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Abstract

In even-even nuclei, deformation of the nucleus is related to reduced transition probabil-
ity, B(E2) values. By measuring the 27 states and corresponding B(E2) values, collectivity
can be studied in a unique way. In order to obtain these values, intermediate energy
exotic beams have been used as a spectroscopic tool through Coulomb excitations and
nuclear inelastic scatterings. The inelastic scattering of 72Kr, 7°Kr, 7°Br and ¥Se isotopes
on ?Be and 1% Au targets has been performed. Production of these very exotic nuclei,
at the proton drip-line, was achieved at the Radioactive Isotope Beam Factory (RIBF),
Japan [1]. A 78Kr primary beam with an energy of 345 MeV /u was impinged on a
9Be target to produce the ions of interest as a secondary beam. The BigRIPS fragment
separator was used in order to deliver the secondary beam isotopes with an energy of
175 MeV /u to the secondary target. The reaction products were identified in the Ze-
roDegree Spectrometer (ZDS) employing the Bp-AE-ToF method. The <y-rays emitted
due to the excitation were measured by an array of y-ray detectors, DALI2, that was
placed around the secondary target [2].

The experiments were performed using two different targets in order to increase the
probability of Coulomb or nuclear interaction. While the exotic beam at intermediate
energies scatters through the electromagnetic field of an Au target, Coulomb and nu-
clear forces interfere. The fraction of these two kinds of excitation was identified by
scattering the same beam off a Be target and increase the relative strength of nuclear
scattering. For each isotope, the experimental conditions were simulated to obtain the
response functions of the transitions. Experimental results were then fitted to these
response functions from the simulations in order to determine the number of emitted
7-rays. Then, the excitation cross-sections were deduced for both cases and used in
order to determine the deformation lengths 6, and J., for nuclear and Coulomb exci-
tation, respectively. These deformation lengths were obtained using ECIS-97 code [3].
Finally, using the relation between electromagnetic interaction deformation length and
the deformation parameter, B(E2) values were determined.
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Zusammenfassung

Die Deformation von Atomkernen wirkt sich auf die reduzierten Ubergangswahrschein-
lichkeiten, die B(E2) Werte aus. Durch Messung der ersten angeregten 2 Zustidnde und
entsprechender B(E2) Werte kann so die Kollektivitat in einzigartiger Weise untersucht
werden. Um diese Werte zu erhalten, wurden exotische Strahlen mittlerer Energie als
spektroskopisches Werkzeug mittels Coulomb-Anregung und inelastischer Kernstreu-
ung genutzt. Hierzu wurden *Be und %7 Au targets mit 7?Kr, 7°Kr, 7°Br und %¥Se bom-
bardiert. Die Herstellung dieser sehr exotischen Kerne, nahe der Protonenabbruchkante,
wurde an der Radioactive Isotope Beam Factory (RIBF) in RIKEN, Japan durchgefiihrt
[1]. Ein 78Kr Primérstrahl mit einer Energie von 345 MeV /u wurde, um die gewiin-
schten Ionen als Sekundérstrahl zu produzieren, auf ein “Be-Target geschossen. Der Bi-
gRIPS Fragmentseparator wurde genutzt, um die gewtinschten Sekundérstrahl-Isotope
mit einer Energie von 175 MeV /u am Sekundéar-Target zu erhalten. Die Reaktionspro-
dukte wurden unter Verwendung des Bp-AE-ToF Verfahrens im ZeroDegree Spektrome-
ter (ZDS) identifiziert, Die nach der Sekundér-Anregung emittierten y-Quanten wurden
in einem um das Sekundéar-Target angeordneten Aufbau von <-Strahlungsdetektoren
gemessen, DALI2 [2].

Bei der Wechselwirkung der beschleunigten Ionen mittlerer Energie mit den Kernen des
schweren Targets tiberlagern sich Coulomb- und Kernkréfte. Um diese beiden Kom-
ponenten unterscheiden zu konnen, wurden die Experimente mit zwei verschiedenen
Targets durchgefiihrt. Die Streuung des Strahls an einem Beryllium-Target erhoht den
relativen Teil an Kernstreuung, wihrend bei dem Gold-Target der Coulomb Anteil do-
miniert. Das Verhiltnis dieser zwei Arten der Anregung wurde ermittelt. Fiir jedes Iso-
top wurden die experimentellen Bedingungen simuliert, um die Antwortfunktion der
Ubergénge zu erhalten. Experimentelle Ergebnisse wurden dann zu diesen simulierten
Antwortfunktionen hinzugefiigt, um die Anzahl der abgestrahlten -Quanten zu er-
mitteln. Dann wurde auf die Anregungswirkungsquerschnitte fiir beide Fille riick-
geschlossen und diese dazu verwendet, die Deformationsliangen J,, und J. zu bestim-
men, fiir sowohl Kern- als auch Coulomb-Anregung. Diese Deformationslangen wurden
unter Verwendung des ECIS-97 Codes erhalten [3]. SchliefSlich wurden unter Verwen-
dung der elektromagnetischen Wechselwirkungsdeformationsldnge und der Deforma-
tionsparameter die B(E2) Werte ermittelt.
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1
Introduction

The use of Radioactive Ion Beam (RIB) enables exploration of large areas and even the
limits of the nuclear landscape. These beams provide experimental access to the prop-
erties, structure, and dynamics of exotic nuclei and enrich the development of nuclear
models. Today, there are many experimental techniques to study different aspects of the
nuclear structure involving a wide variety of radiation detection methods. In-beam -
ray spectroscopy is one of these techniques whereby the nucleus becomes energetically
excited via a chosen reaction leading to the excited states in the nucleus of interest. The
7-rays emitted from these excited states are used for the understanding of structure,
composition and interactions between the constitutes of the nucleus.

The present thesis focuses on the study of nuclei around the A =70 mass region along the
N =Z line. In N =Z nuclei, neutrons and protons occupy the same orbitals. This offers
an opportunity to study the effect of the nucleon sequence on deformation and shape
changing effects caused by proton-neutron correlations. Moreover, in the region towards
the proton drip line, nuclei experience a low binding energy which results in a shape
change and in the vicinity of N =2, around A =70 this occurs even more rapidly, where
the valence nucleons occupy the fpg orbitals. According to shell model calculations, the
occupation of the fpg, , orbital plays an important role on the increasing collectivity at
this mid-shell region [4], where many nucleons may contribute to the behavior of the
nucleus. In the Nilsson diagram, the sharp down-sloping part of this orbital with in-
creasing deformation, illustrates this behavior as favoring deformed shapes by lowering
the energy as shown in Figure2.3. These intruder orbitals in the region are expected to
be one of the mechanisms behind the existence of shape co-existence as well as rapid
shape changes for nucleon numbers 34, 36 and 38. Within the content of this thesis, the
70Kr, 7?Kr, 7°Br and %¥Se isotopes of this region were studied, where the valence pro-
tons and neutrons occupy these shells and allow to address fundamental questions of
nuclear structure physics, such as the charge symmetry, independence of nuclear force
and collectivity. In order to determine the collectivity, the reduced transition proba-
bilities, B(E2) values, have to be determined. The reduced transition probability of an
even-even nucleus with A and Z mass and charge numbers respectively, relates to the
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magnitude of the deformation of the given nucleus via following relation:

47T

P= 3\ B(E2T)/¢2 (1.1)
0

where Rj has been taken as 1.2A!/3 fm. The B(E2) values between the ground state
and excited 27 state is a good indicator to identify the collectivity as well as the type
of the deformation in nuclei. These B(E2) values can be determined with techniques
called Coulomb excitation, lifetime measurements or resonance fluorescence. We used
the Coulomb excitation method that is particularly sensitive to charge distribution of
the nucleus and is therefore very well suited for the investigation of different aspects of
nuclear collectivity.

In Coulomb excitation, a nucleus gets excited to higher energy levels by interacting
with the electromagnetic field of another nucleus at Coulomb barrier energies. Studies
of these nuclear, excited states give information about the nature of nuclei and the cross
section of the excitation is used to deduce the reduced transition probabilities. However,
with current facilities, exotic nuclei close to the proton drip line such as 7’Kr are not
possible to produce at Coulomb barrier energies of a few MeV /u. Therefore, Coulomb
excitation at intermediate energies (around few hundred MeV) was performed. In order
to achieve a significant cross section, the electrical potential needs to be high, such that
targets with high Z, like gold or lead are preferred. These conditions are explained in
section 2.3.1 in detail by indicating the difference between Coulomb excitation at low
and intermediate energy.

Within the content of this thesis, the relativistic Coulomb excitation of nuclei around the
A =70 mass region along the N =Z line were studied to measure the reduced transition
probabilities. Due to the possible interference of nuclear and electromagnetic excita-
tions at these energies, the nuclear inelastic scattering process was created in the same
experimental conditions using a light Be target as a secondary target instead of a heavy
Au target in order to increase the probability of the nuclear interaction. The fraction of
these two excitation mechanisms has to be disentangled. With this additional step, the
relative strength of nuclear scattering is enhanced so that the deformation length on the
nuclear interaction ¢, can be determined by using experimentally measured excitation
cross-sections; this is accomplished using the coupled-channel ECIS-97 code, and the
0y value is then used to extract the Coulomb deformation length J.. Using the relation
between deformation lengths and the deformation parameter, results for the reduced
transition probability B(E2,0" — 2%) for 7°Kr and neighboring isotopes can be calcu-
lated from equation 1.1.

The Coulomb excitation of 7°Kr was performed for the first time, results for the reduced
transition probability B(E2;,0" — 2%) for 7°Kr and neighboring isotopes are presented.
Several experiments have been attempted in the past to investigate the structure of Kr
isotopes beyond the N =Z line, but no spectroscopic information was available so far for
7OKr. The chain for the experimental knowledge of Kr isotopes was extended with this
study and compared with theoretical calculations. Additionally, 7>Kr, 7°Br and ®Se, the
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N =Z isotopes in the region were studied in the same way and compared.

Furthermore, measuring 7°Kr enabled study of the A=70 T=1 triplet. Rapid shape
changes and the expected strong mixing of oblate and prolate shapes are found to be an
interesting territory to study isospin breaking effects as well. The 7°Se and 7°Br isotopes
are the other two members of a triplet with 7’Kr. Previously, observed negative tendency
with increasing spin in Coulomb Energy Differences (CED) attracted an interest to study
these Isobaric Analogue States (IAS). By measuring the third member of this triplet, we
enabled the study of Mirror Energy Differences (MED) and Triple Energy Differences
(TED) that can provide information about charge symmetry, charge independence and
isospin symmetry breaking which gives important new information about the shape
coexistence phenomenon (the existence of two shapes at the same excitation energies)
across the N=Z7 line.

1.1 Systematics in the Mass Number 70 Region

The mass region around A =70 at the proton-rich side of the nuclear chart is interest-
ing as it enables the study of the evolution of nuclear shapes for nuclei with a similar
proton and neutron number, since adding or removing only a few nucleons may have
a dramatic effect on the type of nuclear deformation. The type of the deformation is
determined via Q quadrupole moments or the f deformation parameter.

Most of the deformed nuclei are prolate shaped (>0, Q<0), while the observation
of oblate (<0, Q>0) shapes as ground state deformation is extremely rare. One re-
gion, where oblate deformation has been experimentally established for the ground
state shape, is the A =70 region [5, 6, 7, 8]. The existence of oblate ground state defor-
mation makes A =70 region very special to study. This unique feature can be related to
the effective nuclear forces in the relevant nuclei that is not completely understood from
different aspects. The energy gained by deformation can be associated with a lowering
of the kinetic energy by the establishment of an isotropic momentum distribution. The
states with maximum deformation in accordance with the Pauli principle, have the low-
est kinetic energies. As a consequence, prolate shapes dominate over oblate shapes [9].

The measurements on ’Kr carries important information due to the observed and pre-
dicted shape transitions in the region. It can be studied from two different perspectives
as, a member of Kr isotropic chain and the member of isobaric analog states. In the
following subsections, these aspects are discussed and explained.

1.1.1 Krypton Isotopic Chain

It is important to review the properties and the shape transitions of Kr isotopes since we
are extending the knowledge along their chain from the less to the more exotic mem-
ber 7°Kr member. As shape changes are expected in this region by adding only a few
neutrons or protons along the isotonic or isotopic chains, observed and predicted shape
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transitions in Kr chain have been attracting the interest of many experimental and the-
oretical physicist over years [10, 11, 12, 13]. The overview of some experimental results
obtained up to date for the Kr chain is given this section in order to describe the features
of this chain. Results are consistent with each other and also with various theoretical
calculations.

The investigation of this unique behavior in the area is started with the 74Kr isotope
and followed by 7°Kr and 7?Kr. The experimentally determined quadrupole moments
that indicate the shape and the B(E2) values as a measure of collectivity are given in
Table 1.1 for 72~ 78Kr.

Table 1.1: The measured spectroscopic quadrupole moments (Qs) that define the shape of the nuclei (Qs<0
prolate, Qs>0 oblate) and the B(E2)1 values as a measure of the collectivity for 7>747678Ky isotopes are
given in the table. The values are adapted from reference [5, 14, 15].

0t —2+ 2Kr 74Kr 76Kr 78Kr
Qs [eb] - -0.5(2) -0.7(2) -
B(E2) [¢2b?] 0.4997(65) 0.627(31) 0.758(26) 0.634(16)

The highest collectivity in the measured chain members to date is found to be in the 7°Kr
isotope with 0.758(26) e’b? B(E2)T value and it decreases through isotopes with lower
and higher neuron numbers. For 7#Kr and 7®Kr isotopes, the spectroscopic quadrupole
moments were measured for the states in the ground-state bands and states above the
shape isomer, confirming the shape coexistence scenario. The shape for the ground-state
band were found to be predominantly prolate, while oblate deformation was observed
for the states belonging to the excited 07 state [14]. Extrapolating the calculations for
72Kr, inversion of the ground state shape is expected for this N=Z nuclei. For "?Kr,
the ground-state quadrupole moments are not measured but predicted many times
to have an oblate deformation and these predictions are supported with the experi-
mental information [16]. Additionally, the deformation parameter g, was identified as
0.33(3), suggesting an oblate shape for the ground state, however the deduced size of the
quadrupole deformation is model dependent [5]. The B(E2:0g; — 2 value for 7?Kr was
reported as 4997(647) e? fm* from a Coulomb excitation experiment and 4050(150) e fm*
from a lifetime measurement [5, 7]. This value is determined also within the study of
this thesis and reported in Section 5.

The experimentally constructed level scheme of the low-lying states in even-even Kr
isotopes from A =78 to A=72, from less exotic to more, is illustrated in Figure 1.1. The
most important evidence for shape coexistence is the identification of low-lying excited
0" states. The transition from the excited 0" state to 0" ground-state, occur via internal
conversion electron emission and were observed for all the members of this isotropic
chain. The existence and the positions of these states along the isotopic chain was inter-
preted as evidence for a change of the ground state deformation between prolate and
oblate. The 0] ground state of 7*Kr isotope is predicted to have an oblate deformation
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Figure 1.1: Systematics of low-lying states in "2Kr, 74 Kr,”6Kr and "8Kr indicating the relative positions
of 2% and excited 0" states. Transitions that occur via internal conversion electron emission are shown
with double arrows. Red lines indicate the 0 excited states and prolate, oblate shape indication on the
figure gives their shape [17].

in different theoretical approaches [18]. The 0; was observed at an excitation energy
of 671(2) keV and interpreted as the prolate band-head [11]. The energy of the isomeric
low-lying 0 state is lower for 7#Kr compared to 7>Kr and it increases again towards the
neutron-rich Kr isotopes with higher mass. This study also showed a maximum mixing
of oblate and prolate configurations for the ground state of 74Kr, which also indicates
where the predicted shape change starts to turn from oblate to prolate. In addition, 7?Kr
isotope is the only isotope in the chain where the 0, state belongs to the same band as
the first excited 2] state. At this point, it is important to measure this state also for the
70Kr to extend the trend of 0, low-lying states.

As mentioned before, various theoretical calculations have been performed for the Kr
isotopic chain. One of these models was studied by T. Rodriguez by considering the full
chain, in detail, using the Symmetry Conserving Configuration Mixing (SCCM) method.
In this model, HFB calculations are used to obtain the Potential Energy Surface (PES) di-
agrams and the SCCM method to go beyond the mean field and project nuclear states. A
detailed description about this work can be found in reference [19]. PES diagrams from
this self-consistent beyond mean field calculations are shown in Figure 1.2. A variety
of different minima is observed along the chain: spherical, oblate, prolate and oblate-
prolate shape-coexistence. ’Kr was included in this theoretical study which attracts our
interest since it is comparing this isotope with other Kr isotopes in the region within
the same framework. For 7Kz, a single minimum is predicted, while for the Kr isotopes
with higher mass, two clear minima are observed in the Potential Energy Surface (PES)
diagram.
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02 04
Ba

Figure 1.2: Potential energy surface in (B,7y) plane for 70=7Kr isotopes. B and -y parameters describe
the shape of the nucleus. <y =0 corresponds to prolate deformation and -y = 60 gives the oblate deformation
[19].

The presence of coexisting states with different deformation at low excitation energy
corresponds to several minima in the PES, separated by barriers. For a small barrier,
considerable mixing can occur between the coexisting states. According to the PES, this
model predicts a spherical and a prolate minimum for 7°Kr and a more prolate and an
oblate minimum in 7*Kr. For 72K, the global minimum is oblate indicating a ground
state with oblate-prolate transitions due to the second more shallow prolate minimum.
For 7’Kr,an oblate ground state is expected with a wave function expanding through
low <y angles, with no shape coexistence.

Another theoretical model is the configuration mixing calculations using the Generator
Coordinate Method (GCM) with Gaussian Overlap Approximation (GOA), using the
Gogny effective interaction as explained in reference [20]. This model suggests shape
coexistence for 7#7Kr isotopes, in the region with a predominantly prolate shape and
a strong predominant oblate deformation for the ground state of ?Kr. However, the
referred study does not include 7’Kr. The calculations for this isotope was obtained by
private communication and the result will be discussed in Section 5.4.2.
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1.1.2 T=1 Triplet at A=70

This region of the nuclear chart where the valence nucleons occupy the fpg shell is of
interest due to the deformation driving effects and the large shell gaps as explained in
Section 2.3 and 2.1.3. T =1 triplet at A =70, occupying these shells, has attracted strong
interest over the years due to the shape coexistence that is expected to be perfect mixing
of oblate and prolate shapes [21]. 7°Kr is the T, =-1 member of this T =1 triplet together
with 7°Br (T, =0) and 7°Se (T, =1). The B(E2) and the E(2*) values for 7°Br and 7°Se are
known to be very similar. Therefore, no major shape change between these two nuclei
is expected at low spin.
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Figure 1.3: CED for neighboring isobaric multiplets is shown for different shell regions in (a) and (b),
upper and lower plots. The negative tendency with increasing spin is seen only for the A =70 case. Open
symbols and dashed lines in the lower plot represent the tentatively assigned levels in the N =Z system
considered [22].

The CED plot for 7°Br and 7°Se with neighboring multiplets is shown in Figure 1.3.
These values were measured between the T, =0 and T, =1 members of the A =70 triplet
and a negative tendency with increasing spin was observed, unlike the other isobaric
multiplets in the region. Unfortunately, a complete description of this phenomena is
not achieved to date. This negative tendency is one motivation of our study to measure
the third member of this triplet. There have been many theoretical approaches and sug-
gestions trying to explain this negative tendency. The reason for this anomaly could be
the polarization effects of the valence nucleons through the Coulomb interaction which
could be a significant break down of the isospin symmetry, an influence of the electro-
magnetic spin-orbit interaction, the Thomas-Ehrman shift or the neutron excitation from
the fp to the g9/, intruder orbit in the shell model configuration [23, 22, 24]. Another
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possible interpretation is the shape differences in 7°Br and 7%Se isobaric analogue states,
indicating a large change in the deformation. The 7°Se was measured to have an oblate
ground state and the similar B(E2) and E(2™) values were obtained for 7°Br, quantifying
a similar degree of deformation, suggesting no big shape change between these two iso-
topes, supported by theoretical calculations. The VAMPIR model family is one of these
approaches that considers the potential effect of isospin symmetry breaking and shape
coexistence on the structure of the nuclei. Considering different shape mixing as a func-
tion of spin, this model is able to reproduce the negative tendency in CED and also the
ground state shape of the 7’Se. Nevertheless, validity of the predictions in this model
requires the complete experimental measurements of this isobaric triplet [25]. Measured
transition energies from "’Kr are given in Chapter 5 and compared with the predictions
of this model including the other members. Additionally, we enable the study of the
MED and TED experimentally in this triplet which gives important information on the
charge symmetric and charge independent nature of the nuclear force by studying the
third member of this triplet, 70Kr.



2
Nuclear Structure

The structure of the nuclei depends on the interplay between protons and neutrons
which is governed by the nuclear forces. The main goal in nuclear structure physics
studies is therefore to understand the effective forces between nucleons.

Table 2.1: The existing forces in nature are given in the table with their effective ranges and interaction
types. Interactions between nucleons are governed by the strong force but also are influenced by the weak
and electromagnetic interactions.

