for isotopes of Ca, Ni, Zr and Sn as
presented in ref.[18]. The results are smoothed using a Lorentzian of width 1-2 MeV. The
electromagnetic responses are shown in the upper panels in red and the isoscalar responses
are shown in blue.

from the solutions of the QRPA and the coupling to up to three phonons are included. In
the Relativistic Quasi-particle Time-Blocking Approximations (RQTBA), the quasi particle-
phonon coupling is also taken into account. These models have been the most successful at
reproducing the fragmentation of the low lying dipole states observed in experiments due

to their inclusion of 1 phonon states coupling to higher con gurations.

The e ect of including higher order couplings to QPM predictions, calculated in ref [22] for
136X e, is shown in Fig.2.2. The results show more fragmentation when the coupling with up
to two-phonon (middle panel), and up to three-phonon (bottom panel) con gurations are
included. Although the centroid shifts to lower energies, the overall strength summed over

the fragmented region is almost unchanged.

One of the main features which de ne the microscopic interpretation of the PDR, arise

from observing the shape and relative displacement of the proton and neutron transition
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Figure 2.2: QPM calculations of the reduced transition probabilities B(E1) fot**Xe com-
paring di erent phonon coupling con gurations taken from ref.[22]. Panel (a) shows the
results for when only one-phonon states are taken into account, (b) when coupling up to
two-phonons are included and (c) when coupling up to three-phonons are included.

densities, which signi cantly di er from those of the IVGDR and ISGDR. The transition
densities are fundamental in describing the excitation process for a given state. For states
in the IVGDR, the proton and neutron transition densities are out of phase, resulting in
an almost pure isovector mode that is in agreement with the macroscopic picture predicted
for this mode. For states in the ISGDR, the proton and neutron transition densities are
in phase both inside the nucleus and at the nuclear surface, resulting in an isoscalar mode
which re ects the behaviour of a bulk compressional mode. In the case of the PDR state
however, the proton and neutron transition densities are in phase on the inside of the nucleus

whilst at the surface, neutrons provide the predominant contribution. This results in a very
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mixed isospin character, where the isoscalar and isovector transition densities resemble the

same shape and strength at the surface.

An example of these features is shown in Fig.2.3 for the the dipole responsé®iNi. The
transition densities were calculated in ref [16] using a HF+RPA with a SGII Skyrme inter-
action [23, 24]. The strength functions were calculated using a convolution of the corres-
ponding reduced transition probability with a Lorenzian of 1 MeV width. In the left part

of the gure, the isoscalar and isovector strength functions fof®Ni are shown, with the
three regions corresponding to the PDR, IVGDR and ISGDR modes highlighted. On the
right part of the gure, the transition densities calculated for three states belonging to each
of the highlighted modes is shown. The upper panels (a-c) show the proton and neutron
transition densities while the resulting isoscalar and isovector transition densities are shown
on the bottom panels (d-f). The transition densities for states from the IVGDR and ISGDR
regions clearly show distinct isovector and isoscalar behaviour respectively. The state for the
PDR region however shows isospin mixed behaviour. While the various model calculations
di er in certain aspects like the strength distribution, fragmentation or collectivity of the
PDR, they all predict this same characteristic shape of the transition densities for this low

lying dipole mode.

2.3 Experimental studies of the PDR

On the experimental front, rst experiments for investigating the PDR utilized the photon
scattering method of Nuclear Resonance Fluorescence (NRF) to great e ect and make up
the bulk of available PDR data spanning nuclei over the whole mass region. The mixed
isospin nature of the states enabled the use of both electromagnetic and hadronic probes
to investigate these states. Experiments utilizing probes in coincidence with decay
later showcased an unexpected result regarding the isospin characteristics of the PDR. This
sparked the necessity to use complimentary probes in further investigations and the multi-
messenger approach came to be. Comparative investigations with further hadronic probes

like protons and!’O were soon performed. An extensive review of the experimental e ort
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Figure 2.3: Results of the dipole response obtained in a HF+RPA calculation with a SGII
interaction for the ®€Ni nucleus. In the left part, the isovector (top frame) and isoscalar
(bottom frame) (multiplied by 1) strength functions calculated by convoluting the corres-
ponding reduced transition probability with a Lorenzian of 1 MeV width are shown. The
regions for the PDR, IVGDR and ISGDR excitation modes is indicated. In the left part, the
proton and neutron transition densities (upper frames) and isoscalar and isovector trans-
ition densities (lower frames) are shown, for the dipole states at energies 10.8 MeV (PDR),
15.6 MeV (IVGDR) and 31.6 MeV (ISGDR). Images adapted from [16].