Strong  Electromagnetic = Weak Gravitational

Range 1075 m %) 10 8m 0o
Carrier Gluon Photon ZW* Graviton
Relative Strength 1 1/137 10-° 10~%

There are four known forces in nature: strong, electromagnetic, weak and the gravi-
tational force. Table 2.1 shows the effective ranges, carriers and the interaction types
of them. The strong and electromagnetic force play a dominant role in the stability of
nuclei. The charge independent strong force does not distinguish protons and neutrons
as different particles, but the electromagnetic force does. The electromagnetic force acts
as a repulsive force between protons due to their charge and tries to disintegrate the
nucleus. When adding neutrons to the nucleus, the strong force between nucleons over-
comes the repulsive Coulomb effect and keeps the nucleus together. The strong force is
attractive between nucleons at distances of about 1 fm from their centers, but rapidly de-
creases at distances beyond about 2.5 fm. When the distance becomes less than 0.7 fm,
the nuclear force becomes repulsive. This repulsive component is responsible for the
physical size of nuclei and prevents it from collapsing, since the nucleons cannot come
closer than what the strong force allows.

Besides the electromagnetic and the strong force, the weak interaction is also important
as it is responsible for the beta decay of nuclei. The weak force turns protons into neu-
trons and vice versa, so bound nuclei can decay by turning protons into neutrons and
the other way around. Nevertheless, the content of this thesis does not include this type
of interaction.
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2.1 Nuclear Models

A nucleus is composed of two types of fermions bound together by the strong force
including the effect of the other forces caused by the elementary particles within the
atom such as quarks and electrons etc. Since the nucleus consists of a large number of
constituents and the nuclear force is complex, there is still no unified theory that can
explain all the nuclear properties at the same time. Different experimental techniques
and theoretical approaches are necessary to understand and formalize the nature of the
nuclei at least individually or for certain mass regions.

The nuclear many-body system has been studied from two different complementary
aspects with microscopic and macroscopic models. The complete description can be
achieved by a combination of both, starting with the macroscopic one, like the liquid-
drop model (see Section 2.1.1), and complemented by microscopic models like applying
shell model corrections (see Section 2.1.2) in order to explain the properties of the nu-
cleus, such as binding energies at certain values. This approach is very successful in
describing nuclear ground state properties [26].

An analytic microscopic calculation of nuclear properties requires a solution of the
many-body non-relativistic Schrodinger equation. Each nucleon is considered to be
an independent particle and the total constituent nucleons are bound to certain energy
levels by a central potential, called the mean-field potential, created by all the nucleons.
The mean field theory is widely used for the description of interacting many-body sys-
tems.

As a starting point, the Schroedinger equation is solved by considering the limited num-
ber of nucleons up to 7 in order to obtain the wave functions of the nuclear states.

Hy(1,2,..,n) = Ep(1,2,..,n) 2.1)

where the Hamiltonian H is given as a sum of the kinetic-energy term and the potential.
The potential is created by nucleon-nucleon two-body interactions of all nucleons. This
non-relativistic Hamiltonian is written as;

n n

H= ZTi + % Z Vi (2.2)
i=1 i,j=1

where 7 is the number of nucleons, T; is the kinetic energy of the ith nucleon and V;;

is the potential created by nucleon-nucleon interaction. The concept behind the mean

tield potential is that all nucleons of the nucleus move as independent particles within

an average central potential U, described as:

u=Y%yu (2.3)

n
i=1
The existence of such an average potential steams from the Pauli exclusion principle,
which leads to the fact that the mean free path of the nucleon is larger than the nuclear
dimensions [27]. H can then be given as two separate components, splitting up in two
parts:

n
H:Ho—i—Hl:H:Z[TH—Ui]—i—
i=1

(2.4)

n n
Y Vij— ) U
i=1

ij=1
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where Hy is the sum of one-body Hamiltonians and describes the nucleons as indepen-
dent particles moving in an average field and the Hj is the residual interaction between
valence particles and can be taken as a perturbation within a central mean-field poten-
tial generated by the nucleons themselves.

A brief description of how one can go beyond the mean-field approach with modern
nuclear models is given at the end of this section.

2.1.1 Liquid Drop Model

This model describes the nucleus as a charged liquid drop from a macroscopic point
of view. The nucleus is considered as an incompressible liquid drop with a very high
density that is bound together due to the surface tension. The constant binding energy
of the nucleons can be considered as analogous to the constant evaporation temperature
of a liquid. This model is nicely able to explain the general features of the binding
energy of a large number of nuclei, fusion and fission processes, energies of radioactive
decays, however cannot explain excited states, the nuclear spin and why nuclei become
more stable at a certain nucleon number [28].

2.1.2 Shell Model

It has been experimentally proven many times that nuclei with a certain number of pro-
tons or neutrons are more stable against radioactive decay than others. At proton and
neutron numbers 2, 8, 20, 28, 50, 82, 126, an enhanced stability demonstrated that the
nucleus has a shell structure, similar to that of the atomic electrons surrounding the
nucleus. These are known as magic numbers and their structure is described by the
shell model where the protons and neutrons separately fill quantized energy levels. A
quantized energy level structure is suggested to solve the Schrodinger equation with
the one-body Hamiltonian, and for convenience the mean field potential is usually ap-
proximated by a simple harmonic oscillator potential. However, the harmonic oscillator
potential is only able to reproduce the first magic numbers 2, 8 and 20. It is therefore
necessary to make improvements to this simple potential of the nucleus in order to cor-
rectly describe the experimentally observed magic numbers. A more realistic potential
form for the nuclei is the Woods-Saxon potential, given as:

—V

Yws(") = o — Rl /a)

(2.5)

where V) is the depth of the potential, r is the radial distance from the center of the
potential, R and a are the radius and diffuseness parameters of the nucleus. This po-
tential is an improvement on the infinite well or harmonic oscillator, but it still is not
able to reproduce all of the known magic numbers. In order to accurately describe the
higher magic numbers, the potential is modified by adding a spin-orbit interaction term,
in analogy to the atomic case. This modified theoretical approximation is able to then
reproduce certain numbers of neutrons and protons that are experimentally observed to
result in a sudden drop in separation energy, associated with closing of nucleon shells.
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Figure 2.1: Evolution of the shell structure showing how the levels are created by using different central
potentials in the shell model. N is the orbital number, n is the principle quantum number, j is the total
angular momentum. On the left, the level order as a result of the harmonic oscillator potential is shown,
the center represents the level ordering if a Woods Saxon type potential is applied. Adding a strong spin-
orbit interaction to the Woods-Saxon potential, we obtain an additional degeneracy and a level ordering
whereby the gaps in the levels correspond to the experimentally observed magic numbers [28].

An arrangement of these shells is shown in Figure 2.1, indicating the splittings as a re-
sult of different potentials and interactions that are considered.

In the shell model, the properties of the nucleus are given by the nucleons that are
filling the levels outside of the shell closures. However, as the number of these valence
nucleons increases, the model becomes computationally difficult to apply and also inac-
curate to explain the underlying physics. Up to this point, the model can only describe a
spherically shaped nucleus. However, as the number of valence nucleons increases, the
motion of these valence particles can lead to a permanently deformed shape. In order
to define equilibrium deformations of nuclei, one has to consider both macroscopic and
microscopic effects together.
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2.1.3 Nuclear Shapes and Deformation

The interactions between protons and neutrons outside closed shells drive the nucleus
into non-spherical shapes. In order to minimize its potential energy and increase its
stability, a deformed nucleus allows different configurations for its nucleons, relative to
their wave functions. These configurations have an impact on the nuclear shape thus
the shape of the nucleus depends on the potential and visa versa. This can be spherical
or deformed, depending on the spatial characteristics of the nucleon wave functions.
Depending on the number of nucleons, it does not only become non-spherical but even
lead to different competing shapes very close together for certain proton (Z) and neutron
(N) numbers. Since the nucleus is a quantum mechanical system, it can appear in dif-
ferent shapes with a certain probability. The evolution of nuclear shape with changing
nucleon number gives insight into the many-body quantum systems and the underlying
nuclear interactions.

For a deformed nucleus the radius R as function of § and ¢ can be parametrized as:

o A

R(6,¢) = Rap |14 ) Y anYau(6,9) (2.6)

A=2p=—A

where a), is the expansion coefficient of the spherical harmonics Yy, (0,¢) and Ry, is the
average radius of the nucleus. In this representation the nuclear volume is conserved. A
nucleus can be excited with A angular momentum and A =2 gives the lowest order mul-
tipole, corresponding to quadrupole deformation. For instance, for axially symmetrical
shapes, the radius of the nucleus in the first order is:

R(0,¢) = Rap [1 + B2Y20(6, )] (2.7)

These shapes are shown in Figure 2.2. The spherical, oblate and prolate shapes are al-
ways symmetrical around the axis. Additionally, a non-symmetric pear shape resulting
from octupole deformation is observed rarely [29, 30].

(a) Prolate (B >0) (b) Spherical (8, =0) (c) Oblate (B2 <0)

Figure 2.2: Three different shapes a nucleus can have, depending on the By value.
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The quadrupole deformation parameter B(=a3), can be related to the axes of the

4 [T AR
=2,/= 2.
=3 5 R,y (2.8)

The average radius is R,y = 1.2 A3 and AR is the difference between the major and mi-
nor axes while the total volume of the nuclei is conserved. A large B, value corresponds

spheroid by,

to a strong deformation, while the positive values stand for prolate shapes and negative
values indicate oblate shapes. Deformation of nuclei can be explained in different ways.
One way to study the deformed shapes is using collective models where the nuclei ro-
tate or vibrate. For a vibrating nucleus around a spherical equilibrium, the vibrational
energy is quantized as a phonon. The A =2 excitation is seen as a one phonon excitation
carrying two units of angular momentum with units of 7. A two phonon excitation re-
sults in three states with angular momenta: 0t, 2%, 41 while a three phonon excitation
results in 07, 2%, 37, 4% and 6™ states. One of the fingerprints for the applicability
of the vibrational model is the energy ratio E(4f)/ E(ZIL) which is 2 for pure harmonic
vibration and typically 2-2.5 for experimentally measured values. In the case of a ro-
tation, the nucleus is taken as an axially symmetric rigid rotating system along an axis
perpendicular to the symmetry axis. In the case of even-even nuclei, where J is the mo-
ment of inertia, the low-lying rotational energy levels are expected to have the following
sequence: E(07)=0, E(27)=6(1/2]), E(4")=20(7/2]),... The E(4])/E(2) ratio is always
equal to 3.33 for pure rotational nuclei.

In some cases, configurations with oblate and prolate shapes occur at low excitation
energy in the same nucleus, which is called shape coexistence. A strong fingerprint
of this phenomenon in even-even nuclei is the observation of low-lying 0" states with
bands built on top of them. The experimental observables to determine the nuclear
shape are quadrupole moments of excited states and electromagnetic transition rates
between them. Another way to study the deformation of nuclei is by using the de-
formed shell model as an extension to the spherical shell model to explain the deformed
potential.

2.1.4 The Nilsson Model

The Nilsson model, also known as the deformed shell model takes the deformation
of the nucleus into account when calculating nuclear properties. It is an independent
particle model for non-spherical nuclei and allows the nucleons to move as independent
particles in a deformed mean field potential. In this model, the 2j+1 degeneracy of
each orbit is broken and this breaking increases with deformation. As a result of the
deformation, the orbital angular momentum [/ and the intrinsic spin s are no longer
good quantum numbers. States with different / values can mix and the energy of the
states depends on the component of the angular momentum along the symmetry axis,
Q). For each orbital with total angular momentum j, there are 2j+1 values of (), owing
to the reflection symmetry of axially symmetric degenerate nuclear levels as + () and
-). Using a deformation dependent Hamiltonian, the single-particle energies can be
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Figure 2.3: The Nilsson Diagram shows the evolution of the single-particle energies as a function of
the nuclear deformation parameter. Positive By values correspond to prolate deformation and negative By
values correspond to oblate deformation [31].

calculated as a function of the B, deformation parameter. A plot of the single particle
energies against deformation is known as Nilsson diagram, a schematic view of these
levels is given in Figure 2.3. The Nilsson diagram shows a high level density between the
magic numbers the 28 and 50, which corresponds to 8, =0 (spherically shaped nucleus)
on the diagram. Outside this region, oblate or prolate shapes are dominant depending
on the sign, as the positive B, values correspond to prolate deformation and negative
B2 values correspond to oblate deformation with a lower level densities. The nucleus
always tends to the low level density so that the energy can be minimum. Then, the
nucleons fill orbitals up to the Fermi surface such that the energy is minimized, and
when the nucleons are placed in these orbitals, deformation is created. As it is also
the case in the spherical shell model, the energy is minimized when there is a shell
gap. For instance, (N, Z)=40 gives a spherical shape, while for (N, Z) =34, 36 and 38
deformed shapes are preferred. The nucleon number 34 prefers both oblate and prolate
deformation while 36 and 38 prefers oblate and prolate, respectively.

2.1.5 Modern Theoretical Approaches

Besides the macroscopic and microscopic models of nuclear structure, more elaborate
models are also being studied since the many-body nature of nuclei warrant more com-
plex potentials and the inclusion of residual interactions in order to describe the ob-
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served nuclear behavior. But still, despite many advances in the field of nuclear model-
ing and the availability of more powerful computing systems, no single model is able to
reproduce empirical observations across the enormous range of nuclei that reside in the
nuclear landscape.

These modern calculations are also based on mean-field approaches, such as the Hartree-
Fock (HF) method, where independent particles move in a self-consistent mean-field. In
turn, it determines the best non-correlated ground state. As a starting point, the mean-
field potential is governed by HF. The nucleon-nucleon interaction potential and the
ground state wave function of the nucleus is calculated iteratively with an optimized
HF potential, based on the minimization of the total nuclear energy. The equations are
solved iteratively, in order to achieve the self consistent mean field. From here, a very
commonly used approach called Random Phase Approximation (RPA) helps to include
the ground-state correlation and the pairing effects. If the number of external particles
increases, the deformed mean-field becomes effective. Then, this approximation can be
extended including the pairing effects and becomes the Hartree-Fock-Bogolibouv (HFB)
approximation [32]. This pairing effect can be also introduced by other approximations,
building on HF such as HF+BCS [33]. Additionally, some other constraints can also be
included during the calculations, such as deformation effects. The effective force in HF
calculations is the Coulomb force, in order to study the nuclei, nuclear force has to be
included. The effective force as a nuclear force is introduced to the calculations with a
parametrization such as Skyrme [34] or Gogny [35]. Here, effective nucleon-nucleon in-
teractions are parametrized to adjust them and reproduce the ground state properties of
the nuclei. The Skyrme parametrization includes two and three body interaction terms
and the Gogny includes a non-zero range force, better represents the pairing interaction,
at the cost of requiring increased computational power. Every method has a different
way to come from the fundamental nuclear field to the effective force that model is us-
ing. Solving these equations gives a Potential Energy Surface (PES) of the nucleus. The
PES enables us to obtain the binding energies and different minima indicate different
shapes of the nucleus (see Figure 1.2). In order to predict additional physical observ-
ables such as level energies and transition probabilities, models have to be enlarged to
beyond the mean field.

2.2 Symmetry

Symmetries play a fundamental role in our basic understanding and in theoretical de-
scription of the nature. In this section, one of the phenomena will be described, which
is based on symmetry rules as a starting point. In nuclei, the similarity of neutrons
and protons is taken as symmetric and combined with the charge independence of the
nuclear force, resulting in the concept of isospin symmetry. The use of the isospin for-
malism is explained in the next section.
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2.2.1 Isospin

The isospin concept in nuclear physics was introduced by Heisenberg in 1932 consid-
ering the clustering of stable nuclei around the N=Z line [36]. He noted that such an
effect indicates a symmetry of the strong interaction and, the neutron and the proton can
be treated as two different quantum states of the same particle, called nucleon, with an
internal degree of freedom: the isobaric spin or isospin. The isospin of a single nucleon
is T=1/2. The projection on a quantization axis z, T, in the isospin space, is defined as
1/2 and -1/2 for neutron and for proton, respectively.

The concept of isospin is used to distinguish the Isobaric Analogue States (IAS) in nu-
clei with the same nucleon number A, but differing in proton and neutron numbers.
These states are distinguished by the projection of total isospin vector, T, which for the
nucleus is defined as:

T.=(N—-2)/2 (2.9)

In this case, the members of a given isospin multiplet T, for example the IAS 70Kz, 7OBr
and 7%Se, are the T, =-1,0,+1 members of the A=70, T=1 triplet, respectively.

The existence of charge symmetry and charge independence cause the IAS to be identi-
cal when the Coulomb interaction between the protons is neglected. If the strong inter-
action conserves isospin, spectra of analogue nuclei would be identical. The Coulomb
interaction of protons, of course, breaks the symmetry, however these effects can be cal-
culated precisely.

In case of the charge symmetry, the interaction between the protons, V;;,, should be
equal to the interaction between the neutrons, V.

Vip = Vi (2.10)

However, measuring the scattering lengths in nucleon-nucleon scattering experiments
proved a slight asymmetry between these terms [37].

The charge independence means, in the same quantum mechanical state, the force be-
tween proton and neutron is the average of the force between two protons and two
neutrons. This independence can be formalized as:

Vnp — (Vnn ‘|‘ VPP)/Z (211)

Hence, charge independence and charge symmetry combined require that the force be-
tween two protons, two neutrons and a proton and a neutron is equal. However, charge
independence is also slightly broken. For the isospin T=1 state, the proton-proton,
neutron-proton and neutron-neutron interactions are slightly different, even after elec-
tromagnetic effects have been removed [38].

Charge symmetry and charge independence can be studied through the Coulomb En-
ergy Differences (CED), Mirror Energy Differences (MED) and Triplet Energy Differ-
ences (TED) of the IAS.
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2.2.2 Energy Differences in Isobaric Multiplets

Studying mirror nuclei is one of the best tools to probe isospin breaking effects as the
fundamental assumption leads to an exchange symmetry between protons and neutrons.
The mirror nuclei X and Y are defined as two isobaric states with the same mass num-
ber A and interchanged number of protons and neutrons. They are symbolized as 2 X,
and {!Y; where a+b=A. According to the symmetry rules, pairs of mirror nuclei should
have the same spin, parity and identical shape in their ground state. Since the strong
interaction is invariant for the protons and the neutrons, one can expect these mirror nu-
clei to have very similar binding energies, hence, potential energy surface as well. The
79Kr34 and %9Sesq nuclei are the mirror pair that is studied within this thesis. Studying
such pairs of mirror nuclei, especially differences between their properties gives a direct
insight into isospin symmetry breaking effects and the concept of the charge symmetry.
Due to the symmetry breaking effects and existence of the Coulomb force, 7°Kr is much
less bound then 7’Se. Additionally, the electromagnetic decay rates of mirror states can
be used to decompose the multipole electromagnetic matrix elements into proton and
neutron matrix elements [39], explained in detail in section 2.3.4.

The Coulomb Energy Differences (CED) in isobaric multiplets, is calculated with a fol-
lowing equation at each spin state, J:

CED],T == E}krT/Tz:O - ET/TrTz=T (212)

Mirror Energy Difference (MED), testing charge symmetry between two mirror nuclei
or the Triple Energy Difference (TED), testing charge independence of the strong inter-
action in isobaric T=1 triplets is also important probes of isospin symmetry breaking.

The MED is defined by the differences in the excitation energies of mirror nuclei and are
taken as a measure of isospin symmetry breaking with a given equation as a function of
spin J:

MEDjr=Ejrr_ . —Ejrr_, (2.13)
The TED, which accounts for the charge independence, is defined in a similar way as a
function of the nuclear spin J:

TED]/T — E?,T,TZ:,T —|— E}F/TrTZZJrT — ZE}F,T,TZZQ (2.14)

where E* is the excitation energies of the states or the interested state of the same T in
each nucleus.

The theoretical predictions of the MED and the TED in different mass regions are stud-
ied to probe the charge symmetry and charge independence [40, 41]. Comparisons
between the isobaric analogue states are given in Section 1.1.2 to examine the evolution
of the deformation when one proton or neutron is interchanged between two nuclei.
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2.3 Experimental Technique

The aim of this experiment is to determine the B(E2) value of the first excited 2" state
in order to study the collectivity around mass 70 region towards the proton drip-line.
Study of exotic nuclei close to the proton drip-line in the laboratory presents a number
of experimental challenges. First of all, it is important to choose an appropriate reaction
that will populate the nuclei of interest with a sufficiently large cross section to make
experimental measurements feasible. Following the reaction and the excitation, the nu-
cleus decays to a lower state by emitting a y-ray between initial |i) and final |f) states.
These excitation and de-excitation processes are illustrated in Figure 2.4. To measure
these y-rays, a suitable detector array is needed.

X 1)

Coulomb Excitation y - decay

)
Figure 2.4: Schematic illustration of first-order Coulomb excitation followed by gamma-decay.

The isotopes of interest are produced in a RIB facility and are available as ion beams
typically at relativistic energies of ~ 100 MeV /u. Taking advantage of the high beam
energy, a thick target [~ 1g/cm?] can be used to increase the interaction rate and the
photon yield. Despite the thick target, the energy loss of the beam is only a few percent,
acceptable in terms of Doppler shift of the 7-rays, and in terms of the uniformity of
cross-sections. The most suitable way to excite the nuclei of such a beam is through
scattering on heavy target via the electromagnetic interaction. The underlying process
is called Coulomb excitation, that is explained in Section 2.3.1. At such energies, above
the Coulomb barrier, electromagnetic and nuclear excitations interfere. However, both
processes can be distinguished by their scattering angle dependence. Another way to
extract the electromagnetic excitation from this combination is by measuring the pure
inelastic excitation, defining the deformation lengths of this process and use them to
extract the Coulomb excitation part by using theoretical models.

2.3.1 Coulomb Excitation Theory

In the classical approximation of the Coulomb excitation process, the projectile can
be considered as a point-like charge moving along a hyperbolic orbit in the repulsive
Coulomb field of a target nucleus as shown in Figure 2.5.

When the projectile follows such a Rutherford trajectory, according to the half-distance
approach, the Coulomb excitation cross section is given by:

do _(ao\% . 4 (0
<dQ)Ruth_ <E) o <2) @
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Figure 2.5: The projectile is scattered by an angle 6 under the electric field of the heavy target with a
velocity v at an impact distance b.

= Zl Z2€2
4E
where 0 is the scattering angle, Z e is the charge of the target nuclei, Z; e is the charge
of the projectile, and E is their kinetic energy in the Center of Mass (CM) system.

(2.16)

Under certain conditions, Coulomb excitation can be treated in a semi-classical approx-
imation in which the classical trajectories of the elastic scattering process are used. In
this method, in order to excite a state via a time dependent potential, the interaction
time t;,;, has to be shorter or at least of the same magnitude as the excitation time .y,
for a given excitation energy AE. This relation is defined as the adiabatic parameter ¢,

given as:
tiww  DAE
‘::@:%31 (2.17)
As it is clear from this relation, at small velocities, excitation probability adiabatically
decreases. The strength of the Coulomb interaction is defined with the Sommerfield
parameter:
b ZtheZ
T=0 ™ ho
where A is the de Broglie wavelength of the projectile. When 77 >> 1, the electromagnetic

>1 (2.18)

interaction is strong enough to ensure that the short-range nuclear interactions are not
involved in the reaction, a quantum mechanical wave packet is expected to follow the
classical trajectory and the semi-classical approximation can be applied to treat the ex-
citation process. In this case, the relative motion of projectile and target is considered
classically, while the excitation process is treated quantum mechanically.

An accurate, pure Coulomb excitation measurement must be free of nuclear contri-
butions. During such a process, projectile and target only interact through the electro-
magnetic field. In order to achieve this requirement, the distance between the projectile
and the target must not exceed the impact parameter, b for beam energies above the
Coulomb barrier, and the scattering angle of the projectiles has to be limited to suffi-
ciently small angles. At high energies above Coulomb barrier, a straight-line motion
can be assumed for the projectile. It is characterized by an impact parameter, equal to
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the distance of closest approach and the nuclear interaction radius [42]. The projectile
deflection angle is given as:

 27475¢?

lab = ACB2b

where A is the mass of the projectile at rest, b is the closest distance between target and

(2.19)

projectile. Limiting the scattering angle to small values, the impact parameter that will
avoid the nuclear interaction contribution can be safely chosen.

In another scenario, depending on its energy and the impact parameter, the projec-
tile may come closer to the target nucleus by overcoming its electromagnetic field. In
order to ensure that the Coulomb excitation process is safe and nuclear contributions
to the excitation are negligible or excluded, the scattering angle is sufficiently small to
obey that, the distance of closest approach must be larger than the sum of the radii of
the projectile and the target nuclei, plus an additional safety distance, A:

b>R,+ R+ A (2.20)

A is introduced for the range of the nuclear forces and the surface diffuseness of the nu-
clear density distribution and usually taken between 2 to 5 fm. The distance of closest
approach depends on the energy and the impact parameter. This semi-classical descrip-
tion is valid as long as the Coulomb field prevents the projectile from penetrating into
the target nucleus which requires the wavelength of the projectile A to be much smaller
than the distance of closest approach b.

To summarize, at low energies, below Coulomb barrier, the charge distributions of
the two nuclei cannot overlap due to the Coulomb repulsion, which allows only the
electromagnetic interaction and, the contributions from the strong interaction becomes
negligible. At intermediate energies, the projectile can get so close to the target that,
it becomes possible for nuclear interactions to contribute to the excitation process, also
exciting high-lying states. Therefore, the best and possible way to study the excitation
process must be chosen. In the majority of cases, if the angular resolution of the tracking
detectors allows, the scattering angle or impact parameter can be restricted and the cross
section for the Coulomb excitation process is calculated in a semi-classical approxima-
tion where the cross section depends on the minimum impact parameter as a function

of the scattering angle:
gEM T ZpZte2
bmin = <C0t < n;ax) + 2) ’)/m()’Uz (221)

with the maximum scattering angle in the center of mass system, the target and projec-
tile charges, the reduced mass of the two nuclei m, and the velocity v of the projectile
in the laboratory frame. If it is not possible to use the scattering angle information, the-
oretical methods are needed to be used in order to describe the Coulomb and nuclear
interference for non-safe scattering angles. However, in this case the extraction of the
transition matrix element becomes difficult and model dependent. Figure 2.6 represents
the angular distribution of this interference of the Coulomb and nuclear interaction pro-
cesses, calculated by the ECIS-97 program for 72Kr beam scattering off a 17 Au target. At
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Figure 2.6: ECIS calculation for 7>Kr beam scattering off a %7 Au target at an energy of around
150 MeV/u. The figure illustrates the excitation cross section as a function of scattering angle of the
interacted particles for only Coulomb excitation, only nuclear interaction and the sum of these two pro-
cesses.

small angles nuclear interaction is negligible and around 27 mrad it starts to dominate.
This point corresponds to the impact parameter that is explained above, where the safe
angle can be chosen if the angular resolution of the tracking detector is good enough.

A quantum mechanical approach can be used where the system is described by wave
functions taking into account the effective potentials caused by the Coulomb and nuclear
tields. As a starting point, the motion of the projectile is described by a wave-packet and
the resulting scattering process is expressed by the time-dependent Schrodinger equa-
tion:

in S lp() = HIp(0) e2)

where the Hamiltonian is:
H = Hy+ V(7(t)) (2.23)

where V(7(t)) is the electromagnetic interaction between the two nuclei. By treating this
Coulomb potential as a time-dependent perturbation, the amplitude of the excitation
probability is given as:

iy = [t (FV ) I @221

where wy; = (Ef-E;)/h. The excitation probability of the nucleus from initial state |i) to
a final state |f), Pjs is used to determine the Coulomb excitation probability, which is
Pif.(do/dQ) gy (see equation 2.15).
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The electromagnetic interaction between target and projectile can be decomposed in
its multipole components. The monopole-monopole part of the electrostatic interaction
causes the nuclei to scatter elastically, yielding the known Rutherford scattering pro-
cess. The monopole-multipole components induce inelastic scattering, from which the
nuclei are energetically excited. The time-dependent Hamilton operator V(7(t)) has to
be defined in terms of a multipole expansion, considering spherical harmonics. After
expanding the potential into its multipole components, giving A as the multipolarity of
the excitation and y is its projection, the Coulomb potential can be written as V,,,(7(t)).
The solution of this approach leads to the Coulomb excitation cross section for an elec-
tromagnetic excitation of a state including the relation to the reduced transition proba-
bilities as:

Z2\*B(EA,0—»A) 1
~|— 2.25
d < hic > eZbZ)Y_Z A—1 ( )
min
for multi-polarities of the transition A >2, and the charge of the target nucleus Z in
the case of projectile excitation. More information about relativistic and low-energy

Coulomb excitation can be found in the literature [43, 44].

Indeed, there is a linear relation between this Coulomb excitation cross-section and
the reduced transition probability matrix element. Due to this proportionality of ¢
and B(E2), the reduced transition probabilities can be obtained from measurements of
Coulomb excitation cross sections via the calculation of the cross section yields. The
B(EA,0 — A) values in equation 2.25 are the reduced transition probabilities and pro-
vide a link between theoretical predictions and experimental observables. They are

defined as:
B(LA;Ji = Jp) = ) | {ag, Jr, M| O(LAM) o, JiM;) |? (2.26)
MMy
=271 | (as, Jr Mgl | O(L,A) | e, JiMi) | (2.27)

where the electromagnetic operator O(L,A,M) has either an electric or magnetic charac-
ter, a; s represents the set of quantum numbers, describing the initial and final states, L
is the orbital angular momentum and M is the magnetic quantum number. How this
representation relates to the y-ray decay of excited states is discussed in Section 2.3.4.

2.3.2 Nuclear Inelastic Scattering

When the energy of the incoming beam is higher than the Coulomb barrier and the
distance criteria is not fulfilled, an inelastic scattering process governed by the strong
interaction occurs. Depending on the energy and mass of the nuclei, multiple spin states
can be excited. The process can be described as a valence nucleon kicked to another shell
energy level or the incoming wave function is disturbed by the nuclear potential, result-
ing in vibrational or rotational excitations of the nucleus surface. The energy that arises
from this interaction is equal to the difference between excited states. There are different
theoretical approaches to study this process considering the effective potential [45, 46].
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In the most general scattering theory, the total wave function is described as the sum of
an incident plane wave function and an outgoing spherical scattered wave function with
a certain scattering amplitude f(6, ¢):

e:i:lkr

¥ (k,7)(r — 00) — ¥ + £(8, ) (2.28)

7
Hence, all of the scattering information is contained within the scattering amplitude
and the angular distribution is expressed by the differential cross section. The majority
of the current theories start with elastic scattering and inelastic or reaction events are
treated as perturbations. This leads for example to the so-called Distorted-Wave Born
Approximation (DWBA), that describes the relative motion before and after an inelastic
event. This approximation assumes an additional potential AU on the top of main
potential U(E,?). In this case, pure Coulomb wave functions i can be replaced with the
ones that are distorted by an additional potential, and can be written as:

(A2 + K2 — AU(P)|x (k,7) = 0 (2.29)

where )((E, 7) is the superposition of the incoming plane wave function and the outgoing
scattered wave functions )(]((_)(E,?') and XZ(H(E, 7), respectively, with momentum k and 7
the relative position of two interacting particles.

If the nucleus is deformed, using equation 2.6, the perturbation potential can be written
o ou R
AU=Ro|—| -1 2.30
o(5%) R 2.30)

where Ry is the equilibrium radius considering the deformation. The relation between
equation 2.6 and the obtained deformed potential leads to the deformation parameter,
Pa-

The transition matrix for inelastic scattering in DWBA from an initial to a final state is
given by [47]:

= [ X)) (718U i) ) @31

where Xiji are the distorted wave functions for incoming and outgoing wave functions.
These wave functions contain diffraction as well as absorption contributions and are
described by the optical model of elastic scattering for the relevant entrance and exit
channels.

2.3.3 The Optical Model

When the incoming wave function interacts with the target, the amplitude of the out-
going wave function decreases according to the strength of the interaction. The optical
model is used to explain this process. It requires a real potential and an imaginary po-
tential that represents the interaction with the excited channels since the parameters of
the nuclear interaction is not well defined. The total potential U(7), is described by a real
V(7), and an imaginary iW(7) parts. It contains a set of parameters which depends on
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the incident projectile energy, as well as on the masses and charges of the projectile and
target nuclei. Using the optical potential, the Schrodinger equation can be written as:

20
‘5;/;2” + [;f;@ - u(?))} $(7) =0 232)
where, y is the reduced mass of the system, () is the total wave function and (;) is
the relative position of the two particles. Numerical solutions of this equation give the
scattering matrix elements, scattering amplitude, and thus the differential cross-section.
The real part of the optical potential describes the refraction of the incoming wave and
the imaginary part describes the inelastic scattering through absorption. The amplitude
of the imaginary potential increases with the incoming particle energy since the nuclear
potential is energy dependent. Finally, the optical potential has a general form of:

U(r) = Ve(r) = Vo(r) + Vs(r) — i(Wo(r) 4+ Ws(r)) (2.33)

where the first term is the Coulomb potential, the second one is the real nuclear po-
tential. The rest of the contributions are the imaginary potential as the sum of volume
and surface parts. Occasionally, a spin-orbit potential is added for heavy-ion scattering,
although the effect on the cross-section is small. The Coulomb potential of a uniformly
charged sphere with radius Rc is described as:

Z,Z7e* [ 1,2]
Ve(r) ==£ — —|,r<R 2.34
C( ) ZRC Rg = Ix¢ ( )
ZPZTEZ
Vc(r) — ,Tr 2 Rc (2.35)

Here A and Z are the nuclear mass number and charge. Zp and Zr refer to the projectile
and target nucleus respectively.
If the radial part is taken as a Woods-Saxon potential, the real part of the nuclear poten-

(e (*527))
Vi(R)=Vo[1+exp| ————— (2.36)

tial is given by:

a

and the volume imaginary potential is given by:

-1
R -1 AY?
W,(R) = Wo (1 +exp (ZT> ) (2.37)
r
The surface imaginary potential is given by:
-1

R—rp Ay’

Ws(R) = —4ap wa‘; (1 +exp (mT)) (2.38)
ap

where V, and W, are the real and imaginary volume potential well depths, Wp, is the
well depth for the surface derivative term, R and a are the radius and surface diffuse-
ness parameters, respectively. The parameter a is known as the barrier width where the
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potential drops from 90% to 10%. The surface part dominates at low energy and the vol-
ume part becomes important at high energy. The choice of the potential shape is based
on the nuclear saturation. Since the density of the nucleus is constant in the middle and
quickly drops at its surface, most of the time this potential has the highest amplitude
close to the surface. Since the target cannot penetrate the projectile, reactions happen at
the surface and only the surfaces of two nuclei interact. Outer, valence nucleons are able
to absorb energy, while for the inner nucleons there is no possibility to absorb energy as
all nearby energy levels are occupied. Only if the incoming particle energy is too high,
the imaginary part of the optical potential starts to act like the real potential.

Since the potential that is used in this model includes the Coulomb and nuclear parts, it
can be used to separate the nuclear deformation and charge deformation lengths, J,, and
. respectively. In this case, the nuclear part of the optical potential will be only affected
by the nuclear deformation, while the Coulomb potential will be affected by the charge
deformation length.

2.3.4 Gamma Decay

The excited nucleus may lower its energy by y-ray emission, B decay, nucleon emission,
conversion electron emission or fission. The decay of the excited states discussed here
are possible only through <-ray and conversion electron emission. The <y-ray decay is an
electromagnetic decay process via photon emission. The photon field can be expanded
into multipoles of either electric, E, or magnetic, M, type depending on the spins and
parities, 77, of the connected states. These states are represented as |7 and JF The type
of the excitation is defined by certain selection rules on angular momentum and parity.
The allowed multipolarities are restricted by:

7= JF IS A< JF+ 7| (2.39)

where A is the multipole order of the emitted radiation. The transition is further clas-
sified as electric or magnetic based on the parities of the initial and final states, 7r; and
use

A .
iy = { E 1) for EA — electric decay (2.40)

DM for MA — magnetic decay

where A # 0, which means that 0" — 0" is forbidden via single y-ray decay since the

photons are bosons with spin=1 and they must carry at least one unit of angular mo-
mentum. Nevertheless, there are a few examples of even-even nuclei that have first
excited and ground states that are both 07. Once populated, these states decay by the
internal conversion processes, via atomic electrons with significant penetration into the
nucleus, and are directly emitted from the atom.

The angular correlation measurements can give information about the multipolarity
of a y-ray. This is simply the measurement of v-ray intensity variation as a function of
angle between the direction of -ray emission and another fixed direction such as the
direction of an incident beam which excites the decaying state, or the direction of the
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emission of a particle.
The 7-ray intensity as a function of angle in terms of Legendre polynomials is repre-

sented as:
2L

W(0) = ZakPkcos(G) (2.41)
k=0
where gy are the coefficients that dependents on the nuclear spins of the involved states
and can be deduced experimentally from angular momentum carried by the y-ray and
the mixing ratios.

2.3.5 Collectivity Quantities

The energy of the first excited 2" state in even-even nuclei and the B(E2; 0 — 27)
values are sensitive to the presence of shell gaps, nuclear deformation, and nucleon-
nucleon correlations in nuclei. For even-even nuclei, considering equation 2.27, the
electromagnetic excitation strength for electric quadrupole transitions E2 can be written
as:

1
B(E2;Ji = Jf) = mmnfszuw (2.42)

where (¥ /| |E2||¥;)? is the reduced E2 matrix element and J; stands for the initial spin
state while ] is the final one. The electromagnetic excitation strength, B(E2) is a measure
of quadrupole collectivity and is expected to be small if the valence nucleons are close to
the shell closure, or at a closed shell, while it is expected to be large in case of collective
nuclei when they are located close to the mid-shell. The reduced transition probability
fora 0" — 2T transition in an even-even nucleus is related to the Coulomb deformation
parameter fS:
2
B(E2) 1= <3Z62R2,BC> (2.43)
4r

where the Z is the charge of the excited nucleus, B, is the deformation parameter and R
is the nuclear radius.

Another powerful quantity for nuclear structure studies is the electric quadrupole mo-
ment that is connected to the nuclear wave functions, thus B(E2) values. For the 01+ — 2{r
transition, the relation between B(E2) value and intrinsic quadrupole moment Qy is [48]:

5
B(E2;Ji = Jf) = ﬁeng (2.44)

Hence, the B(E2) value contains information on the deformation of the nucleus. A neg-
ative spectroscopic quadrupole moment describes a prolate shape, whereas a positive
spectroscopic quadrupole moment is linked to an oblate shape.

Inelastic scattering enables measurement of the transition matrix elements M,, and M.
M,, and M, stand for the neutron and proton transition matrix elements, respectively
and can be used to identify the contribution of each nucleon to the excitation. In the
basic picture of a collective nucleus, protons and neutrons would contribute equally
and the ratio of the matrix elements follows N =Z. But, taking the closed shells and
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the valence nucleons into account, the ratio deviates from N =Z and these deviations
between M,, and M, can be a measure of the isospin breaking between the IAS and
also provide information about the relative contributions of neutrons and protons to the
collective mode. They show how proton and neutron polarize the nucleus in a different
way. Additionally, deviations lead to the conclusion that the deformation lengths for
electromagnetic and nuclear interactions depend both on the spices of the nucleus and
its energy [49], which makes the link between deformation parameters and the B(E2)
values, confirming the reliability of the method that we use in order to deduce the B(E2)
values.

Coulomb excitation is an electromagnetic tool that is sensitive to the charged protons,
therefore to the M, value. The proton transition matrix element for 0* — 2" transition is
directly related to the reduced electric quadrupole transition probability B(E2) steaming
from the equation 2.42 as follows:

2

MP
B(E2i ) = 54+ (2.45)

The proton and neutron multipole matrix elements can be written in terms of isospin

representation [39]:

M,y () = Mo(T:) fMl(TZ) (2.46)

where My (T) is the isoscalar and M;(T) the isovector multipole matrix element. Here,
isoscalar refers to the part of the potential that makes no distinction between protons
and neutrons and isovector means that neutron and proton constituents are treated
differently. Assuming isospin conservation, the neutron and proton matrix elements for
a mirror pair can be written as:

MP(_TZ) = MH(TZ) (2-47)

and 1
M,(T. =0) = EMO(T =1) (2.48)

which means, M, can be obtained by measuring the electromagnetic transition for the
corresponding transition in the mirror nuclei and for T, =0 nucleus, My can be obtained
directly [39]. Hence, the B(E2) values can be used as a test of isospin symmetry.
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Experimental Setup

The experiments outlined in this chapter were performed to determine the reduced
transition probability B(E2)1 values of 70Kr, 7OBr, %8Se and 7?Kr. The method used to
obtain B(E2)1 is to scatter the exotic beam particles off a stable heavy target Au and
to detect them in coincidence with the emitted «-rays. In addition, nuclear inelastic
scattering on a Be target was used to determine the nuclear interference to the excitation.
For both cases, the ejectiles have been measured using the ZeroDegree Spectrometer at
RIBF, RIKEN, while the emitted <y-rays have been detected with the DALI2 scintillator
array. This chapter is dedicated to explain the beam production, processing, beam line
detectors, the electronics and the performed simulations. Detailed information for each
setting is also given describing the beam profile and the reaction target.

3.1 Radioactive Ion Beams

The investigation into the region far from stability requires experiments with Radioac-
tive Ion Beams (RIB). RIBs can be produced in different ways, the Isotope Separation On
Line (ISOL) and the In Flight (IF) techniques [50].

The ISOL method was invented in Copenhagen in 1951 [51]. In this methode, a high
energetic primary charged beam impinges on a thick target of several cm length cre-
ating exotic particles by fission or fragmentation reactions. It relies on the production
cross section as well as the chemical properties of the elements of interest. The thick
targets are preferred for the production of high intensity radioactive beams to increase
the yield. The reaction products are extracted in the form of ions, after the selection of
the mass. Post acceleration can be performed if required for the experiments. Since the
ions are produced at rest, the ISOL technique is ideally suitable for low-energy experi-
ments. The disadvantage of the ISOL method is the general difficulty in achieving high
beam purity due to many isobars of different elements produced in the target. There are
several ISOL facilities operating or being constructed around the world such as ISOLDE
at CERN [52], SPIRAL at GANIL [53], SPES at Legnaro [54], ISAC at TRIUMF [55] and
FRIB in USA [56].

29
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In the In-Flight method, heavy ion beams are impinging on a thin target to induce
fusion, fission or fragmentation reactions. The reaction products retain a large fraction
of the initial projectile velocity, due to linear momentum conservation and they have a
kinematic focusing at small angles along the beam direction. A fragment separator is lo-
cated along the primary beam axis and, the selection of the RIB of interest is performed
through the deflection of ions in magnetic and electric fields. Unlike the ISOL technique,
this selection is independent of the chemical properties of the radioisotopes under pro-
duction.There are several facilities around the world, where RIBs are produced with the
In-flight technique. These are mainly NSCL-MSU in USA [57], GSI in Germany [58],
GANIL in France [59] and RIKEN in Japan [60]. The experiments performed within this
thesis were carried out at the Radioactive Isotope Beam Factory (RIBF), RIKEN Nishina
Center. RIBF can provide stable beams at very high intensities and energies. For the
present experiment, a primary beam of 7®Kr was produced at an energy of 345 MeV/u
with an intensity of ~350pnA. Exotic beam production and identification followed by
the desired secondary reaction and identification of the reaction products were done us-
ing the BigRIPS fragment separator and the ZeroDegree Spectrometer. Detector Array
for Low Intensity 2 (DALI2) was used for the identification of the y-rays that are emitted
in the course of the de-excitation.