towards studying the PDR is given in refs. [17, 18]. For the purpose of this thesis, the main

properties of the PDR established from these studies are summarised below.

Thus far, the PDR has been identi ed as a collection of dipole states lying at an energy well

below the IVGDR, exhausting a small percent of the Energy Weighted Sum Rule. They

can be found in both stable and unstable nuclei containing a neutron excess at energies
surrounding the neutron emission threshold. They can be excited by both isoscalar and
isovector probes due to their strong isospin mixed behavior. Below the neutron separation
energy, the PDR states are separated in two parts, a low energy component of dipole states
which are excited by both electromagnetic and nuclear probes and a higher energy com-

ponent populated only by the isovector interaction. This characteristic, referred to as PDR
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(or isospin) splitting has been observed in all nuclei investigated using the multimessenger
approach. There are still uncertainties regarding the interplay between the isoscalar and
iIsovector responses, especially in the region above the neutron separation threshold where

an entangling with the IVGDR tail contributes.

In earlier studies of the PDR, it was assumed that these dipole states predominantly de-
excited via direct decay to the ground state. However, recent studies conducted with the
High Intensity -ray Source (HI S) at the Duke Free Electron Laser Laboratory at Duke
University revealed that these assumptions may not hold true. In these experiments, high
intensity quasi-monoenergetic photon beams obtained using Laser Compton Backscattering
(LCB) are used to excite dipole states. With the LCB method, low-energy laser photons
are Compton scattered o electrons accelerated to ultra-relativistic energies within storage

rings, thereby producing fully polarised photon beams with an energy spread of 3-5%.

The coincident -decays are then measured using the high-resolution and high-e ciency
setup. The photo-absorption cross section is indirectly measured from the contribution of
transitions depopulating the excited state by direct decays as well as by cascade decays
via the rst low-lying states. The strength for transitions that decay via high-lying states
can not be detected although statistical calculations predict that these account for a small

percentage of the total cross-section.

The photoabsorption cross-sections obtained with HE experiments on Te isotopes [25] are
shown in Fig. 2.4. The two top panels show the contribution to the total elastic cross section
derived from unresolved transitions. This fraction is related to the fragmentation of the E1
strength where coupling to complex con gurations becomes more relevant. In general, an
increasing trend with the excitation energy is found. Furthermore, the contribution from
cascade decays also increases with excitation energy, as seen in the lower panels of Fig. 2.4.
The higher energy states in the PDR region appear to have a more complex nature and as a
result, the branching ratio to the ground state appears to be decreasing in favour of higher

lying "doorway states".
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Figure 2.4: Average cross sections measured!fTe and *°Te with quasi-monochromatic
photons. Panels (a) and (b) depict the total elastic cross section (blue squares) highlighting
the contribution of the strength in peaks with green open squares. Panels (c) and (d)
shows the photoabsorption cross sections dividing the contributions into total elastic (blue
squares), inelastic (red triangles) component. The total cross section below particle emission
threshold is shown with black circles and the one obtained frofn; n ) measurement is shown
with green diamonds. Images obtained from [25].

2.4 The PDR with deformation

Experimental studies of the PDR in strongly deformed nuclei are only recently starting to

be performed and a clear picture of the role that deformation plays on this low lying dipole
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mode is yet to be established. In the IVGDR, a splitting of the response into a double-
humped structure is observed for most deformed nuclei. The splitting has been linked to
the di erent frequencies of the longitudinal (K = 0) and transversal (K = 1) vibrations with

respect to the symmetry axis.

The response of the deformed nuclet®Se above 4 MeV was studied using a quasi-monochromatic
gamma beam at the HI S facility [26]. The E1 strength obtained did not show any clear
evidence of a splitting distribution in this nucleus. However, from the theoretical interpret-
ations obtained using a Time Dependent Hartree Fock (TDHF) model, the picture of the
PDR as the isospin saturated core vibrating against the neutron skin, was not validated.
This is likely to be related to the lack of neutron excess in this nucleus. A strong remark
was made by the authors highlighting the importance to account for the contribution of the

branching to low lying excited states in the estimation of the total dipole strength.

In another study, the summed B(E1) measured between 6 and 8 MeV for the Xe and Mo
isotopic chains [27] was measured by trying to correlate the strength with the neutron
excess ratios and the quadrupole deformation parametes. The general trend observed is
an increase of the strength witiN=Z ratio for both Mo and Xe isotopes while a decrease with
deformation is seen in the Xe chain. Overall in this study it appeared that the deformation

did not have any considerable e ect on the total strength found in these neutron-rich nuclei.

A di erent method that can be used to identify the K-quantum number associated with a

transition is to use the predictions of the Alaga rules [28] for which the decay branching

ratios of excited states to the ground state band depends on the K-quantum numbers of the

excited states ( osfork <1
B(E1;1 ! 2F)

Ratio = = (2.1)
B (El; 1! 01-) 2:0fork =0

Although this rule has proved to be useful for low-energy states, it still has to be determine
whether it holds at higher excitation regions. It may provide a plausible way in which to
deduce information on the K-spitting. Measuring the ratio between the branching to the
ground state and to the rst excited state for the pygmy states is challenging due to the

close proximity of the rst 2" state to the ground state for strongly deformed nuclei. For
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instance, in the case of studying the PDR it®*Dy [29], it was di cult to distinguish the
decay to the ground state from the decay to th@; state due to their close energies. Thus,
an estimation of the branching ratio was obtained using the mean azimuthal asymmetries
of the transitions. The PDR region showed a reduction from the expected value, indicating
a mixing between the decays to th&; state and the ground state. This suggests that no

evidence for a splitting of the PDR built on the ground-state band was visible i*f*Dy.

Another rare-earth nucleus,!*®Gd [30], also showed similar results. Even though some
attempts were made to gain information on deformation in the PDR, the results extracted
from these experiments are unfortunately inconclusive regarding the role that deformation
plays. These studies emphasize the need for a smaller energy spread of the photon beam
to achieve a clean separation of the decays to the ground state and the rst excited state.
A future LCB facility under construction in Romania, the Extreme Light Infrastructure-
Nuclear Physics (ELI-NP) is anticipated to provide extremely intense monoenergetic photon

beams where an energy spread of less than 1% is possible.
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Chapter 3

Theoretical considerations

In this Chapter, the theoretical considerations necessary to interpret the reactions investig-
ated in this thesis are presented. The cross sections calculated ¥Sm and**Sm based
on theoretical models are shown. In addition, calculations for the angular correlation
resulting from the inelastic scattering reaction is presented. The angular correlation pattern
Is required for extracting the experimental cross-section and for assessing the multipolarities

of the extracted states.

3.1 Cross-section calculations

The use of methods such as the Distorted Wave Born Approximation (DWBA) or Coupled-
channels (CC) in the description of nuclear scattering is well established in direct reaction
theory [31]. In conjunction with these full quantal calculations, the use of semiclassical
approximations provide a nice way to calculate the cross-sections for inelasticscattering

as it allows for a description of the nuclear reaction process where the most important
ingredients can be easily identi ed. The model makes the assumption that colliding nuclei
move along a classical trajectory de ned by the real part of the optical potential, whilst
the internal degrees of freedom are described quantum mechanically. The excitation of one
of the partners of the collision is then due to the mean eld of the other. The following

descriptions for the semiclassical model calculations are summarised from [16].
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For the inelastic scattering of a pair of nuclei a and A, considering only target excitations,

the Hamiltonian can be written as

Ha = HJ + W(t); (3.1)

whereH? is the internal hamiltonian of the target and the external eld W describes the
excitation of nucleus A due to the mean eldU, of nucleus a, whose matrix elements depend
on time through the relative co-ordinateR (t):