3.1.1 Production of RI Beams at RIKEN

At RIBF, the production starts with accelerating the ions from the ECR ion source up to
6 MeV /u using the RILAC linear accelerator. After the first acceleration of the ions, the
beam is injected into the RIKEN Ring Cyclotron (RRC), the Fixed frequency Ring Cy-
clotron (FRC), Intermediate Stage Ring Cyclotron (IRC) and lastly the Superconducting
Ring Cyclotron (SRC). There are two charge strippers in this mode: one is located be-
hind the RILAC, and the other is behind the RRC. SRC is the first Superconducting Ring
Cyclotron in the world that consists of six superconducting sector magnets. Detailed
information on the acceleration process can be found in reference [61, 62]. The stages
that are used to produce and accelerate the primary beam are shown in Figure 3.1.
After the SRC, the beam is extracted and sent to BigRIPS, where it is bombarded on a
primary target to produce the secondary Rl-beams. For the experiments that were per-
formed within this thesis work, a "8Kr isotope beam was accelerated to 345MeV /u and
impinged on a 7 mm thick Be primary target in order to produce the 772K isotopes as
a secondary beam via projectile fragmentation.

3.1.2 Separation and Identification of the RI Beams

Separation and identification of exotic nuclei is done based on the following principle; a
charged particle moving with a certain velocity through a magnetic field is influenced by
the Lorentz force. According to the Lorentz force, particles with different charge move
on different paths in a uniform magnetic field. The motion of a particle with charge g
and mass m, moving in a homogeneous magnetic field with a velocity ¥, is described by
the following equation:

d = L =
E (WlU) = FLorentz = qou X B (31)
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Mode (1): RILAC + RRC + (stripper2) + fRC + (stripper3) + IRC + SRC

SRC
18 GHz F"EG {LH_% (h=6)
ECRIS  RILAC (h=9) - BigRIPS
Nl ¢
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SC-ECRIS
1 stripper
fAC
(h=12)

Figure 3.1: A schematic diagram of the RIBF heavy-ion accelerator system. RILAC+ RRC+ (stripper2) +
fRC+ (stripper3)+ IRC+ SRC is used for the RI-beam "8Kr generation at 345 MeV/u with 350 pnA. The
process can be run in different modes depending on the desired outcome [63].

When B and 7 are uniform and perpendicular to each other, and the Lorentz force acts
like a centripetal force (‘l_ﬁLorentZ‘ =muv?/ p) , then the trajectories moves in the magnetic
field with the bending radius p. The magnetic rigidity, Bp, results in:

p
Bp=" (3.2)
Py

where the p is the momentum of the ion and is equal to mv. Thus, Bp is specific for each
ion depending on its velocity and mass. At relativistic energies m =my<y and in this case
the momentum, p, can be written as;

p=moyv (3.3)

r=ya=-p)" (3.4)
Here, v is the Lorentz factor with f=v/c and c is the speed of light. Under these trans-
formations, Bp is proportional to the mass over charge ratio, A/g of the respective ion:

a_ B

q  cBy

Hence, in a given magnetic field B, the radius of the curvature p defines the track of

(3.5)

the particles. Depending on their mass and charge, by measuring the trajectories, the
particles can be spatially separated by A/g and can be dispersed by the magnetic field to
select a certain range of magnetic rigidities.

3.1.3 BigRIPS Fragment Separator

The production, selection and identification of the beam isotopes are performed in Bi-
gRIPS separator [60]. The BigRIPS fragment separator is composed of two stages. It
starts with the primary target at the focal plane FO and ends at F7 before the secondary
target. The total path length of the fragment separator is 77 m. A schematic view of the
beam line and the separator is shown in Figure 3.2.
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The first stage, from the FO to the F2 focal plane, is used for the production and separa-
tion of radioactive beams, while the second stage is used for the further separation and
identification. Along both parts, in order to choose the isotopes of interest among the
fragmentation products, a series of magnets, slits and degraders are used.
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Figure 3.2: A schematic view of BigRIPS from FO to F8 and the Zero Degree spectrometer from F8 to F11
focal planes. The secondary beam production takes place from focal plane FO and the secondary targets of
the present experiments were mounted at F8 [64].

The first stage of the BigRIPS has a 80mrad horizontal and 100 mrad vertical angular
acceptance. It consists of four superconducting quadrupoles (STQ, STQ1, STQ2, STQ3)
and two dipole magnets (D1, D2). The primary target is placed at the momentum dis-
persive focal plane, at FO. At focal plane F1, a wedge-shaped Al degrader is used to
provide an isotopic separation and an isobaric purification of the isotopes. The first
dipole magnet provides a magnetic rigidity selection. Nuclei are selected by a slit at the
exit of the first dipole magnet. After Bp or A/ selection, nuclei pass through a wedge-
shaped degrader installed at the momentum dispersive focal point F1. In the wedge
shaped degrader, the ions experience an energy loss, depending on their nuclear charge
Z as well as their position, hence, it allows compensation for the momentum dispersion
for a given isotope. After passing the second magnet D2, slits placed at its exit select
the ions with a certain Bp. In the end, with this two stages selection of Bp, ions can be
separated by A/g as well as Z from the primary beam. Finally, the selected isotopes are
transported to the achromatic focal plane F3.

The second stage of the BigRIPS starts with the achromatic focal plane F3, and con-
sists of eight quadrupole and four dipole magnets with bending angles of 30 degrees.
Along the second stage, F4, F5 and F6 focal planes are momentum dispersive while last
focal plane F7 is doubly achromatic. The maximum magnetic rigidity in this stage is
9 Tm. This part is mainly dedicated to the further separation and particle identification



3.2 Beam Line Detectors 33

of the different isotopes by measuring their charge and mass using the Bp-AE ,-ToF
method. A 2mm thick aluminum degrader is placed at F5 for the further purification of
the beam by removing fragmentation products closer to stability. In this second stage of
the BigRIPS separator, beam line detectors are used to measure the Time-of-Flight, en-
ergy loss, and particle trajectory. Parallel Plate Avalanche Counters (PPAC) are placed
at F3, F5 and F7 to deduce Bpposition measurements. The energy loss is measured by
using an ionization chamber placed at F7 and the information on the velocity of the
particles between two focal planes are extracted by using plastic scintillators placed at
F3 and F7 to determine the Time of Flight (ToF).

At the end of the BigRIPS, after selection and identification, the secondary beam is
impinged on the secondary target placed at the focal plane F8, beginning of the ZeroDe-
gree Spectrometer, with an energy of around 175 MeV/u.

3.1.4 ZeroDegree Spectrometer

The reaction residues are identified and separated in the Zero Degree Spectrometer
(ZDS). It starts with an achromatic focal plane at F8 and consists of six quadrupole and
two dipole magnets bending the spectrometer by 30 degrees and ends at the doubly
achromatic F11 focal plane with a momentum dispersive F9 focal plane in between. The
total length of the ZDS is 36 m from F8 to F11. The angular acceptance of the spectrome-
ter is horizontally 90 mrad and vertically 60 mrad. The identification of reaction products
is done in the same way as in BigRIPS by employing the Bp - AE - ToF method. The time
of flight is measured between the plastic scintillators at F8 and F11. PPACs along the
beam line are used to track the trajectories of the particles and finally at F11, an ion
chamber is used in order to measure the specific energy loss.

3.2 Beam Line Detectors

For the identification of each particle passing through the beam-line and the determi-
nation of their energy and travel path, a set of detectors are needed. This section is
dedicated to the description of these detectors used along the beam-line in these exper-
iments, including the electronics and the signal processing.

3.2.1 Parallel Plate Avalanche Counters

Parallel Plate Avalanche Counters (PPACs) are used for the tracking of the particles and
to define the beam profile. A precise determination of the position and the angle of
the particles along the beam line is necessary for an accurate beam tracking and the
reconstruction. As the beam position and number of particles are extracted by PPAC
measurements in each focal plane, it is of major importance to achieve a high PPAC
efficiency for the experiment. PPAC units are placed at the focal planes F3, F5, and F7
in BigRIPS and at F8, F9 and F11 in the ZDS. Figure 3.3 illustrates the schematic view of
a delay-line PPAC. Two PPACs, called A and B, are placed in each focal plane and each
PPAC consists of two cathode plates connected to the delay-lines and an anode plane
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Figure 3.3: Schematic view of a delay-line PPAC [65].

in between at a distance of 4 mm. Usage of double PPAC enables to measure the angle
of the trajectory. The cathode plates have an active area of 240x150 mm? consisting of
2.4 mm wide strips. Five signals are obtained from each PPAC, one from the anode and 2
from each side of the cathode planes that are used for the time and charge information.
The position information of the hits is deduced in two dimensions (x,y) by using the
cathode signals of the X and Y strips that are oriented at 90 degrees to each other and
the time difference between left and right signals. Each PPAC unit has a double PPAC
inside and the unit is filled with C3Fg gas at 10 torr pressure during the operation. More
detailed information about the PPACs can be found in reference [65].

Signal processing is performed as follows: The PPACs were operated with a bias voltage
varying from 700-780V, supplied to the anode. The anode signal has about 13 ns rise
time and about 400 mV amplitude. After the preamplifier, PPAC signals are amplified
by using fast linear amplifiers before splitting them in order to have signals for time and
charge information. A linear FanIn/FanOut module was used to split the signal that
was sent to a Constant Fraction Discriminator (CFD) module. Finally, the charge signal
was fed into a charge sensitive Analog to Digital Converter (ADC) and the time signals
were sent to a Time to Digital Converter (TDC).

3.2.2 Plastic Scintillation Detectors

The velocity of the ions along the beam line is deduced from ToF measurements, using
fast plastic scintillation detectors. These scintillators are built from a BC-420 scintillation
material coupled to HAMAMATSU H1949 Photo Multipliers (PMTs) at both sides. Each
PMT gives one signal that is split into two analog signals to record the energy loss and
the timing information of each hit. The time signal is fed into the TDC module after the
Leading Edge Discriminator and the energy signal is sent to a charge sensitive module.
The charges collected by the PMTs at both sides of the plastic material are related to the
position of the particle hits due to the attenuation of the lights inside the scintillation
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material before they arrive at the PMTs. The relation between the collected charges and
the interaction position x is defined by the following equation:

x= %ln(ql /42) (3.6)

where A is the attenuation length of light in the scintillation material, q; and g, are the
charges measured in the left and right PMTs respectively. Therefore, position dependent
corrections of the timing information are possible. Plastic scintillators are located at the
focal planes F3 (1mm thick) and F7 (2mm thick) in BigRIPS and the thickness of the
plastic material is both 1mm for those located at F8 and F11 in ZDS. The time of flight
is then calculated as:

ToF = ;C (3.7)

L corresponds to the flight path length, 8 =v/c, where the c is the speed of light and v is
the velocity of the particle.

3.2.3 Ionization Chamber

A Tilted Electrode Gas Ionization Chamber (TEGIC) is used at F7 and F11 to determine
the atomic number of the fragments in the beam by measuring their energy loss. The
ionization chamber consists of twelve anode and thirteen cathode planes enclosed in an
aluminum chamber filled with Ar-CHy gas. All cathode planes were connected together
and anodes were read-out in couples. At the end six signals are used from each ion-
ization chamber. These signals were sent to the spectroscopic amplifier. The output of
the amplifier was then sent to the QDC module. More detailed information about the
TEGIC, including technical aspects, can be found in reference [66]. A schematic view of
the TEGIC is given in Figure 3.4. As can be seen, the electrode plates are tilted by 30
degree to reduce the number of electron-hole recombinations. In this setup, there are
two ionization chambers located at focal plane F7 in BigRIPS and at F11 in ZeroDegree.
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\ N\ 650 mm

cathode anode

Figure 3.4: The schematic view of TEGIC [66].
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The working principle of ionization chambers is as follows: The charged particle moving
through a gas interacts with the electrons of the gas and loses energy. This interaction
excites or ionizes the gas atom leading to an energy loss of the traveling particle. Since
the number of created electrons is proportional to this energy loss, these electrons can be
collected by using an electric field and used to determine the energy loss. This energy
loss depends on the atomic number of particles with Z? and their velocity. The mean
energy loss of the ions per distance is given by the Bethe Bloch formula [28]:

where the =v/c for a particle with speed v, c is the speed of light and € the vacuum di-
electric constant, charge c and energy E, traveling distance x, electron number density n
and mean excitation potential I, e and m, the electron charge and rest mass, respectively.

3.3 Gamma Spectroscopy

After the interaction with the target, excited nuclei emit 7-rays in their de-excitation
process. At this point, highly efficient y-ray spectrometers for high-precision detection
of these 7y-rays are needed. Gamma ray detection with germanium or scintillation ma-
terials is a well established analysis tool applied in many fields of physics. The goal is
usually to achieve the highest detection yield in the shortest measurement time with the
best possible energy resolution. The energy resolution of Ge detectors is much better
than that of scintillators. However, scintillators have a higher efficiency in the detection
and they offer better timing than Ge detectors. Additionally, Ge detectors are very ex-
pensive, require a complex infrastructure and are quite fragile. Nevertheless, they are
needed for the experiments investigating high spin states. If there are few <y-rays emit-
ted from the de-excitation of the nucleus, high efficiency is needed more than resolution.
Therefore, in the experiments outlined in this thesis, a scintillator array was used for the
detection of y-rays.

3.3.1 In-Beam Gamma Spectroscopy

Gamma-ray radiation emitted by a nucleus in motion, is detected in the laboratory
system with a different energy than the actual transition energy in the self frame of the
nucleus due to the Doppler effects. Therefore, the measured energy has to be corrected
based on the emission angle and the particle velocity. The amount of shift in energy can
be calculated via the following formula:

Eo = Ejapy(1 — Bcos) 3.9)

where Ej is the real de-excitation energy in its self frame, B is the in-flight velocity, E;,
is the energy measured by the detector, 6 is the angle between the direction of motion
of the emitter and the detector, 7y represents the Lorentz factor and 6 denotes the angle
with respect to the direction of motion of the nucleus. The plot in Figure 3.5 illustrates
the magnitude of the Doppler effects depending on the angle.
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Figure 3.5: Ratio of the photon energy in the laboratory frame to the photon energy in the rest frame of
the projectile versus the laboratory angle for different energies [67].

The Doppler effect leads also to a broadening of the measured y-ray spectrum. Doppler
broadening is caused by the inaccurate angle determination mainly due to the limited
opening angle of the detectors and the velocity spread caused by the energy varia-
tion of the recoils. In order to minimize the broadening of the transition lines in the
Doppler corrected energy spectrum, the first interaction point of the gamma-ray in the
detector has to be determined precisely. The effectiveness of the Doppler correction is
proportional to the precision of the hit position determination which is limited by the
uncertainty on the velocity and angle. Usage of the large number of detectors at large
distances also improves the correction of this effect but affects the efficiency of the mea-
surement.

At present, these arrays are built up by using Scintillators or Ge detectors. The AGATA
in Europe [68] and GRETINA in the USA [69] are the most powerful examples of today
spectrometers as Germanium arrays. The CEASAR scintillator array at MSU composed
of 192 CsI(Na) crystals [70], the DALI2 in RIKEN [2] and PARIS a high resolution scin-
tillator array for medium and high energy -rays built from novel scintillator material
LaBr3(Ce) [71] are examples for 7y detection arrays built up by using scintillators.

3.3.2 DALI2 Gamma Detector Array

The DALI2 is a 47t y-ray detector array placed around the beam line at the reaction
target in order to measure the de-excitation by y-rays of reaction products [2]. It is com-
posed of 186 rectangular shaped Nal(Tl) crystals from Saint-Gobain, Bicron and Scionix,
all coupled to the Hamamatsu R580 and R1306 model PMTs. Table 3.1 shows the com-
bination of different type of DALI2 scintillators and the layout of the configuration is
shown in Figure 3.6.
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Table 3.1: Variety of DALI2 scintillators used to build the array.

Company  Number Crystal size PMT Diameter

(mm) o

Scionix 66 80x40x160 38
Saint-Gobain 88 80x45x160 38
Bicron 32 61x61x122 51

Generally, it is important to cover all angles around the reaction target to increase the
detection efficiency. The array is expected to have ~ 25 % full energy peak efficiency and
~10 % energy resolution for 1 MeV y-rays with ~ 0.5 ¢ velocity.

Figure 3.6: An insight view of the DALI2 detector array. In total 186 crystals surround the reaction
target around the beam pipe.

In the case of in-beam spectroscopy, since the relativistic velocity of the particles results
in a Lorentz boost towards forward angles, coverage of the forward angles becomes very
important. At relativistic energies, the Lorentz boost plays a major role in increasing the
detection efficiency and the energy resolution at forward angles. Polar angular coverage
of the DALI2 is obtained from GEANT4 simulations. It ranges from 15.4 to 170 degrees
for the geometric center of the crystals. The radius of the array around the beam-line in-
creases with decreasing 6, detection angle and then decreases again. This configuration
was chosen to increase the add-back efficiency for -rays scattered between the crystals
until they are fully absorbed.

The Compton-scattering process has a significant cross section. If a 7-ray leaves the
crystal after such a scattering process, the measured energy is not the full energy of the
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emitted photon but only a part of it. For reconstruction of the energy of these 7-rays,
measured values in neighboring detectors are added in an add-back procedure. This
is performed for the detectors within a certain distance, if they are in a common time
window. The determination of this add-back distance is explained in Section 3.5. As a
starting step, the crystal with the highest energy deposition is chosen and the smaller
energies from surrounding crystal within a chosen add-back distance are added. Most
frequently, the largest energy deposited is at the first interaction point of the <y ray, it has
been assumed that this point lies in the crystal that measured the largest contribution to
the sum. The position of this crystal then is used the Doppler correction.

The atomic background needs to be considered while performing <-ray spectroscopy
below about 400keV energy since it limits the observation due to overlapping ener-
gies. This is one of the major challenges, especially in Coulomb excitation experiments.
Since, at these small energies, the atomic background cross sections can reach several kb,
which is orders of magnitude larger than typical Coulomb excitation cross sections. The
low-energy <-rays are mostly caused by the atomic process called Bremsstrahlung, the
interaction between the incoming beam and target electrons. Materials with high atomic
numbers are generally used as a shielding to reduce the low energy atomic background
caused by X-rays and low-energy 7-rays. A reduction is caused by the attenuation of
-rays inside the shielding material. In the repeated experiments 1 mm Pb and Sn plates
were used as a cover around the beam pipe, where the reaction target was placed, and
the energy threshold for the y-ray detection was set to about 50 keV'.

The signal processing of the DALI2 array was performed as follows: During the exper-
iment, 184 Nal(Tl) were biased out of 186. No signals were obtained from the other
two detectors due to broken PMTs. The amplitude of the raw signal from the pream-
plifier of the PMT was measured to be around -1V with a 4 us rise time and 80 us fall
time. This signal was fed into a Caen N5688 model Spectroscopic amplifier. One of the
two outputs from here was fed into a Caen V785 ADC. The range of the ADC is set to
4000 keV corresponding to an amplitude of the signal fed into this ADC of 1 V. The other
output signal, from the fast output, was fed into a CAEN V812 CFD module. One of
the outputs from the CFD module was fed into a CAEN V1190 model Multi Hit Time to
Digital Converter (MHTDC) module to get the time information and the other output
was used to create the -ray trigger as all the signals were in logical OR condition.

3.4 Performed Experiments

A set of Coulomb excitation and inelastic reactions were performed to identify the B(E2)
values of 7279Kr, 7Br and ®Se isotopes. After the separation and particle identification
process in BigRIPS, these isotopes were delivered in-flight at relativistic energies and
bombarded onto a secondary target. A different Au and Be targets were used in order
to scatter these radioactive isotopes. The Au target was chosen due to high atomic num-
ber to increase the probability of electromagnetic excitation. The Be target was used
in order to increase the probability of nuclear excitation. The nuclear interactions can
result in the excitation of higher spin states while the electromagnetic interaction is lim-
ited to the low excited spin states.
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Table 3.2: Settings of the performed experiments.

Setting 1 Setting 2 Setting 3 Setting 4

Centered BR 72Kr 72Kr 7OKr 7Kr
Secondary Target Be 197 Au Be 197 Au
Centered ZDS TKr 72Kr "OKr 7OKr

Four different BigRIPS and ZeroDegree settings were used for the experiment. These
settings are listed in Table 3.2. In the first setting, 72Ky isotopes were centered in BigRIPS
and 7'Kr was centered in ZeroDegree to study the inelastic scattering and knock-out re-
actions with a 3.80(1) mm ?Be target. In the second setting, the 7>Kr isotope was centered
in BigRIPS and ZeroDegree for the Coulomb excitation on a 0.200(8) mm thick 197 Au
target. For the third setting, 7°Kr isotopes were centered in BigRIPS and ZeroDegree for
the inelastic scattering and knock-out reactions using a ?Be target. In the last setting,
the 7’Kr isotope was studied in the same way as the second setting, Coulomb excitation
on a 0.500(4) mm thick %7 Au target. The thicker Au target was chosen to account for the
limited beam time in order to increase the <y-ray yield. The drawback was an increased
angular straggling prohibiting a proper angular cut.

The number of the atoms/cm? in the target is calculated by,

pLNA

i (3.10)

Ntarget =
where L is the target thickness in mm, p is the target density g¢/cm3, N, is the Avogadro

number given as 6.02x10% atoms/mol and M; is the target mass in g/mol. Properties of
the targets that were used in the experiments are listed in Table 3.3.

Table 3.3: List of targets used in different settings.