W= HiU(R)ijial + hc: (3.2)
j

The sums over the single particle states, denoted by i and j , run over both the particle and
hole states. By solving the Schrodinger equation in the space spanned by the eigenstates of
the internal Hamiltonian j i, the nal population for each of the states can be calculated
non-perturbatively. The time-dependent statej ( t)i, of the target nucleus can be expressed
as

- - X 1 - -

j(i= X @®e® Y i (3.3)

where the ground state is included in the sum as the term = 0. By substituting j ( t)i in

the Schrodinger equation, coupled-channel equations for the amplitude (t) is obtained.

X ()= . WE EOh jW()j X o) (3.4)

These semiclassical coupled channel equations are equivalent to the Schrodinger equation
and their solution for each excited state gives the amplitudesX (b;t). The dependence on
the impact parameter b arises due to the fact that the classical trajectories have to be solved
for each impact parameter. From their solutions, the probability of exciting the internal

statej o can be constructed as

P(b=jX (t=+1)j (3.5)
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for each impact parameter b. Finally, by integratingP over the range of impact parameters

corresponding to the experimental scattering angle range, the total cross section is obtained.

Z bm ax
=2 P (HT(Hbdb (3.6)

n

The transmission coe cient T (b) takes into account processes not explicitly included in the
model space which take ux away from the elastic channel. It is usually taken as a depletion
factor that falls to zero as the overlap between the two nuclei increases. A standard practice

Is to construct it from an integral along the classical trajectory as

( Z ., )

TO=ep & VRN (3.7)

whereV, is the imaginary part of the optical potential associated to the studied reaction.
When the imaginary part is not available from the experimental data, it is assumed as half

the magnitude of the real part.

The range of impact parameters over which th® is integrated is determined from the
de ection function for the reaction system as measured in the experiment. For these studies,
this was done for +#Sm atE = 120MeV and +SmatE = 120MeV, and the solid
opening angle o0 2 was considered. The de ections functions for the two reactions are
shown in the Fig.3.1 and Fig.3.2.

The real part of the optical potential, which together with the Coulomb interaction determ-
ines the classical trajectory, is constructed with the double-folding procedure [32]. The same
procedure has been adopted to compute the radial form factor which are the fundamental
part of the transition matrix elementsh jW(t)j . They are obtained by double-folding
of the transition densities obtained from microscopic model calculations performed for the
two Samarium isotopes. For both folding procedures, the nucleon-nucleon interaction M3Y-
Reid type[30] was used.

For 144Sm, transition densities were obtained using the Relativistic Quasiparticle Time
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Figure 3.1: De ection function for the system +!%Sm atE = 120 MeV. The horizontal
lines indicate the experimental -scattering angle range.

Blocking Approximation (RQTBA) [33], while for ®*Sm, transition densities were obtained
using a deformed Hartree-Fock Bogoliobov coupled to quasiparticle random-phase approx-
imation (HFB+QRPA)[13]. The results for the cross-sections are shown in Chapter 6, where

they are compared to the measured cross-sections investigated in this thesis.

3.2 Angular Correlations

In order to determine the singles cross-section from coincidence experiments, one needs to
have a prediction of the angular correlationV( ) between the inelastically scattered -
particle and the coincident decaying -particle. The relation between the double-di erential

cross-section and the single-scattering cross section is given by

1 d?

TW( )d d (38)

d
d——4
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Figure 3.2: De ection function for the system +%*Sm atE = 120 MeV. The horizontal
lines indicate the experimental -scattering angle range.

where the — is the branching ratio to the nal state and W( ) is the angular

correlation. The angular distribution of the emitted -rays results from the polarization of

the nucleus in the nuclear reaction, which in turn depends on the scattering angle of the
-particle. W( ) is therefore also dependent on the scattering angle, and is in general

non-isotropic.