Target Thickness Areal Density Niarget

[mm] [g/cm?] [atom/cm?]

197 Au 0.5 0.996 0.118x10%
197 Au 0.2 0.405 0.295x10%?
‘Be 3.8 0.703 4.623x10%

Inelastic scatterings were studied by gating on the same isotopes in BigRIPS and Ze-
roDegree Spectrometers. Additionally, knock-out reactions were performed mainly to
investigate excited states of 7°Kr and 7'Kr isotopes for the first time. All of the possible
reaction channels were studied in detail, especially the one or two neutron knock-out
from 72Kr and neighboring channels in the region. The content of this thesis includes
only the inelastic reaction channels from each setting.
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3.4.1 Trigger Configuration

In this section, the trigger conditions applied for the DAQ are explained. The trigger
is set to select a subset of events to be read-out from the detectors. Each detector in
the beam-line has an independent trigger made of a logical OR of time signals. In each
setup used for the experiments, the main trigger was created from the timing signals
of the plastic scintillators by feeding them into the logic coincidence module in AND
condition. As the main trigger, the F7 plastic signal was chosen. This signal was split
and sent to a rate divider to downscale (DS) it and create the F7DS trigger condition.
A downscale factor is set to improve the data collection by reducing the dead time of
the DAQ, since the counting rate in the BigRIPS part is much higher then ZeroDegree.
F7DS events were assigned as beam events and used to identify the number of particles
arriving to the secondary target. This scaling factor is set separately dependent on the
experiment and factors are given in the table at the end of this section. Before the F7DS
was created, the F7 signal was divided into two, and used to create the trigger from F7
and F11 signals as F7 x F11. Afterwards, the F7 x F11 signal was put in coincidence with
7 trigger from DALI2. This signal then creates the F7 xF11x y trigger. Trigger events
from DALI2 corresponded to at least one Nal crystal hit and the PPACs were not part of
any triggers and but they were recorded for each event. In this way, individual triggers
were combined to obtain the main trigger signal for the data acquisition system. With
the scaler module, the system dead time is calculated from the number of not gated and
gated events. The trigger rate was limited around the 1kHz in order to avoid large dead
time.

3.5 Monte Carlo Simulations

The Monte-Carlo simulation code for DALI2 was developed using the GEANT4 package
[72]. It includes the geometry of the DALI crystals, the beam pipe, absorbers, and the
target holder. The beam profile was additionally modeled to reproduce the experimen-
tal energy and angular emittance. Energy thresholds and resolutions of the individual
detectors were modeled from source measurements as well. The simulated data was
analyzed the same way as the in-beam data, as Doppler correction was performed. The
simulated transitions were obtained as a response function which was then fitted to the
experimental spectra to obtain the 7-ray yield. Performed Geant4 simulations are ex-
plained in detail in reference [73]. The simulation has three steps that considers different
physical processes. They are called Event Generator, Event Builder and Reconstructor,
respectively.

In the first part, the beam and target species are described as an input file in order to
simulate the interaction process. This input file includes the energy and the position
of the beam onto the target, species of the target and its thickness, energy loss of the
beam along the target, transition energy and the lifetime of the simulated excited state.
The target thickness and the lifetimes of the excited states effect the line shape of the
measured peak from the detected y-rays. The beam energy in front, and the energy loss
along the target was calculated using the ATIMA [74] code. The energy spread of the
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projectile was modeled using a Gaussian distribution to reproduce the experimentally
measured distribution. The first step of the simulation creates the Doppler shifted -
rays event-by-event and the simulated ejectile velocity at the time of emission.

After the simulation processes this information, in the second step, the DALI2 geometry
with respect to the target, resolution of individual detectors, thresholds and absorbing
materials such as housing, shielding and the beam pipe are included. An additional off-
set is added for the target position. This value is extracted from the technical drawings
of the F8 focal plane and the placed detectors, combined with the mechanical mea-
surements of the distances after mounting the beam-pipe and the target. The energy
resolution of the detectors is the experimentally measured intrinsic resolution of each
crystal. With all the given information, the detection of the emitted 7-rays is simulated.
The information of the beam-target interaction is taken from the first step and detection
of the emitted <y-rays from this interaction is simulated.

In the last step, the results are collected for the analysis procedure. It is done in the
same manner as for the experimental data. The Doppler correction is applied, different
add-back procedures are tested. Additionally, in this step the first interaction points are
also extracted from the simulation to be used in the analysis of the experimental data
as the geometrical center of each crystal. Precise polar angle determination is needed in
order to achieve a more accurate Doppler shift correction. Thus, the simulation results
were obtained in the same way as the experiment results. Finally, they were used to
fit with the experimental data to deduce the number of emitted 7y-rays and calculate
the cross-sections of the studied interactions. Obtained cross sections were then used to
extract the B(E2)1 values of relative transitions. This procedure is explained in Section 5
in detailed.

The response function of the DALI2 array for different y-ray energies are shown in Fig-
ure 3.7(a), and the decrease in the relative resolution is given as a function of the energy
of the emitted 7y-ray is shown in (b). Obtained values are in agreement with the mea-
sured values that are given in Table 4.6. Since the add-back procedure is also applied
both in the experimental data and in the simulation, its effect is represented here. The
simulation was used in order to test the add-back parameters such as add-back distance.
This procedure is employed to recover the scattered <y-rays from neighboring crystals
and increase the peak efficiency. In each event, energy depositions in multiple crystals
are summed within certain distances to recover additional full-energy 7 events. Figure
3.8(a) shows the effect of this procedure for different distances at an energy of 1000 keV.
Figure 3.8(b) shows the effect of the add-back procedure on the absolute photo-peak
efficiency depending on the energy of emitted y-ray. It increases for higher energies,
the comparison in the figure is done with 15cm add-back distance. It was optimized as
15cm, since the improvement in the photo-peak efficiency saturates and becomes less
significant in higher distances. Within this thesis, for the analysis of the y-rays, 15cm
add-back distance was chosen in all the steps. The consistency of the cross-section re-
sults is checked and approved for different add-back distances.

Finally, the simulations are benchmarked with the measured data in order to define the
agreement between them. More detailed information about the benchmark can be found
in Section 4.5.2.
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Figure 3.7: a)Comparison of simulated spectra for 10° emitted ~y-rays at different energies. The red
distribution shows the emitted ~y-rays with 500 keV energy, purple is 1000 keV, blue is 2000 keV and green
is 3000keV. b)Simulated y-ray peaks with DALI2 array show a decrease in the resolution depending on
the energy.
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Figure 3.8: a)Simulated results shows that the photopeak efficiency changes with different add-back dis-
tances. Red distribution is for the 15 cm, yellow is for 10 cm and purple line is for 5 cm add-back distance.
b) The absolute photo-peak efficiency comparison is shown with and without add-back as a function of
emitted «y-ray energy. Add-back distance is chosen as 15 cm.



4
Data Analysis

In this chapter the data analysis procedure is explained in detail. As a first step, the
energy, position and time calibration of each beam-line detector is performed which
enables the energy loss, position and time-of-flight information of each particle. Selec-
tion and identification of the ions in the beam cocktail are done on an event-by-event
basis, using the Bp - AE - ToF method. The atomic number of the particles is deduced
from the AE - ToF relation, while A/g, the mass to charge ratio, is determined using the
magnetic rigidity Bp. Following this, various gates are applied in order to reject back-
ground events, and the particle identification resolution is improved by correcting for
trajectory dependent effects. In order to measure the reaction cross section, the number
of detected particles in ZDS has to be identified correctly considering the efficiency and
transmission losses along the beam line. Therefore, transmission rates are identified for
each selected isotope. For the determination of the differential cross section, the scatter-
ing angle of the excited particles at the target is reconstructed using a set of PPACs. In
this chapter, the Cartesian coordinate system x,y,z is used such that z is defined as the
beam axis, x as horizontal line with respect to the beam direction and y as the vertical
axes.

Firstly, energy and time calibrations are performed. Doppler correction is applied to
obtain the energy of the emitted <y-rays taking into account the velocity of the excited
particles in-flight. Finally, Monte Carlo simulations are performed and the response
function is used to fit the experimental y-ray spectra. The simulations are benchmarked
with the measurements by studying the efficiency of the system. The final numbers
are then used to extract the Coulomb excitation and inelastic scattering cross-sections in
Chapter 5.

4.1 Particle Identification

Particle IDentification (PID) is necessary to choose the isotope of interest in order to
analyze a certain reaction channel and to define the number of incident particles on the
target. In the BigRIPS and ZeroDegree Spectrometers the same identification method is
used for the incident and scattered beam particles [75]. Trajectory reconstruction of the
beam is performed using the positions and angles of the fragments deduced from the
Bp measurement performed by the position-sensitive PPACs, velocity of the particles are

45
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determined using the plastic scintillators and Z information is from ionization chambers.
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Figure 4.1: Schematic view of BigRIPS (blue part) and ZeroDegree (green part) Spectrometers, indicating
the detectors used in each focal plane and the secondary target position.

The location of these detectors along the spectrometer is shown in schematic diagram
in Figure 4.1. Detailed information about the usage of these components is given in
following sections.

4.1.1 Position Determination

Position measurements were performed using the PPAC detectors that is explained in
detail in Section 3.2.1. Along the beam line, PPACs are placed at the F3, F5, F7 focal
planes of BigRIPS and the F8, F9, F11 focal planes of ZeroDegree and are used to track
the beam along the spectrometer.

To extract the position information, the cathode strips are configured in x directions
for the front plate and y direction for the back plate (section 3.2.1). The two dimensional
hit position is deduced from the time differences of these signals. The signals from the
cathode are named T,
particles are extracted from the following formula;

Ty, and Ty, ., Ty, The (x,y) position information of the

TXright - TXIefr

X = Cy
2

+ Xoftset (41)

y= Cyw + Yoftset (4.2)
where cy, ¢, are the coefficients from the delay-line used for time to length conversion
and Xofsset, Yoftset are the offsets that have to be taken into account to correct the arbitrary
position with respect to the central trajectory. When there is a single hit on a PPAC, the
sum of the time signals from left and right should have a narrow distribution, while the
multi hit events would lead to smaller entry values compared the single hit ones. The
deviating events can be removed from the analysis by applying a gate on the sum of
these signals:

Tsumx = Tx,ight + Txleﬂ (43)



4.1 Particle Identification 47

|

10°

Counts

I IIIIIII

10*

| IIIIIII

10°

lIIIl

| .

" - P - L PRI BTSN § | SR N |
150 155 160 165 170 175 180 185

i PR |
190

195 200

TSumX

Figure 4.2: The example of Tsyn, [mm] from PPAC2A at focal plane F3 with the applied gate. The same
procedure is applied also to Tgym, signals.

Toumy = Ty, + Ty (4.4)

down

The signals are gated in order to reduce the background and the noise in the PPAC. All
the signals from each plate are gated with a width of 3 ¢ -4 ¢ around the centroid of the
peak as shown in Figure 4.2.

The efficiency of a PPAC depends on the atomic number of the isotopes. For this ex-
periment, all of the efficiencies are calculated for the Z=36 mass region. They are
determined for each focal plane. Each focal plane has two double PPACs that enable
measurement of the incoming angle of each individual ion, see chapter 3.3. In order
to get the best efficiency at each focal plane, two PPACs are used in the OR condition.
Each PPAC plate in a certain focal plane is considered as one PPAC and one hit in any
plate is considered as a signal in this focal plane. The PPAC efficiencies are calculated
by dividing the number of counts in each PPAC by the total number of triggered events
in the ionization chamber that is placed at the end of each spectrometer. The efficiencies
that we obtained during the experiments are given in tables in Appendix A.1 for all the
focal planes. As it is seen in these tables, there is one PPAC plate with zero detection
efficiency. This PPAC was turned off during the experiment due to too high beam inten-
sity. Figure 4.3 shows the position of the 7Kr beam particles, gated in BigRIPS and ZDS,
at each focal plane for a single run together with the number of ions passing through.
These numbers agree with the efficiencies of the PPACs and the width of the beam at
each focal plane is consistent with the applied slits.

4.1.2 ToF Measurement

The ToF was measured with plastic scintillators placed along the beam line to determine
the velocity of the particles, B, using equation 3.7. Besides measuring the time-of-flight,
the plastic scintillators at F7 and F11 are also used as the trigger for the data acquisition.
In the data analysis, the ToF information is extracted using the focal planes F5 and F7
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Figure 4.3: Horizontal positions (in mm) in the F3, F7, F8, F11 achromatic and F5, F9 dispersive focal
planes for the 7°Kr projectile and ejectile. The number of particles at each focal plane is indicated on the
right top of the figures. Red dashed lines show the slits that were set at these focal planes.
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for BigRIPS and F8-F9 for ZeroDegree by the following equations:
ToFpr = Tr7 — Tr3 + TBRoffset (4.5)

ToFzp = Tr11 — Ts + Tzpoffset (4.6)

An absolute correction is done by matching the corresponding known A/j of the relative
isotope to the nominal value. This additional time offset is introduced to correct for the
unknown delays that are caused by the electronics and different cable lengths.

The efficiency of the plastic detector placed at F7 is assumed to be 100 % since it de-
fines the trigger events. Then, the relative efficiency is determined for the other plastic
detectors corresponding to the one at F7. The number of gated events in each plastic
detector is divided by the number of events in the reference detector. The total effi-
ciency for particles reaching F11 at the end of the ZeroDegree spectrometer is found to
be 99.99 %.

4.1.3 Atomic Number Determination

The atomic number Z is determined from the energy deposited in the ionization cham-
ber and the velocity of the particles is extracted from the ToF measurement. A Gaussian
fit to the data is performed to obtain the uncalibrated channel numbers. A linear calibra-
tion is performed between these ADC channels of the TEGIC spectrum and the known
Z values of the isotopes, taking the energy loss into account. The same procedure was
applied to all settings. After the calibration, a remaining dependency of Z on B was
observed. A linear fit was performed to remove this dependence. Figure 4.4 shows the
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Figure 4.4: The corrected velocity dependence of Z in TEGIC placed in the ZeroDegree Spectrometer and
the dependence before the correction is shown in the red box on left bottom.
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relation between Z and ToF before and after this correction for each isotope in ZeroDe-
gree. The same procedure was applied also for the BigRIPS part. After this correction,
the sequence of the ions in the final PID plot, with same Z and different A/g value, were
aligned.

The ionization chamber efficiency was determined in a similar way to the plastic ef-
ficiencies. For the TEGIC in F7, the number of events passing each cathode plane was
divided by the total number of triggered events passing through the ionization chamber
with the trigger condition F7DS. For the IC at F11, it was determined in a similar way
by considering the trigger conditions F11 and F7. At the end, it was concluded that F7
IC has 99.88 % efficiency while F11 IC has 99.91 %.

4.1.4 Particle IDentification (PID) of Ions

After the calibration of particle detectors along the spectrometers, the particle identifi-
cation (PID) can be performed. As the PPAC efficiency at F3 was lower than the rest,
different sets of focal planes were tested in the BigRIPS section. For the F3-F7, F5-F7
and F3-F5 distances, PID plots were constructed and the number of particles detected
passing through these focal planes were compared. Due to the low PPAC detector ef-
ficiency at the beginning of the BigRIPS spectrometer, the F5 and F7 focal planes were
chosen to increase the number of detected particles and the resolution of the position
determination. By eliminating the F3 focal plane from the PID, the number of detected
particles were increased by only 2 % compared to the case that it was included, but the
resolution of the A/g was improved by approximately 30 %. The resolution was obvi-
ously affected by the damage in the PPAC placed at F3 focal plane, caused by the high
intensity of the particles.
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Figure 4.5: A/q position dependence at the F11 focal plane.

For the ZeroDegree spectrometer, the F8-F9, F9 - F11 and F8 - F9 focal planes were tested
for the analysis of the ejectiles. The difference in the total number of particles between
choosing different focal planes in ZeroDegree was around 1 %. The losses along the Ze-
roDegree were mainly caused by the creation of charge states. These charge states with
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different Z and A/q values are created while an ion passes through the materials located
along the beam-line. The best efficiency was obtained using the F8-F9 focal planes to ex-
tract the PID information. In addition, PPACs at F8 are used to construct the scattering
angle of the ejectiles and thus rendering the particle identification at F8 crucial.

After the calibrations, further corrections are needed to improve the Z and A/g reso-
lutions. The A/q value of each ion has to be independent of the measured angles and
positions. To remove any dependence, optical corrections are applied as follows. The
A/q value is plotted versus the angle A and position X at each focal plane for a set of
isotopes. As an example, Figure 4.5 shows the F11 position versus the A/g value for the
Kr isotopes, (a) position dependencies on measured A/g and (b) after these dependen-
cies are removed. In order to remove these dependencies, the profile in (a) is fitted for
the isotopes of interest with a polynomial function up to 3rd order in order to obtain the
correction parameters. Using these parameters, the position and angle dependencies on
A/q is removed and the resolution improved at this focal plane around 36 % depending
on the chosen isotope. Figure 4.5(b) shows the F11 position against the A/ value after
the correction is applied. The corrections can only be optimized for one particular iso-
tope, and therefore have to be done individually for different mass regions. Figure 4.6
shows this improvement on the A/g resolution at F11 focal plane, before (red line) and
after (green line) the corrections for the production from 7>Kr beam.
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Figure 4.6: The A/q resolution was improved by around 36 % after corrections on angle and position
dependence. The plot shows the A/q of values measured Z =36 isotopes before (red line) and after (green
line) these corrections.

After all these corrections were applied to the data, a gain shift was observed in A/g
and Z values among the different runs. The shift in A/j is caused by a voltage change
in the plastic scintillators, while the shift in Z values is due to pressure changes in the
ionization chambers. These fluctuations in the TEGIC are mainly correlated with the
varying temperature of the gas. The gain shifts were corrected by adding an additional
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Figure 4.7: Fiqure a shows the gain drift in Z values and figure b shows the gain drift in A/q. The red
dashed line indicates the distribution after the correction.

offset value in the calibration. Figure 4.7 shows the Z and A/g values measured for "'Kr
before the correction as a function of run number. All the data points were then shifted
to the real values, shown as red dashed line. Larger fluctuations are due to the low
statistics in the relevant run.
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Table 4.1: The A/q and Z resolutions for the particle identification of "°Kr

0z UA/q
BigRIPS 0.15 (1) 0.0124(3)
ZDS 0.13 (2) 0.0351(3)

Obtained Z and A/g resolutions for the BigRIPS and the ZeroDegree spectrometers are
given in Table 4.1. The uncertainties on the resolutions are the standard deviation of the
measured resolution among different isotopes. The values given in the table are for the
7OKr on Au setting. The procedure was applied for all the settings individually.
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Figure 4.8: The A/q versus Z particle identification plot of Coulomb excitation setup. In the left side
BigRIPS and on the right side ZeroDegree PID plots are given.

Finally, after multiple corrections, in order to achieve a good resolution in the PID plots,
final gates were applied to chose the proper reaction channels. In Figure 4.8, typical PID
plots for the Coulomb excitation experiments are shown. In plots a and b, 7°Kr, 7°Br
and %8Se were selected as an incoming beam and followed by the same channels as an
outgoing beam after the Coulomb excitation with the 0.5mm thick 1%/ Au target. Plots
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Figure 4.9: The A/q versus Z particle identification plot of the inelastic reactions setup. On the left side
BigRIPS and on the right side ZeroDegree PID plots are given. The figures illustrate the full set of isotopes
in these spectrometers.

c and d show the setting centered on 7?Kr for the Coulomb excitation with the 0.2 mm
thick Au target. In Figure 4.9, typical PID plots for the inelastic scattering of the same
isotopes on a Be target is shown.

The applied gates were used in order to identify the number of incoming and outgoing
particles in BigRIPS and ZeroDegree, with certain trigger conditions. This is impor-
tant to calculate the cross sections for the respective reaction channels with y-rays in
coincidence. The number of particles in these gates was checked with the F7DS trig-
ger condition and multiplied by the downscale factor. These numbers are given in the
Table 4.2 for each setting. The first column shows the isotope gated as incoming and
outgoing, the second one shows the type of the target, in the third column, the number
of incoming particles is shown, multiplied by DS factor and the last column shows the
number of outgoing particles with F11 trigger request, which could arrive up to the end
of ZeroDegree Spectrometer, F11 focal plane.




4.2 Scattering Angle Determination

55

Table 4.2: The number of selected isotopes of an incoming beam on the secondary target Npr and the

number of outgoing particles Nzp.

Isotope Target Npg [10°] Ngzp [10%]
Kr  YAu  31.334(56)  55.185(74)
7OKr Be  12.706(50)  6.099(25)
Br  YAu  177.97(13)  269.98(16)
7OBr 9Be  1292.53(51) 631.39(25)
8Ge  197Au  1821.11(43) 852.75(53)
68Se Be  400.45(28) 186.88(14)
72Kr  7Au  1572.35(69) 1043.41(32)
72Kr Be  1757.72(94) 423.09(21)

4.2 Scattering Angle Determination

In Coulomb excitation experiments performed at intermediate energies, the cross-section
for the excitation is a superposition of nuclear and electromagnetic contributions. The
type of the interaction can be roughly distinguished by their scattering angle depen-
dence (see Figure 2.6). Depending on the resolution and the angular straggling that is
caused by the target thickness, these distributions are smeared out and may become not
sensitive to the type of the interaction. In this case, a cut on small scattering angles, as
done in other experiments is not enough to eliminate the nuclear excitation [5]. Ideally,
a cut can be applied to a certain angle during the analysis to minimize the contribution
of the nuclear excitation. Nevertheless, a theoretically calculated angular distribution
has to be convoluted with the experimental resolution and the angular straggling.

In this section, the scattering angle reconstruction of the scattered particles is explained.
The scattering angle of the particles is also needed to determine the differential cross
section. As discussed before, the 7-ray spectrometer is placed around the secondary
target and three PPACs are used as tracking detectors. The two PPACs are placed at the
F8 focal plane, in front of the target, are used to track the beam and one PPAC that is
placed behind the target is used to determine the scattering angle of the ejectiles.

The mechanical alignment of the PPACs was checked before the experiments with a
laser alignment system. The system was set to reproduce the beam axis, and the PPAC
behind the target was centered according to the laser spot. A schematic view of the
PPAC positions and the target is shown in Figure 4.10. A further correction was needed
for an accurate determination of the projectile direction of the particles. The angles of
the incoming beam are calculated from the beam going through the PPAC1 and PPAC2
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via the relation:

dX
0, =tan"! Z— 7 (4.7)

LAY
7> — 74

0y = tan™ (4.8)

The two PPACs before the target were placed at -1273 mm and -773 mm, the target was
placed at 131 mm, and the third PPAC was placed behind the target at 1026 mm, where
O0mm corresponds to the nominal focus. An empty target run was used to correct the
alignment of the PPACs. The incoming trajectories are extrapolated to PPAC3 to align it
with respect to the other two. For the production runs, with the target, the information
from PPAC1 and PPAC2 is used to determine the x and y position at the target by
extrapolating the hit positions at the FSPPACs. Setting Z;,, as the middle of the target,
the X and Y positions are given by:

Ztar - Zl
Xiar = X4 +dX ————— 49
tar 1+ Z2 — Z1 ( )
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Yiar =Y1 +dY ———— 4.10
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Figure 4.10: A schematic view of the scattering angle reconstruction of the ions using PPAC detectors
located at focal plane F8.
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Figure 4.11: Scattering angle resolution for "OKr isotope was determined using the empty target case,
by gating on the "°Kr isotopes in BigRIPS and ZeroDegree Spectrometers. The red line shows scattering
angle distribution, while the purple dotted line is fit to the data.

The scattering angle of the isotopes is then calculated event by event from:

ab
lal|b|

cosf = (4.11)
where the 0 is the scattering angle, 7 is the direction of the incoming particle before the
target and b describes the direction of the outgoing particle after scattering off the target.

Determination of the scattering angle is important since it is related to the type and
magnitude of the interaction. As explained before, the setup that was used in this ex-
periments was not sensitive to this purpose, however it can be used for the high statistics
case to measure the angular distribution and the angular transmission. The experimen-
tal scattering angle of the ion of interest was studied by gating on the specific isotope
with both in BigRIPS and ZeroDegree Spectrometers. For each case, the angular resolu-
tion, og, was determined to be around 2 mrad. Figure 4.11 shows the obtained scattering
angle distribution for 7OKr with empty target case. During the experiment, the scattering
angle is smeared by the angular straggling, s in the target. This contribution was de-
termined for each case by using ATIMA calculations. For each ion-target combination,
obtained straggling is listed in Table 4.3. The effect of the target thickness on the angular
straggling is clearly visible between the listed values.
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Figure 4.12: Calculated nuclear and electromagnetic differential cross-sections are convoluted with the
angular resolution and the angular straggling.

Table 4.3: The measured angular spread with target os are obtained by ATIMA calculation while the og
values are the scattering angle resolution with the empty target case.

Target  Empty Be Au
or [mrad] og[mrad] og[mrad]

70Kr 1.92(2) 2,97 10.9

68Ge 2.06(1) 2.90 10.7

7OBr 1.94(1) 2.99 11.0

72Kr 1.42(1) 2.81 5.95

The calculated scattering angle distribution has to be corrected for these experimental
limitations in order to be comparable with the experimental data. This correction was
performed as the convolution of the theoretical distribution. The final angular distribu-
tions shown in Figure 2.6 are convoluted with this angular resolution and the straggling,
and the result is given in Figure 4.12. As it is seen, after convolution, the angular distri-
butions of nuclear and Coulomb excitation completely overlap, such that a gate on the
scattering angle cannot be used to discriminate between the two interactions.
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4.3 Particle Transmission through the Spectrometer

The transmission of the particles along the spectrometer can be affected by several rea-
sons. In order to determine the cross section, particle losses along the spectrometer have
to be determined. These are caused by the limited efficiency of the detectors, reactions
in the detector materials, target or beam-line materials, angular and momentum accep-
tance of the spectrometer. Depending on the detector efficiency, the particle may not
be counted even if it was transmitted. Particle detector efficiencies €;,; are determined
individually and values are given in Section 4.1.

The transmissions are determined by applying a cut to each isotope in BigRIPS and
ZeroDegree. Each effect that can cause a loss in the particle transmission is studied
separately. Taking into account all contributions, the transmission can be formulated
with a relation between the number of particles in BigRIPS, Npg, €4+ and the number of
particles in ZeroDegree Nzp:

Nzp = NBREget€ZDEtar (4.12)

where €zp accounts for the transmission efficiency in the spectrometer and €, is for the
efficiency through the target.

To identify the count rate effect caused by the beam-line detector efficiencies and the
collisions with the detector materials, the ratio of the number of particles counted in
BigRIPS and ZeroDegree is taken with the F7DS trigger condition. The losses in the de-
tector material are determined with the empty target run. The momentum acceptance of
the ZeroDegree spectrometer can be seen by plotting the distribution in the dispersive
F5 focal plane as shown in Figure 4.13.a for 7’Kr. A 94 % of the ’Kr nuclei are transmit-
ted from F7 to F11.
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Figure 4.13: Comparison of the transmitted "OKr isotopes along the beam line before and after the target
is shown in the figure left and right, respectively. The red distribution shows the transmitted particles in
BigRIPS while the yellow one shows the transmitted particles in ZeroDegree.
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Figure 4.14: Ratio of the number of particles from ZeroDegree and BIGRIPS. The left plot is for 7°Br
reacting with the Be target and the right plot shows the case of "°Kr reactions with a Au target. The
difference for the centered and not centered isotope is clearly seen.

The transmission depends on the gated isotope. To determine the losses caused by
reactions with the target, the same procedure was repeated with the target runs and
the rate was determined as 84.6 % for ’Kr. The difference between the two cases is
caused by the reaction with the target. Hence, the most important contribution to the
transmission comes from losses in the target. The effect is shown in Figure 4.13.b, with
the projection of the beam taken from the F5X focal plane. The red distribution shows
the transmitted particles in BigRIPS and yellow shows the one with the gate on BigRIPS
and ZeroDegree.

The losses caused by the reaction with the materials along the beam-line or by the effi-
ciency of the detectors do not depend on the position. The dependence on the position
comes from the transmission of the spectrometer. In general, less transmission occurs in
terms of emittance at the edges of the beam spot, as the beam is more dispersed and not
all the isotopes were centered in the spectrometers. The transmission can be corrected
by determining the loss fraction as a function of the dispersive position. An empirical
function is fitted to the distribution to evaluate the losses. Figure 4.14 illustrates this
procedure for 7°Br and 7’Kr isotopes in plots a and b, respectively. The "’Kr isotope
was centered in BigRIPS and ZeroDegree but "°Br was not. Therefore, one can judge the
difference in both cases. As can be seen, for the 7°Br case, the ratio is constant for about
60mm on the top and then drops down at the edges. The constant part represents all
losses which are not dependent on the momentum, angle and the position, which is the
result of €4, and €, The deviation is then due to the transmission of the spectrometer.
This deviation differs depending on the chosen isotope. For the isotopes centered in
BigRIPS and ZeroDegree, this effect is not observed.

The transmission has to be taken into account to get the absolute value of the cross
section. The values representing the overall transmission factors, are obtained for all of
the reaction channels and are studied individually with the F7DS trigger condition. The
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numbers are listed in Table 4.4.

Table 4.4: Total transmission for selected isotopes in different settings, including all contributions to

losses along the spectrometer.

Gated Isotope Target Transmission [%]
70Kr 197 Au 84.6(2)
7OKr °Be 80.1(6)
70Br 197 Au 78.8(1)
70Br 9Be 83.31(4)
68Ge 197 Au 83.36(4)
8Ge ‘Be 79.51(8)
72Kr 197 Au 90.5(1)
72Kr ‘Be 82.73(6)
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Figure 4.15: Angular acceptance of the ZeroDegree Spectrometer measured for gated 7> Kr beam particles.

In order to study the angular acceptance of the spectrometer, position dependent and

non-dependent effects have to be determined separately. Only with position dependent

effects, the transmission is expected to be 100 % at the center of the beam. It is assumed

that the deviations through the larger angles are caused by geometrical reasons. The

acceptance of the spectrometer depends on the momentum, position and angle of the
particle. In order to determine the angular acceptance, the ratio of the particles in ZDS

and BigRIPS is taken and corrected with the non-position dependent factors. The an-

gular acceptance of the spectrometer is plotted as a function of the scattering angle in

Figure 4.15. This deviation can be used to correct cross sections for the events at the
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corresponding angle.

4.4 Velocity Determination of the Particles

Determining the beam particle velocity, B, in an accurate way is essential as it is used for
the Doppler correction of the measured <y-ray transitions. The  value can be extracted
from the experimental data by using the ToF and Bp (see section 4.1.2), then the energy
loss in the target is calculated by the ATIMA code and inserted in the simulations to
determine the B at the moment of decay.

It is not possible to precisely measure the real B value at the moment of decay. Nev-
ertheless, it can be estimated in BigRIPS, before the target and in ZeroDegree, after the
target, from the experimental data using the ToF detectors. However, after the particle
is measured by the ToF detectors in ZeroDegree, it may undergo multiple scatterings in
the thick target or extra energy losses along the beam line may occur. In this case, the
ToF value will differ from its actual value, which results in giving a lower energy of the
particle in the moment of decay. Conversely this value measured in BigRIPS would be
higher than its real value since there are more energy losses after the plastic detectors.
The experimentally determined p is deduced by using the empty target runs and con-
sidering the value measured in the ZeroDegree Spectrometer that corresponds to the
centroid of the Gaussian velocity distribution. The energy in front of the target is then
extracted from this information and used in the DALI2 GEANT4 simulations where the
energy loss factors along the target are introduced from the ATIMA parametrization.
The input parameters for the ATIMA code are the charge Z and mass A of the fragment,
its initial kinetic energy in front of the target, and the thickness of the matter which
causes energy loss. This then returns the fragment kinetic energy after passing through
the target and enables one to calculate the corresponding velocity. However, the calcu-
lated value corresponds only to the centroid of the fragment velocity distribution. In the
simulations, the interaction process was simulated and the  value before the interac-
tion, By, real value at the moment of interaction, f,, and value after the target, B,, was
determined.

However, the accuracy of the B value is limited by the lifetime of the excited state since
the decay may occur at different positions, therefore the velocity varies and it is not pos-
sible to estimate the exact position of the particle in the moment of decay. The emission
position of the y-ray is usually taken as the center of the target. A thicker target enlarges
the uncertainty on the interaction position. When the lifetime of the state is long, such
that it can travel longer than the width of the target before it decays, the measured y-ray
peak becomes broader and leads to a low-energy tail.

In Figure 4.16, B distributions obtained from simulations before, at the moment of decay
and after the target are shown. On the right plot, in order to show only the velocity
change along the target, lifetime effects are eliminated by choosing the half-life of the
excited state, t;,, =0. In this case, the beta distribution directly relates to the interaction
probability distribution along the target thickness. The left plot shows the beta distri-
bution when a non-zero lifetime is considered, when most of the decays occur after the
interaction moment. In this figure, around 10 % of the events decay along the target and
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Figure 4.16: Simulated B values before, after and at the moment of decay is shown. In the right plot t1 /»
effects are eliminated by taking it to be zero. In the left plot, t, ;5 >0 (3.1ps for 27 state of ">Kr) therefore
the most of the particles after interacting will travel through the target, before they decay.

the remainder decay afterward.

For the data analysis, the Doppler correction was performed by using the S, value.
B values for different isotopes are given in Table 4.5.

Table 4.5: The energy of corresponding isotopes in front of the target and obtained B values.

Isotope ZKr  %Kr  7Br 68Se
Eieidont (MeV/u) 17006 16778 161.70 164.295

197 Au target

B 0.50 0.46 0.45 0.46
9Be target
B 0.48 0.48 0.47 0.47

4.5 The Analysis of the Emitted Gamma-Rays

Gamma rays carry information about the arrangement and ordering of excited states in
the nucleus. Therefore, the detection and subsequent analysis of the emitted gamma
rays is a key component of this study. To undertake this, several steps have to be consid-
ered, starting with an energy calibration and efficiency determination of the gamma-ray
detection array, and subsequently extraction of the intensity of the y-ray lines of interest.
The steps of these processes will be discussed in this section.

4.5.1 Energy Calibration

The energy calibration for the detector electronics was performed using several v-ray
sources with different energies which cover the range of interest within these experi-
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ments. The standard reference sources that were used are #Y which emits 7-rays with
two different energies, at 898 keV and 1836 keV/, 137Cs at 661 keV and ®°Co has two tran-
sitions with 1173keV and 1332keV. The calibration measurements were performed by
placing each source inside the 4 7t DALI2 array, on the beam-pipe, close to the detectors
to collect enough statistics. Data was taken for 30 minutes depending on the source
activity to obtain a sufficient level of statistics, during which the DALI2 detectors were
run in self-trigger condition. The energy calibration was done by converting the cor-
responding ADC channels to the known source energies. Each ADC input has 4096
raw channels which corresponds to an approximate 5 MeV energy range. The centroid
channels of the peaks were identified for those known energies by fitting the spectra
individually with proper fit function depending on the shape of the peak and the shape
of the background. For an accurate line shape description of the peaks, a Hyper-EMG
function (Hyper-Exponentially Modified Gaussian function) which can accommodate
multiple exponential tailings of different strength on both left and right tails of a Gaus-
sian was used [76]. Then, the channel to energy conversion was done by defining these
conversion factors and offset parameters with a linear fit. The statistical uncertainty was
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Figure 4.17: The energy spectra for a 88Y source as a function of the detector number.

taken into account to determine the error. The calibrated energy spectra from DALI2
detectors are shown in Figure 4.17 for a 8Y source. Detectors placed upstream at the
beginning of DALI2 may have worse energy resolution due to possible radiation dam-
age from incoming particles, detector ID 168 and 186 were not used and the ID 10 had
a poor energy resolution such that y-ray peaks were unresolvable.

The accuracy of the calibrated peak positions was checked for each source individually.
The difference between the measured and known energy values of each transition was
determined. This relative deviation in the energy, JE,,;, is defined by:

|Et — Em|

‘SErel = Er

(4.13)
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where the Er is the known excitation energy from the literature and the E, is the mea-
sured energy. The deviations among different detectors are represented in Figure 4.18,
the measured and tabulated energies are listed in Table 4.6 together with the global en-
ergy resolutions. Most of the detectors showed a consistency within ~ 2 %. Four of the
detectors showed a higher difference. They were removed from the analysis, and for
consistency disabled in the simulation.

Table 4.6: Deviations between the calibrated energies and reference energies measured with the DALI2

y-ray detection array.

Source Energy Measured Energy Resolution
[keV] [keV] [%]
137¢Cs 661 660 (1) 9.6(1)
0Co 1173 1173 (2) 7.6 (2)
1332 1332 (3) 71(2)
8y 898 898 (1) 8.48 (8)
1836 1834 (4) 6.24 (6)

The number of the photons created in the scintillation material depends on the energy
of the -ray absorbed by the detector. Therefore, the resolution of the photo-peak is
affected by the energy of the y-ray with the following equation:

FWHM = a x E? (4.14)
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Figure 4.18: Energy difference between the measured and tabulated values of the source transitions. Red
data points indicate the 898 keV emission of the 88Y source, while the green ones for the 662 keV emission
of '37Cs and blue ones are for the 1332 keV emission of the ®°Co source.
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a and b parameters are identified for each detector by fitting the data points and the
results are used as an input file in Monte Carlo simulations where the detected energy
is smeared with a Gaussian resolution function for a realistic comparison with the data.
Figure 4.19 shows the energy resolution in sigma () as a function of energy where the
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Figure 4.19: The dependence of the resolution on the energy for detector ID 65.

Full Width at Half Maximum (FWHM) is 2.355¢. The blue solid line is a fit to the data
points according to equation 4.14. The plot is obtained for detector ID 65, all the other
detectors of the array also showed similar results.

The overall energy resolution of the system is a combination of the resolutions of all
individual detectors. The detectors with a poor energy resolution or high gain shift
were removed in the off-line analysis steps as to not affect the result. At the end, adding
all correctly functioning DALI2 detectors, the observed peak positions from the refer-
ence energies could be reproduced within a few keV. The example of the fits that define
the global energy resolution of the DALI2 array is shown in Figure 4.20 for all calibration
sources.

4.5.2 Full Energy Peak Efficiency

It is crucial to benchmark the simulations with the measurements to verify that they are
compatible. Indeed, in order to determine the exclusive cross sections for the inelastic
scattering channels, the number of emitted y-rays has to be determined and this infor-
mation is extracted by fitting the measured energy spectrum to the simulation. This
verification is performed by determining the efficiency both for measurement and sim-
ulation.

The detection efficiency is a measure of the fraction of radiation that a given detector
can detect from the overall yield emitted from the source. The number of emitted «y-rays
can be determined from the source activity, the measurement time and the branching
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Figure 4.20: The energy spectra from different sources with background contributions including all the
DALI2 detectors. Applied Gaussian fits are shown in the figures. The red lines correspond to the fit to the
peaks, green lines are the fit for the background and blue lines are the final global fit.

ratio for the emission. The detector can measure the emitted y-ray depending on the
geometry and live time of the data acquisition system. In order to eliminate geometrical
detection effects, the sources used to calculate the efficiency 0Co, 1%7Cs and 88Y were
placed at the target position to measure the efficiency. The efficiency of the DALI2 array
is then calculated with the formula:

Ymeasured Ydet

EDALD = (4.15)

Yemitted  AteéLiveTime
€LiveTime 1S the ratio of the accepted trigger with respect to the free triggers from the
acquisition and accounts for the dead time of the DAQ, yg4et is the number of measured
7-rays in the integral of the peak, t is the measurement time and A is the activity of the
source. All the measurements for the efficiency runs were taken in DALI2 self-trigger
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mode. The number of emitted y-rays can also be identified using another technique
called the -y coincidence technique. In this method, the calculated efficiency is in-
dependent of the dead-time of the data acquisition system, and the activity of the ra-
dioactive source. The -y technique requires at least two different -rays emitted in
coincidence, therefore it is applicable only for the ®Co and %Y sources. The <y-rays
decaying in coincidence belong to a cascade, and each transition was gated on individ-
ually. Then the other member of the cascade is fitted to determine the integral of the
-ray peak that is in coincidence with the first one. Finally, the ratio of the number of
7-rays in the projected and gated 7y peaks is taken. The same procedure can be applied
the other way around. In order to identify the efficiency from measurements, both tech-
niques are used and will be presented in this section.

During the measurements, a lot of unwanted background was present which stems
from ! Ar that was produced at the primary beam reaction target. This radiation pro-
duces two <y-ray lines at 491keV and 1294 keV. Since the 1294 keV line is close to the
9Co lines in the produced spectrum, it is challenging to identify the efficiency in this
energy region. Therefore, three background measurements were taken at different times
in order to study this effect and subtract it properly. In Figure 4.21 all the source runs
and the background runs are shown. For better comparison, the spectrum is given in
logarithmic scale in y axis and all the measurements taken with different sources are
time scaled. The decay of ! Ar into *°K was studied in order to identify the activity
at the moment of the ®*Co measurement. Using the well know activity formulas, the
decay curve of the radioactive background was extracted. The value obtained for the
1294 keV transition was found to be consistent with the 109 mins value from literatures
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Figure 4.21: Overlay of the spectra from different sources and the different background measurements
taken at different times in order to study the activity of existing background.
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Figure 4.22: Decay curve of the radioactive background contaminating the ®°Co transitions. The back-
ground at the moment of the source measurements was identified since the background intensity varies
due to the decay. Then the background subtractions are applied to each run individually.

[77]. The activity of this background line was calculated for the time period of the
%0Co measurement. An artificial background peak was then created using the known
shape parameters from the background run and intensity from the calculated activity
and used for the background subtraction procedure. In Figure 4.22 the decay curve
is shown for the 1294 keV transition, indicating the activity at the moment when the
data for ®°Co was being collected. Another high background radioactivity that affects
the efficiency measurements appears at 491 keV, close to the 622 keV transition from the
137Cs source. In this case, the Background 2 measurement (see Figure 4.21) was directly
subtracted from the 13’Cs source spectrum since no significant change in the activity of
the background was observed during these two different measurements. Additionally,
all the other background contributions were subtracted from the affected source spectra
individually. Finally, the number of detected <y-rays were identified by fitting the source
spectrum with a proper fit function. Using equation 4.15, the measured efficiency of the
DALI2 detector array was determined.

The -y technique was also used in order to determine the efficiency independently
from the DAQ system. The applied procedure, as explained above, is shown in Figure
4.23.

The efficiency measurements were simulated to create the same experimental condi-
tions. 10° «-rays were simulated and the efficiency was extracted by fitting the response
function, in the same way it was done for the source measurements. The integral of the
counts under the peaks was taken to determine the number of detected 7y-rays in the
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Figure 4.24: Comparison of the simulated and measured efficiencies from two different methods.
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simulation. Comparable results were obtained from each method, within uncertainties,
as shown in Figure 4.24. Hence, the simulations are verified and they can be used in
order to reliably extract the cross sections of the performed experiments. The error bars
indicate the statistical uncertainty of the detected radiation intensity of each source. The
deviation of the simulated efficiency from the measured one was calculated for all the
sources. The error of the detection efficiency varies between 1% and 5.6 % among differ-
ent sources and the largest deviation is obtained for the 1172 keV transition of the %°Co
source.