For the excitation of an even-even nucleus by-particles to a state with angular momentum
J, followed by -decay to aQ" state, the angular correlation can be calculated from the
m-state population amplitudes [34P
X X J i J ?
W(; )= ( D"Pre ™ dy () (3.9)

m

where dJ, () is a rotation matrix. The polar ( ) and azimuthal ( ) angles are de ned
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relative to the x-axis in the direction of the beam and the quantization axis perpendicular

to the reaction plane. The m-state amplitudes can be obtained in DWBA by
T T

PJ = q | nd R . = d
m T )2 (5)s

m

(3.10)

To calculate the angular correlation, the program code ANGCOR [35, 36] was used. In the
code, one needs to de ne the dynamics of the reaction used to populate the state of interest,
the spin and parity involved as well as the mode by which it decays. The form of the decay
is calculated from the initial spin substate (m-state) distribution. For - correlations, the
calculation is done following the formulation described by Rybicki et al. [37], which follows

the phase conventions of Rose and Brink [38].

To obtain the m-state distribution, the DWBA calculation using the coupled-channels code
CHUCKS3 [39] was used. The optical model parameters needed by CHUCKS3 to describe the
scattering reaction were taken using the global parameterization of Nolte [40] . CHUCK3
includes only a rst-order approximation of the isoscalar form factor to describe collective
excitation. In the case of dipole transitions, this corresponds to centre-of-mass motion and
thus higher order terms of the form factors are needed. The form factors as de ned by
Harakeh and Dieperink [41] were calculated as inputs for CHUCK3 using the code FORMF

available at [36].

Due to the strong dependence of the angular correlations on the solid angles of the detectors,
the respective geometries have to be accounted for. In the case of the HPGe detectors,
ANGCOR directly incorporates this factor as calculated from the geometrical attenuation
coe cients speci ed in the input which were determined according to the descriptions in
ref. [42]. The solid angle of the K600 was then accounted for by averaging the angular

distributions obtained from ANGCOR over the K600 angular acceptance of2 .

The procedure summarised above and the necessary input les for each step is described in
full detail in [43]. The nal averaged angular correlations obtained fot*Sm, 1%4Sm, 2*Mg
and %0 using this method are shown in Fig.3.3. The dipole, quadrupole and octapole angu-

lar correlations are shown in green, pink and blue respectively. The use of these calculated
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angular correlation patterns in the extraction of the double di erential cross-section and for
con rming the dipole character of the PDR states under study will be revisited in Chapter
5.

Figure 3.3: Angular correlations obtained from ANGCOR after averaging over the opening
angle of the K600 spectrometer fot*4Sm, 1>4Sm, Mg and °0. Green, pink and blue
correspond to dipole, quadrupole and octapole modes respectively

Theoretical considerations 22






	Introduction
	Review of the PDR
	Macroscopic description
	Microscopic description
	Experimental studies of the PDR
	The PDR with deformation

	Theoretical considerations
	Cross-section calculations
	Angular Correlations

	Experimental Techniques and Equipment
	iThemba LABS accelerator facilities
	The K600 magnetic spectrometer
	The Focal Plane detector system
	Multiwire Drift Chamber
	Paddle detector

	The BaGeL array
	Signal Processing and DAQ
	Electronics
	DAQ system


	Data Analysis
	K600 Focal-Plane Data reduction 
	Particle identification
	VDC position tracking
	VDC efficiency
	Line-shaping procedures
	Energy Calibration

	BaGeL - Clover Data reduction 
	Energy Calibration
	Gamma Time Selection
	Addback
	Clover Efficiencies

	The Coincidence matrix
	Background subtraction
	Contaminant Subtraction
	Cross Sections
	Multipolarity assessment

	Results and Discussion
	Co-incidence matrix and extracted decay spectra
	144Sm vs 154Sm
	Theoretical Modelling
	144Sm
	154Sm

	(,') vs  (,')
	(,') vs (p,p')

	Conclusions