4.5.3 Doppler Shift Correction

In section 3.5, the Doppler effect was introduced as one of the challenges in experiments
performed with fast moving beams. A typical result of a Doppler shift correction is
shown in Figure 4.25 which represents the photon energy distribution obtained from
the simulation of a ”?Kr secondary beam on a Au target. The y-ray line at 710 keV from
the 2| state is spread out over a large range and clearly unresolvable before the Doppler
correction, but is clearly seen in the Doppler corrected energy distribution.
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Figure 4.25: Comparison of Doppler corrected and not corrected spectrum for the simulated y-ray tran-
sition with the energy of 710keV. After the Doppler correction a peak appears at the correct transition
energy.

The angle 6 can be determined by the geometrical position of the crystal center, where
the emitted y-ray is detected, with respect to the target position where the de-excitation
occurs. In this case, the accuracy of 6 is limited by the large dimensions of the detec-
tor. Instead of using the geometrical center of each crystal, first interaction points were
determined from Monte Carlo simulations for a more accurate polar angle determina-
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Figure 4.26: An energy-angle dependence of the emitted «y-rays (a) before and (b) after Doppler correction,
obtained from simulations. No obvious dependence in (b) is seen which confirms the Doppler correction
is applied. The empty ID numbers indicate the detectors removed from the analysis due to poor energy
resolution or high gain shift.

tion. These average first interaction points are extracted from the simulation and were
directly inserted in the data analysis as the coordinates of these interactions.

To test if the Doppler correction has been correctly carried out, the energy of the y-rays
over the array are plotted versus the detection angle, in Figure 4.26, before and after
applying the Doppler correction in the simulations. After the correction, the observed
y-rays are shifted to the proper transition energy for all the detectors, irrespective of the
angle of the detector. As mentioned before, the resolution and the intensity of the emis-
sion peak along the different angles are not constant. Due to the Lorentz boost, most
of the y-rays are emitted at forward angles. In the analysis of the Coulomb excitation,
backward angles were discarded in order to maximize the peak to total ratio, and ignore
the atomic background. Therefore, in the analysis of the inelastic scattering on the Au
target, for 2Kr setting, detector ID <52, and for the 0Ky setting, detector ID <42 were
neglected. After Doppler correction, ~ 10 % in-beam energy resolution was obtained for
an energy of 850 keV which is in agreement with the Monte Carlo simulations.

4.5.4 Time Calibration of the DALI2 Array

Radiation detection in the DALI2 array was set with the trigger condition to measure
the events that is only in coincidence with the projectile and ejectiles in order to elim-
inate background events caused by the random coincidences from the environment.

Afterward, a timing gate on the detected 7-rays was applied to reduce the random
background. Initially, a calibration of the time signals was performed by aligning all the
individual time signals of the array. The time signal from each detector was fitted with
a Landau distribution and the start of the signals were aligned to the same time value.

Figure 4.27 shows the time distribution of each crystal before (left) and after (right) the
time calibration. In the off-line analysis procedure, a time window is set around the
peak from -10ns to 10ns to reject unwanted background. Figure 4.28 and 4.29 show
the chosen time window that is considered for the analysis. On the right side of the
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Figure 4.27: Time calibration of the 186 Nal(TI) detectors.

time distribution, one can see a considerable amount of delayed events that are pro-
duced mainly by charged particles hitting the crystals and on both sides low energy
background events. The time resolution of the system was determined to be 3 ns.
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Figure 4.28: Energy - Time correlation, showing the selected and rejected events.
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5
Results

In this chapter, the results obtained from the inelastic scattering of selected isotopes
around mass 70 on 7 Au and ?Be targets are presented. The main goal of the experi-
ment was to determine the B(E2) value for 7°Kr for the first time through the Coulomb
excitation. Neighboring isotopes 7>Kr, 7Br and %®Se were measured simultaneously in
order to compare the obtained results with the literature and benchmark the analysis
that we performed. This also allowed to check on the validity of the present experi-
ment for the 7’Kr case. For each beam and target combination, the exclusive excitation
cross-sections of 2% states were determined from the number of 7-rays, incoming and
outgoing beam particles, the target thickness and several other quantities like transmis-
sion of the particles along the spectrometer, detector efficiency etc. The cross-section
results from both, the nuclear and electromagnetic interaction between the target and
the projectile, were then used in order to determine the B(E2) values. In the case of
scattering off a light target, the nuclear interaction dominates, and the reaction cross-
section is used to extract the nuclear deformation length 4, of the isotope of interest in a
rotational model. This J, is then used to determine the Coulomb deformation length &,
by adjusting it to the measured cross-section value in the scattering from the Au target.
From the relation between those deformation lengths for different kinds of excitation
and the deformation parameters, B(E2)1 values are deduced using equation 2.43.

In section 5.1, the y-ray energy spectra from the excitation in different reaction channels
are presented together with the respective level schemes. The y-ray energy spectra were
fitted with the DALI2 response functions obtained from simulations in order to extract
the number of emitted -y-rays for each reaction channel. In section 5.2, the cross-sections
from the reaction channels are discussed. Exclusive reaction cross-sections for the 2
states for the inelastic scattering on the Be and Au targets were determined. These
excitation cross-sections were used to deduce the deformation lengths of the nuclear
and Coulomb contributions of the interaction, from calculations based on the distorted
wave theory using the ECIS97 code in section 5.3. The deformation lengths were then
used to calculate the B(E2)1 values that are given in section 5.3.1. finally, the results are
compared to previous measurements and to theoretical calculations.

75



76 Results

5.1 Reaction Channels

In this section, the analysis of the inelastic scattering data is presented, both from a
heavy and light target. The usage of a heavy target enabled the study of the interme-
diate energy Coulomb excitation, while, a light target enabled extraction of the nuclear
interaction deformation lengths to deduce the contribution of the nuclear part to the
total cross-sections, and also investigate the indirect feedings from higher lying states to
the 2 — 0" transition.

Level schemes were constructed based on -y coincidence matrices, intensities of the
transitions and comparisons with the neighboring isotopes or isobars, confirmed by
available literature. To obtain a better peak to background ratio, an add-back procedure
was also applied considering 15 cm of accepted distance with all multiplicity events. The
detailed description about the add-back process is given in section 3.5, all multiplicity
events are chosen in order to keep consistency with the efficiency determination. For
the measured 7y-rays, a Doppler correction was applied (see Section 4.5.3) and a prompt
time window was set to =5ns in order to reduce the background events (see Section
4.5.4). Results of the analysis are obtained both, with and without the add-back proce-
dure to check the consistency. The decays that were observed in the experimental data
were also replicated by Monte Carlo simulations. The experimental conditions created
in the simulations also take into account the known life times of the excited states. For
those with unknown lifetimes, it was always considered as t;,, =0. Finally, the num-
ber of emitted y-rays was determined by fitting measured spectra with the simulated
response function of the DALI2 array, keeping the line shapes and only scaling the am-
plitude of the peaks. The background was described by two exponential functions, the
first one is used to describe the atomic background below 500 keV and the second one
is used to model the high energy background stemming from unresolved transitions or
secondary reactions up to 4000 keV. These conditions were used in order to simulate
the y-ray transitions for all of the cases. The points with error bars in the figures of the
following chapters represent the measured data, the solid blue line is the sum of the two
exponential functions that are used to describe the background. Fitted energy spectra
are discussed in the following sections. Each transition was simulated separately and
the response functions are given in the figures in different colors for each decay and the
solid green line represents the final total fit.

5.1.1 Observed Excited States of 72Kr

Inelastic scattering of 7?Kr on a ?Be target leads to the observation of five transitions
shown in Figure 5.1.a. This isotope was also studied in intermediate energy Coulomb
excitation with a 7 Au target, where only the first and second excited 2™ states were
populated (see Figure 5.1.b.). The given spectrum from the inelastic scatterings from
9Be was created with add-back condition, while from the %7 Au with no add-back. In
order to construct the level scheme, the -y coincidence matrix was investigated. Co-
incidences were analyzed by putting a gate on each transition. Some of the observed
coincidences that were used to build the level scheme are shown in Figure 5.3.
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circle to the 3] —2{ transition respectively.

The strongest 7-ray line at 710(1) keV is the known 2 — Ogs transition. This transi-
tion was measured before in several experiments and the energy in literature is given as
709.72(14) keV. In the scattering through the ”Au target, in additional to the 2] state,
one more transition was observed. From the -y coincidence matrix, these two y-rays
were not found to be coincident. This transition was hence established as the 2] — 0

8s’
giving the 2, state at an energy of 1155keV.

In the inelastic scattering experiment on the Be target, the 2" state is fed by two transi-
tions. The first one with an energy of 611(4) keV was previously assigned as the 4] — 2
transition [78, 7]. The second transition with an energy of 1751(38) keV was observed
in this experiment for the first time. This new transition established a state at 2461 keV/
as 3. Due to the coincidence of the two transitions as shown in Figure 5.3.c, it was
assigned as the 3~ — 2" transition. This assignment follows the trend of the known 3~
states for neighboring Kr isotopes. The energies for the 3~ and 2] states and the transi-
tions between them are plotted for the Kr isotopic chain from A =72 to A =80 as shown
in Figure 5.2. This finding is in contradiction with the literature values where the 3™
state was placed at 1849.04(24) keV energy with a 1139.3(2) keV transition to the 2;“ state
[78]. On the other hand, no such a state was observed that is in coincidence with the
2] state in the experiment performed at NSCL, with a reaction of *Be("*Kr,”*Kr7) [7].

The 25 state was also populated in the inelastic scattering measurement from the “Be
target with the transition of the 2 — 0;- Additionally, a line at 949 keV was observed in
coincidence with this 1155 keV transition. Based on intensity ratios, the non-observation
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of a coincidence with the 2 — 0;5 transitions and the fact that the 1155 keV transition
is also observed in the measurement with the Au target, the 25 state at 1155keV was
confirmed and the 4, candidate at 2103 keV is established with the 4] — 27 transition.
The new level scheme is given in Figure 5.4. Another y-ray line with an energy around
445 keV was observed, which would correspond to the energy difference between the
2, and the 2 states, resulting in the 2, — 2" transition. However, it was not possible
to perform a -7y coincidences, due to the low statistics, high atomic background in the
region and random coincidences caused by the Compton edges. Nevertheless, the final
cross-sections are calculated by assuming the possible feeding of this transition to the
2% state and excluding it, in order to consider the effect of this population on the final
values. Results are discussed in section 5.2.

5.1.2 Observed Excited States of "OKr

Excited states of 7’Kr were investigated through the inelastic scattering on the °Be
and 1% Au targets. The main goal of these experiments was to obtain the first spec-
troscopic information of 7°Kr and to determine the B(E2) value of the first excited 2"
state. Doppler shift corrected y-ray spectra were analyzed as explained in section 5.1
and results are shown in Figure 5.5, with the add-back condition applied. Low statis-
tics required the binning of the spectrum to 20 keV /bin instead of 10keV /bin, typically
used for other -ray spectra. From the scattering on the ?Be target, five transitions
were observed, while for Coulomb excitation, only one. Due to the low statistics of
the presented data, the analysis of the v — 7 coincidences was not possible. Therefore,
tentative spin and parity assignments were mainly performed based on comparing the
measured similar transition energies with its mirror nucleus 70Se, the evolution of the
transition energies, the excited states along the isotonic chain and the systematics along
the Kr isotopes [80, 81, 82].

The strongest transition in both experiments was observed at the energy of 885(4) keV. It
is assigned as the 2, — 0f; transition. The 1039 keV transition is assigned as the 4" — 2
with the 4] state at an energy of 1917 keV. The 1633(9) keV transition was assigned as
the 3= — 2], thus the 3~ state lies at an energy of 2517keV. The 3~ state energy is
comparable with its mirror nucleus and it is the second most strongest populated in
the inelastic channel. The possible 2 — 2| transition was measured with an energy of
591(13) keV, establishing the 27 state at energy of 1476 keV. A transition that is shown
with a black line in Figure 5.6 with an energy around 1350 keV in the level scheme had
very little statistics, nevertheless considering the transitions around this energy in its
mirror nuclei, the initial level of this transition was suspected to be the 4; state and
populating the 2} state.

5.1.3 Observed Excited States in "OBr

The Doppler corrected y-ray energy spectra from inelastic scattering of "°Br on the Be
and %7 Au target are shown in Figure 5.7 with the no add-back condition applied. From
the scattering on the Au target, only the 2" state was populated, while with the Be tar-
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Figure 5.6: Level scheme of the "°Kr isotope.

get, four 7-ray transitions with energies of 809 keV, 933(2) keV, 1609 keV and 1603 keV
were also observed. The «y-ray line with 933(2) keV energy belongs to the 2 — 0g; tran-
sition. This ZT state was measured before in different experiments [83]. The second most
strongly populated state is assigned as the 3™, decaying into 2 state with an energy of
1603 keV feeding the 2] state. This state is observed for the first time at an energy of
2536 keV and confirmed by applying the -y coincidence analysis technique. The -y
coincidence matrix and the gated spectrum are given in Figure 5.8 and the final level
scheme is shown in Figure 5.9. The transition with an energy of 1069 keV belongs to
the 4, state and is feeding the 2] state. Due to the low energy resolution of the DALI2
array, it is not clearly separated from the 933(2) keV transition. This y-ray transition was
observed before as well in [84].

The transition with an energy around 810 keV, that is shown with the light blue dashed
line in the Figure 5.7, is also not well separated due to the poor energy resolution of
scintillators. However, the transition is added to improve the fit and determine its in-
fluence on the extracted number of y-rays that belongs to the 2 — 0y, transition. From
the - coincidence matrix, no correlation could be found between the 809 keV line and
the other observed transitions. In the literature, a transition with a similar energy was
assigned as the 107 — 97 transition with a tentative spin-parity assignment of the 10"
state, feeding an isomeric 97 state [85]. This transition is not included in the built level
scheme for 7°Br. Nevertheless, it is added to the analysis and contributed to the final
results on the calculated B(E2) value of the 21+ state.

5.1.4 Observed Excited States of #3Se

The observed transitions from the scattering of a 17 Au target are as follows: the 25 — 2
with an energy of 740keV, the 21 — 07, with 854(1) keV and the 2;” — 03, with 1594 keV.
Since the transition with an energy of 1594 keV was populated as the second strongest
state in the Coulomb excitation experiment, it was assigned to decay from the 2 state.
The spectrum is shown with an inset around for this energy range in order to make it
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more visible in Figure 5.10(b).
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Five 7-ray transitions were observed from the inelastic scattering of %Se on the °Be
target. They are shown in Figure 5.10(a) with no add-back condition applied, together
with the scattering off a 1%’ Au target with add-back applied below. The 2| — 0y transi-
tion to the ground state was measured before within several experiments. The 2] level
with an energy of 1594 keV is known to decay via two transitions, with 1594 keV energy
to the ground state and with 740 keV to the 2 state. Even though this second transition
is very weak, it is added in the simulations and used to fit the experimental data taking
into account the known branching ratio [86].

In order to construct the level scheme from observed 7-rays, the -y coincidence ma-
trix of the excitations was studied. When a coincidence gate is applied to the 1764 keV
transition, it leads to a strong coincidence with only the 2" state. This transition is as-
signed as the 3] — 2 decaying from the 3; state at 2618 keV. A decay of similar energy
was recorded in the literature as the 6, state decaying to the 4; state, however, such a
coincidence is not observed in the present data [87]. When gating on the 854 keV line,
coincidences are observed with 740keV, 1088 keV and 1764 keV transitions feeding the
2/ state. These coincidences from the cascade are shown in Figure 5.11. Correlations are
clearly seen between the emitted y-rays from the same cascade. The new level scheme
constructed from this analysis is given in Figure 5.12.

5.2 Measured Cross-Sections

The cross-section of a reaction is a measure for the probability of the excitation when
projectile and target nuclei interact. In order to extract the B(E2) values, the electro-
magnetic excitation cross-section has to be determined. This pure Coulomb excitation
cross-section can be calculated by identifying the contributions from the nuclear excita-
tions, which appear at relativistic energies. Therefore, the inelastic nuclear scattering of
the same isotopes with the same beam settings on a ?Be target was performed and the
interaction cross-sections measured separately. Interference between the two excitations
was studied via the calculated deformation lengths of each reaction type, reproducing
the measured cross-sections. This procedure is given later in section 5.3.

In order to determine the exclusive cross-sections for each state, the number of emit-
ted y-rays has to be determined by adjusting the simulation to the experimental data,
with a normalization factor k. Multiplying this factor with the number of simulated par-
ticles Ngim, the number of emitted y-rays can be obtained. The intensity of each state has
to be studied carefully, such that if there is feeding from higher states of the cascade,
subtractions have to be taken into account with an additional statistical error on the
number of final y-rays. These values are divided by the number of incident particles on
the target Npgr, which are obtained by requiring the F7DS trigger condition. Correcting
Npr with the transmission factor, T (section 4.3), and considering the number of atoms
within the target N, qt, the exclusive cross-sections are calculated with the following
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formula:
kN, sim

Lo ovsm 1
Oexclusive TNTarget NBR (5 )

The results for the exclusive cross-sections are given in Table 5.1 for the 27 states of each
isotope for all of the settings. All values are obtained from spectra with no add-back
condition. The results with the add-back are equivalent within errors. The uncertainties
shown in the table are only the contribution from the statistical error. Systematic errors
are discussed in the following sections.

The observation of a tentative 445 keV' line was outlined in section 5.1.1. An additional
simulated peak was placed in the region to see the difference on the shape of final fit.
The cross-sections were calculated by including and excluding this transition in order
to study its influence on the final result. By including this transition, the cross-section
of the 21+ state is determined as 25.9(8)mb, while 26.0(10)mb is obtained when it was
excluded. Since the deviation is within the error and would have a negligible effect on
the final B(E2) value, it was not considered for the rest of the analysis.

Table 5.1: The exclusive cross-sections for different channels. The uncertainties show only the statistical
contribution.

0Ky 6850 70Br 2Ky
Au target
0t [mb]  281(28) 231(3) 157(9) 339(5)
Ty [mb] 20(2) 41(3)
Be target
Oyt [mb] 18(3)  22(1) 17(1) 26.0(10)
Oyt [mb] 4.4(4) 4.5(3)

5.3 Deformation Lengths for Nuclear and Electromagnetic Con-
tributions

The deformation lengths for inelastic scattering including both nuclear and electromag-
netic interactions were determined using the ECIS-97 code [3]. The rotational model is
considered for the calculations. The code needs an input parametrization to describe
the process such as beam energy, spin and parity of projectile and target ground state,
the excitation energy, observed excited states etc. The nuclear interaction is described
through the optical model, using the Wood-Saxon (WS) potential, which is parametrized
by the potential depths, radii and the diffuseness. The optical potential is calculated
separately for each isotope considering the energy and the velocity in the front, in the
middle and behind the target by using the method explained in Furumoto et.al [88]. This
method is called Global Optical Potential (GOP) and can be used for nucleus-nucleus
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systems in the energy range of 50-400 MeV /u. In order to determine the parameters
for the WS potential, that was used in the ECIS input, the real and imaginary parts
were fitted using volume and surface terms. The real part describes the refraction of
the incoming beam and the imaginary part describes the inelastic process through the
absorption. The Coulomb potential part is fitted by considering it as an electrostatic
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Figure 5.13: Example of the calculated optical potentials for the °Kr isotope on the °Be target at a
beam energy of 144 MeV /u. Fits were performed using a Wood-Saxon form for the real and imaginary
potentials (red) with the volume (green) and surface term (blue) in a and b. The Coulomb potential is
fitted by considering it as an electrostatic potential of a uniformly charged sphere (red) in c.

potential of a uniformly charged sphere as defined in equation 5.3. In Figure 5.13, the
fits to the different components of the optical potential are shown. These fit parameters
were then used as input in the ECIS-97 code.

The deformation lengths were determined as follows. A region of values were scanned
that correspond to different cross-section values, and the resulting distribution is fitted
with a quadratic function. The deformation length that corresponds to the measured
cross-section value is then extracted with the errors that covers the uncertainty on the
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relative cross-section value, as it is shown in Figure 5.14. The blue solid line shows re-
lation between the deformation length and the measured excitation cross-section value,
while the dashed blue lines indicate the uncertainty on this determination. Firstly, the

50_‘ Il Il | Il Il | Il Il Il | Il Il ‘_
lE! 40_ / [
£
5 30 | ’ B
g :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::}'”;/r
g 07 el I
o 7 g
S 10 L i -

- -7-/‘-’--’ l l
Oir_r_il T T I T T I T T T I T T T ‘7
0.0 0.5 1.0 1.5 2.0

Deformation length [fm]

Figure 5.14: Nuclear deformation length, 6, corresponding to the experimentally measured cross-section
for %8Se scattering off the °Be target. The red dots connected with the line shows that dependence between
the measured cross-section and calculated deformation length, the blue solid line indicates 6, value that
gives the measured cross-section, while the blue dashed lines gives the error on this identification.

nuclear deformation length 4, is determined from the cross-section of inelastic scat-
tering off a “Be target. From this, in order to define the deformation length of the
electromagnetic excitation, the J, value is kept the same for the interaction of each
isotope regardless from the type of the target. When the measured cross-sections are
reproduced, the corresponding value is taken as J., the Coulomb excitation deformation
length. The uncertainty on the deformation length is determined from the correspond-
ing uncertainty on the cross-section. Table 5.2 represents the obtained J,, and . values
with the uncertainties for each isotope.

Table 5.2: The obtained deformation lengths for inelastic and Coulomb excitations.

Excitation 2Kr 2Kr Ky 70Br 685e 68Ge
04 > 20 05 —2, 05 —2] 0L —2 05—2 0f—2)
On [fm] 1.53(1) 0.63(1) 1.2(1) 1.19(1) 1.39(1) 0.62(2)
Oc[fm] 1.17(1) 0.41(3) 0.97(7) 0.61(3) 0.90(1) 0.12(4)

These deformation lengths are then used to calculate the deformation parameter, which
can be subsequently used to extract the B(E2) values from the relation in between.



5.3 Deformation Lengths for Nuclear and Electromagnetic Contributions 91

5.3.1 B(E2) Value Determination

In order to deduce the reduced transition probability B(E2)1, the deformation parame-
ters, B are determined from the deformation lengths. B, can be expressed as:

Be= — 5.2)

where R, is the nuclear radius in fm and is calculated from the following formula where
A is the atomic number of the nucleus:

R.=12A3 (5.3)

The radius of each projectile is calculated from equation 5.3 and the deformation pa-
rameters are extracted from equation 5.2. Calculated R, values are given in Table 5.3.

Table 5.3: Calculated R. and B values for the interested states of studied isotopes.

0Ky 685e 70Br 2Ky
Q) @) @) @) @) @)
R.[fm] 494 4.89 494 4.99
Be 0.27(1) 0.259(2) 0.17(1) 0.327(2)
0.03(1) 0.113(5)

The B(E2)1 values are then determined by considering the following relation with the
deformation parameter:

2\ 2
B(E2) 1= (31371}) g (5.4

Table 5.4: Extracted B(E2)?1 values for 7OKr, ®8Se, 7OBr and 7>Kr isotopes.

70KI‘ 688 e 7OBI' 72 Kr
@) @)@ @) @) @)
B(E2)1[e*b?] 0.34(5) 0.255(4) 0.14(2) 0.491(7)
<0.02 0.06(1)

The errors on the measured and calculated values originate from the systematic and
statistical uncertainties. These variations from the identified value were determined
separately by using error propagation. Error propagation of the cross-sections are per-
formed by considering each component that is used in order to calculate the final value.
One of the components is the error on the number of incident particles on the target
which depends on the gated isotope. The number of emitted y-rays are excluded by
scaling the data with the simulation and the error is deduced from the final fit and
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therefore includes the uncertainty in the background as well as the uncertainty in the
peak. Feeding subtractions were also considered independently and error propagation
was performed. The additional 5.6 % systematic error arises due to the efficiency sim-
ulation of the DALI2 array. The error on the transmission is also considered since it
was used to correct these numbers and was included in the error propagation. The
uncertainty on the target thickness contributed 0.012 mm for the Be target, 0.004 mm for
the Au target that is used for the 72Kr setting and 0.008 mm for the 7°Kr setting. The
systematic and statistical errors are independent and therefore were added separately
in quadrature.

The B(E2)1 values for 7Br, ?Kr and %®Se are given in Table 5.4, indicating only sta-
tistical errors. The uncertainty on the B(E2) value of the 7°Kr is largely caused by the
low statistics. All values were deduced without the add-back condition and similar re-
sults were obtained with the add-back. The values given on the table are the upper
limits for all the cases. Further investigation should be performed in order to ensure the
amount of the contribution to the B(E2) value of these 2" states from not observed but
existing feedings.
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Figure 5.15: The left graph shows the B(E2)1 values and the right graph shows the measured E(2%)
energies over the Kr isotopes as a function of the mass number A. The circles show the new values
measured within this work.

The measured B(E2; 0;5 — 2]) values and E(2") energies for 7OKr and 7?Kr compared
to the other Kr isotopes are shown in Figure 5.15. According to the distribution, the
deduced values in this work fits to the generalized seniority scheme of the region. A
plotted comparison is shown in Figure 5.15.
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Additionally, the measured B(E2; O;S — 2{“ ) values for 7°Br and 8Se are in agreement
with the literature values. The consistency of the obtained B(E2)1 values with the liter-
ature supports the validity of the B(E2)1 value for 7°Kr. The overall B(E2)1 values that
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Figure 5.16: Determined B(E2)T values from the presented work is compared with the predictions from
different theories and the previously obtained values from the literature.

were determined in the presented work is compared with the predictions from differ-
ent theories and the previously obtained values from the literature. This comparison is
shown in Figure 5.16 and discussed in detail within the next section.

5.4 Discussion

In this section, the experimentally obtained results and the predictions by different theo-
ries for 7OKr are discussed and compared to the neighboring isotopes. This comparison
is done in two different frames, first as member of the Kr isotopic chain and then as
member of the A=70 T =1 isobaric multiplet.

5.4.1 Theoretical Predictions for the Kr Isotopes

Nuclei at or near the N=Z line, around A =70 mass are of particular interest due to
the rapid increase in collectivity, see Figure 6.1. Several theoretical approaches, such as
shell model methods, self consistent triaxial mean field models or beyond mean field
models predict shape coexistence at low excitation energy in the light krypton isotopes.
For instance, a shape transition from a prolate ground state shape in 7°Kr and 7#Kr to
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oblate shape in 7?Kr has been predicted by EXcited VAMpir (EXVAM) approach [10]. A
Complex EXVAM predicts a strong oblate and prolate mixing, hence, large B(E2) values
for the transitions connecting states of the same spin and parity [25]. For 7?Kr, coexisting
oblate ground state and low-lying prolate deformed excited states were also predicted
by Moller [18] using a microscopic-macroscopic approach.

Further theoretical results came from the Symmetry Conserving Configuration Mixing
(SCCM) method [19], HFB+GCM(GOA) calculations with the Gogny D1S interaction
[20], the HFB+GCM calculations with the Skyrme interaction [89] and the constrained
HFB with local quasi random phase approximation (CHFB+LQRPA) calculations [13].
The predictions of these calculations are listed in Table 5.5 and 5.6, and compared to the
measured values. The B(E2) and E(2") values are compared for the T =1 mirror nuclei
70Ge, 0Ky and the N =Z nucleus 7?Kr. Theoretically, the best agreement for the B(E2)
values is obtained by the CHFB+LOQRPA method. Both the HFB-GCM and the EXVAM
approaches underestimate the collectivity, while the SCCM calculations strongly over-
estimate the collectivity. Similar conclusions can be obtained for 2* energies, where the
HFB-GCM approach comes closest to the experimental value.

Table 5.5: Experimentally obtained B(E2)1 [e?b?] values compared to predictions. Listed experimental
values are obtained from this study with the exception of °Se, which is taken from reference [90].

HFB-GCM EXVAM CHFB+LQRPA SCCM Experiment

72Kr 0.313 0.272 0.590 0.725 0.491(7)
7OKr 0.367 0.301 0.338 0.512 0.34(5)
70Ge 0.311 0.246 0.265 0.171(4)

Table 5.6: Experimentally obtained E(2]) [keV] values compared to the predictions. Listed experimental
values are obtained with the exception of 7°Se [79].

HFB-GCM EXVAM CHFB+LQRPA SCCM Experiment

2Ky 746 658 542 395 710(1)
70Ky 741 850 513 510 885(4)
70Ge 776 812 671 945(6)

All the calculations overestimate the collectivity for 7’Se with low energy and a large
B(E2) value. For 7°Kr, all calculations predict a further increase in collectivity. This trend
is confirmed by the presented experimental result, despite a large error in the B(E2)
value. No agreement is, however, obtained for the 2" energy in 7’Kr which is too low in
all calculations.
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5.4.2 Collectivity in the A =70 Isobaric Triplet

The T =1 triplet at A=70 is important due to the anomalies described in section 1.1.2.
Therefore, it attracted many attempts to explain this unusual behavior. The first experi-
ment performed in order to measure the shape in this triplet was the study of 7°Se. This
was measured at REX-ISOLDE via Coulomb excitation and a prolate shape was reported
for the ground state as a result of a large negative diagonal E2 matrix element for the
2] state [6]. However, lifetime measurements gave different interpretation compared to
the Coulomb excitation experiment, which indicated an oblate ground state for 7Se [8].
Due to the isospin symmetry, a similar shape is expected in the mirror nucleus 7°Kr.

The other member of this triplet, 70Br, was also experimentally studied via lifetime
measurements before the presented work. The deduced value for B(E2)1 was found
to be similar to 7°Se, indicating similar collectivity. This result means that there is no
shape change between these two nuclei [91]. In this thesis the value obtained for 70Br is
in agreement with the previous measurement, confirming no change in the collectivity
and the comparison is given in table 5.7.

The B(E2) value for the 2{ — 01+ transition of the T, =-1 member of this triplet, 70Ky, was
determined for the first time with this study. Despite a relatively large error, these result
establishes a considerable increase in the collectivity of ’Kr as compared to the other
members of the triplet. Additionally, the E(2]") value of 7’Kr is substantially different
from the analogue states in 79Br and 7°Se. The T, =0 and T, =1 members have a similar
and higher energy for the 2 state while in the T, =-1 member this value decreases by
more than 50 keV'.

Table 5.7: Experimentally obtained B(E2)1 and E(2{) values of the present work are compared to the
literature [8, 91].

B(E2)T [*b?] "Kr 70Br 705e
EQhkeVl @) @) @)
Present work 0.34(5) 0.141(31) -
885(4)  933(2) -
References - 0.145(21) 0.171(9)
- 933(3) 944.5(5)

These values are listed in Table 5.7 and are compared with the literature. Figure 5.17
shows the experimentally measured 2] excitation energies and B(E2)? values for all of
the N=Z nuclei T =1 triplets in the region, comparing the isobaric analogue states.

The observation of a rapid variation in the 27 energy values and the collectivity, hence
the increasing deformation between IAS, is a fingerprint of shape coexistence [92].
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Figure 5.17: Measured 2 state energies and deduced B(E2)1 values for T =1 triplets and N = Z nuclei
[79, 31]. The values obtained from this work are indicated with arrows. The blue circle in the plots
highlights the values for 7OKr, which was measured and calculated for the first time within this study.
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Figure 5.18: Potential energy surface (left) calculated with the HFB approach using the Gogny-D1S
interaction. It illustrates the very similar features for the A =70 mirror nuclei °Se and "°Kr on the
mean-field level [20, 93].

Due to these unique aspects, rapid shape changes and the mixing of different shapes,
leads to a great challenge from a theoretical point of view when it comes to giving an
adequate description of the region. As one example, the potential energy surface cal-
culated with the HFB approach using the Gogny-D1S interaction, is shown in Figure
5.18 illustrating very similar features for 7’Kr and its mirror, 7°Se. On the left side of
this figure, energy surface calculations are shown, indicating that oblate configurations
are lower in energy. These pure mean-field calculations predict an oblate ground state
deformation for both nuclei, which is extremely rare along the nuclear chart. The ex-
perimental and theoretical level schemes for 7’Kr are shown in Figure 5.19 as obtained
from several different theoretical models.

SCCM calculations suggest for 7°Se, an oblate deformed ground state band and a less
deformed and more prolate band on the top of the 0; state. A well deformed triaxial
band is built on the top of the 0 state in 7%Se with a 8, & 0.55 at y =20 [94]. This method
includes GCM with triaxial angular momentum projection of intrinsic states obtained
with a particle number projection, using Gogny D1S parametrization.
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Figure 5.19: Level schemes for "OKr predicted by different models compared to the experimentally mea-
sured values. Different colors indicate the different shapes that are expected to dominate. Red color shows
the prolate deformation and the blue is the oblate deformation. For the 7°Kr isotope, different bands are
indicated in different colors but the type of the shape is not specified as it is not known experimentally.

Another theoretical study performed for this triplet was based on the beyond mean
tield complex excited VAMPIR model. Detailed information of the approach is given in
reference [25]. This model predicts a strong mixing of prolate and oblate deformed con-
figurations in the wave functions that is decreasing with increasing spin. For the ground
state of 7%Se, very high mixing is expected with a predominant oblate shape, while for
0K, mixing is dominant for the prolate contribution. For the T, =0 member 70Br, the
same amount of shape mixing as in 7’Kr is expected with a slightly more prominent
prolate ground shape. Moreover, the trend from the complex Excited VAMPIR predic-
tions on mirror energy differences and triplet energy differences for the A =70 isovector
triplet agrees with the experimentally observed distributions. Figure 5.20 represents the
predictions and the measured values for MED and TED of the A =70 isovector triplet, to-
gether with the predictions from Shell Model calculations taking into account the isospin
non-conserving nuclear forces (INC) [41]. This model, JUN45 + INC, shows even better
agreement than the EXVAM model by reproducing the MED and TED values for the
A =70 triplet. It suggests that the INC interaction enhances the MED and TED signifi-
cantly and is responsible for the isospin symmetry breaking in the upper fp shell. The
negative MED values are due to the spin-orbit contribution in A =70 mirror nuclei and
are also attributed to the INC interaction together with the same mechanism leading to
the anomalous CED between the isospin T =1 states in the odd-odd N =Z nucleus "’Br
and the analogue states in its even-even partner 7°Se. Negative TED values are due to
the larger excitation energy of the odd-odd member with proton-neutron pairing com-
pared to 7°Se and 7’Kr. Now that the experimental results are obtained for this member
of the triplet, further investigations should be done with this theory comparing both
results.

Another way of testing the isospin symmetry breaking is by extracting the isoscalar
multipole matrix elements which is the part of the effective potential that does not dis-
tinguish the proton and neutron. As the protons are charged particles and sensitive to
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Figure 5.20: Comparison between the measured and predicted values is represented in this figure. The
green crosses show the numbers from the JUN45+INC model, blue circles are for the complex EXVAM
model and the red stars shows the experimentally measured values. MED and TED are represented for
A =70 isobaric analogue states

the electromagnetic interaction, relative matrix element is directly related to the reduced
electric quadrupole transition probability B(E2) values via Equation 2.45. Assuming the
isospin conservation and including the measurements that we performed for the 7K,
equation 2.48 can be used to examine the isopin symmetry purity of the mass system
and compare the evolution from many aspects. This approach is well established for
light nuclei. The comparison for the available data is given in Figure 5.21 including the
A =70 triplet and the lighter nuclei region. The panel shows the isoscalar matrix element
extracted from the measured B(E2) values by using the referred equations. One notices
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Figure 5.21: The panel shows the isoscalar matrix element extracted from the measured B(E2) values.
The red stars indicate the T, = £ 1 and blue dots shows T, = 0 isotopes. The yellow region contains the
values obtained from the present work.

the very large difference in My values for the A =70 case, indicating a large isospin
symmetry break or a shape change between these mirror nuclei.
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Summary and Outlook

The electromagnetic excitation of the beam isotopes around A =70 sheds light on the col-
lectivity for the 2t —07 transition in nuclei far from stability. By measuring the 2" states
and corresponding B(E2) values, collectivity can be studied in a unique way. Within the
work of this thesis, intermediate beam energy Coulomb and nuclear inelastic scattering
has been used as a spectroscopic tool. In this framework, the inelastic scattering of 7?Kr,
70K, 7OBr and ®8Se isotopes on “Be and 7 Au target at energy around 170 MeV /u has
been studied. Production of these isotopes as a beam is possible at the Radioactive Iso-
tope Beam Factory (RIBF) in RIKEN, where the experiments were performed. A 78Kr
primary beam with an energy of 345MeV /u was impinged on a ?Be target to produce
the ions of interest as a secondary beam. The BigRIPS fragment separator was used
in order to deliver the secondary beam isotopes, 72Kr and 79Kr to the secondary target
for the inelastic scattering measurements. The reaction products were identified in the
ZeroDegree Spectrometer employing the Bp - AE - TOF method and <y-rays emitted due
to the de-excitation were measured in coincidence by an array of -ray detector DALI2
that was placed around the secondary target for highly efficient y-ray detection. A beam
tracking detectors were placed before and after the secondary reaction target in order
to reconstruct the trajectory of the scattered particles. From the 7°Kr beam cocktail, 7°Br
and %8Se were also used as a secondary beam, even though they were not centered in
the spectrometer.

The experimental conditions were simulated to obtain the response functions of the
transitions. Experimental results were then fitted to these response functions from the
simulations and the interaction cross sections were determined for all the cases. Mea-
sured cross section values were used to determine the nuclear and Coulomb deforma-
tion lengths by using the ECIS-97 code. Global optical potentials and isotopes are intro-
duced to the ECIS-97 code separately for each isotope considering the rotational model.
For inelastic scattering on °Be and 7 Au targets, deformation lengths and the defor-
mation parameters were determined. These parameters were then used to deduce the
B(E2;0{ —2{) transition probabilities. Results were compared to theoretical predictions.

The main goal of the experiment was to measure the first excited 27 state and deduce
the B(E2; 0] —2{") electromagnetic transition probability for the isotope 7’Kr for the first
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time. For the other isotopes, these values were measured before and during this study
and verified by reproducing them in different experimental conditions. In addition, they
were used in order to verify the accuracy of our measurement and the analysis for the
OKr case. Finally, the B(E2;0" — ZIF) values of 72Kr, "OKr, "OBr and ®8Se were obtained.
Results foresee a shape change for 7’Kr due to the significant difference in electromag-
netic decay properties.

The isotopes 7?Kr, 7°Br and %¥Se are the N=Z nuclei and have a great sensitivity to
the effect of the proton-neutron correlations on the structure of the nuclei. Several stud-
ies were performed to measure the B(E2;0" — 21+) values of even-even and odd-odd
N =Z nuclei in the past along the nuclear chart. Figure 6.1 shows the 2] energies and
B(E2)1 values for these nuclei in A =70 region. The left plot shows the B(E2)1 and the
right plot shows the E(27") values for t4Ge, 90 As, 8Se, 7OBr, 72Kr, 7*Rb and 7°Sr isotopes,
all N=Z. Systematic behavior of these two observables has been studied by Grodzins
for a wide range of even-even nuclei and the general trend is explained as: increasing
E(27") is accompanied by a decreasing transition strength B(E2) [95]. A rapid increase in
B(E2)? values and decrease of 2] energies fits this Grodzins rule and due to the equation
1.1, indicates an increase in collectivity at A=72. The trend suggests rapid increase in
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Figure 6.1: B(E2:0" — 2{) values and E(27) energies for N = Z nuclei around mass 70 region are shown.
Experimentally measured values are adopted from literature [79].

deformation from mass 70 to mass 72 and no significant difference is seen between %®Se
and 7Br that could arise from the unpaired, single proton and neutron in the 7Br. In
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fact, a relative decrease in collectivity is observed for the 7°Br isotope. In the right plot,
E(2%") values show a decreasing trend that fits with the expectations according to the
B(E2)?1 values since the excitation energy would decrease with the increasing deforma-
tion.

Due to the rapid shape changes and the expected strong mixing of oblate and pro-
late shapes, it is found to be an interesting territory to study the isospin breaking effects
for T=1 triplets. The 7°Se and 7Br isotopes are the other two members of a triplet
with 7OKr. By measuring the third member of this triplet we enabled the study of Mit-
ror Energy Differences (MED) and Triple Energy Differences (TED) that can provide
information about charge and isospin symmetry breaking. Negative tendency with the
increasing spin was observed for both cases and experimental values were compared
to the theoretical predictions. The isoscaler matrix element was determined and results
showed largest isospin symmetry breaking among the tested isotopes up to date.

The fingerprint of shape coexistence, low lying 0" excited states is seen in all the Kr
isotopes around this mass region. They form shape isomers expected to also exist in
7OKr. Por future studies, these low-lying isomeric states can be measured using con-
version electron spectroscopy. From this, clear assumptions can be drawn for shape
coexistence and the systematics of low lying 07 states in the Kr isotopes, extending the
information to the mass A =70 region and within the triplet.
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Table A.1: Efficiencies of PPACs along the focal planes placed at BigRIPS and ZDS.

PPAC Efficiency PPAC Efficiency PPAC Efficiency

BigRIPS [%] BigRIPS [%] BigRIPS [%]
F3/1A/X 0 F5/1A/X 916  F7/1A/X 965
F3/1A/Y 0 F5/1A/Y 941  F7/1A/Y 957
F3/1B/X 89.9 F5/1B/X 949 F7/1B/X 975
F3/1B/Y 933 F5/1B/Y 948 F7/1B/Y 99

F3/2A/X 92.3 F5/2A/X 83.8 F7/2A/X 97.1
F3/2A/Y 91.5 F5/2A/Y 86.9 F7/2A/Y 95.7
F3/2B/X 88.7 F5/2B/X 96.3 F7/2B/X 95.3
F3/2B/Y 89.4 F5/2B/Y 97.4 F7/2B/Y 94.5

PPAC Efficiency PPAC Efficiency PPAC Efficiency
ZDS [%] ZDS [%] ZDS [%]

F8/1A/X 99.2 F9/1A/X 99.3 F11/1A/X 99.8
F8/1A/Y 99.6 F9/1A/Y 99.4 F11/1A/Y 99.5
F8/1B/X 98.6 F9/1B/X 98.7 F11/1B/X 99.4
F8/1B/Y 99.4 F9/1B/Y 99.7 F11/1B/Y 99.7
F8/2A/X 99.1 F9/2A/X 99.7 F11/2A/X 99.6
F8/2A/Y 99.1 F9/2A/Y 100 F11/2A/Y 99.2
F8/2B/X 98.9 F9/2B/X 97.7 F11/2B/X 99.6
F8/2B/Y 99 F9/2B/Y 99.9 F11/2B/Y 99.3
F8/3A/X 99.8
F8/3A/Y 99.9
F8/3B/X 93.1
F8/3B/Y 96.9
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