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Abstract

The nuclear shell model has accurately predicted many experimental trends in the atomic
mass region of A=20-60 and beyond. One way to examine this model is by studying mirror
nuclei–which have exchanged numbers of protons and neutrons. Differences between the
analogue nuclear energy levels and their decay patterns in mirror nuclei are key in quanti-
fying isospin symmetry in the nuclear force. Of particular interest is studying the neutron
deficient 34Ar and compare its structure to its mirror nucleus 34S. Whilst 34S has been
extensively studied, 34Ar has only been studied at comparatively low energies. In addition,
shell model calculations of mirror energies for A=34 Ar-Cl-S seem to disagree with available
experimental data.

A fusion evaporation experiment was conducted at the Laboratori Nazionali Legnaro (LNL
– INFN) in 2015 using a 12C beam to bombard a stationary 24Mg target. The intent was
to observe 34Ar in high spin states by observing the 2 neutron channel. Other stronger
channels were opened in this reaction which produce a high background, making observing
the 34Ar spectrum difficult. Gamma rays were detected by the GALILEO array composed
of 25 High Purity Germanium (HPGe) detectors. The EUCLIDES charged particle detector
associates charged particles being evaporated, whilst the neutron wall array tagged neutrons.
Coincident events between the charged particles, neutrons, and gamma rays are used to
create spectra of specific nuclei.

The 2p reaction channel, associated with 34S, and pn reaction channel, associated with 34Cl,
are analyzed and verified against known transitions in both nuclei. Contamination from
other reaction channels complicated the analysis, as transitions from competing channels
often overlapped. The 34Ar nucleus was not found in sufficient quantities to be detected,
with the experimental reaction cross section calculated to be less than 91 µb.

Keywords: Fusion Evaporation; Gamma-ray Spectroscopy
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Chapter 1

Introduction

Nuclei are one of the most fundamental building blocks in our universe: as chemists, we
describe every compound and atom based on the nuclei that form our molecules. As such,
understanding what nuclei are made of and how they behave are paramount. The design of
experiments probing an atomic nucleus is made complicated by the strength of the nuclear
force binding the protons and neutrons together. Yet because the nucleus is bound by the
nuclear force, studying nuclei is one of the most common and bountiful ways to try and
understand the aforementioned nuclear force. It is thus vitally important to study atomic
nuclei and their behaviour to explore one of the driving forces of our universe.

From a chemistry perspective, the atom is usually discussed from the context of the be-
haviour of its electrons. However, the atomic nucleus found at the core of the atom contains
the bulk of its mass, and poses its own interesting set of questions [3]. A depiction of a
deuterium atom - not to scale - is shown in Figure 1.1, where it should be noted that the
nuclear radius is actually five orders of magnitude smaller than the atomic radius.

nucleus

electron

Figure 1.1: Schematic of a deuterium atom, whose nucleus is composed of a proton and
neutron. This sketch is not to scale and serves only as an illustration.

Describing the nucleus requires theoretical context for what is being observed in experiment,
and we will discuss the nucleus through the shell model for this work.
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Our current description of the nucleus starts from its composition of protons and neutrons.
If we ignore the proton’s charge, both these particles are nearly identical in mass and may
be conveniently described as two states of the same particle: the nucleon. We can observe a
nucleus, so it must be a bound state. With this in mind we may say that there is a nuclear
force that serves to bind the nucleons together, counteracting the repulsive electric force
from the positively charged protons. Our treatment of the nuclear force assumes that it
acts equally on protons and neutrons, which we call charge independence. The otherwise
equal nucleons are differentiated by what we call the isospin projections: t3 = 1/2 for the
neutron and t3 = −1/2 for the proton. Note that this is a similar case to treating spin up
and spin down electrons, hence the term “isospin”. Because of this charge independence, the
structure and energies associated with forming a nucleus should only be dependent on the
total number of nucleons; a nucleus of Z protons and N neutrons and its “mirror nucleus”
of N protons and Z neutrons should be identical in structure and energies. However, it is
also important to consider the electrical Coulomb force that exists between protons.

This symmetry is reflected in the chart of nuclides shown in Figure 1.2, where the red N =
Z line of equal proton and neutron numbers follow the stable nuclides up until around an
atomic mass of 40. Beyond this point, the addition of more protons increases the strength of
the Coulomb force, and more neutrons are required to spatially isolate the positive charges,
and the nuclei tend towards higher neutron numbers compared to proton numbers.

It is here we note that the mathematical treatment of nuclei and atoms are very similar in
principle. That is to say, you can get an energy spectrum from a nucleus’ orbitals just like an
atom’s orbitals. Thus, we can compare the different spectra (which are called level schemes)
of mirror nuclei and observe if they are indeed identical or not. Practically speaking, we
see mirror nuclei where the level schemes are similar to a good degree as well as mirror
nuclei with different level schemes between the species. Describing why the level schemes
are similar or not helps us understand how nuclei work and their underlying structure.

In this specific case, studying one pair of mirror nuclei 34Ar and 34S serves a unique challenge;
although 34S is extensively studied to high angular momentum states, the neutron deficient
34Ar has barely been studied beyond several of its low lying states. This led to an experiment
conducted in 2015 at the Laboratori Nazionali di Legnaro in Legnaro, Italy to probe high
angular momentum states in 34Ar using γ-ray spectroscopy.

This work will start by examining the shell model for nuclei in Chapter 1, before discussing
the underlying mechanisms underpinning the fusion evaporation experiment conducted in
Chapter 2. Chapter 3 will explore previous work done in the mass region A = 34 around
the N = Z line to compare the setup and equipment with what was used in the present
work. Chapter 4 will explore the experimental setup used to produce and observe 34Ar,
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Figure 1.2: The chart of nuclides with the half lives of each nucleus shown. The N = Z line
is shown in red to reflect equal proton and neutron numbers, and the tendency for heavier
nuclei to require more neutrons than protons due to the positive charges being repulsive.
The gray lines intersect at the location of the proton rich 34Ar nucleus discussed in this
work. The lack of neutrons in the nucleus make 34Ar less stable than 34S, its mirror nucleus.
All half life values are taken from the NNDC [4].

while Chapter 5 will take a look at the analysis of the data set. Finally, Chapter 6 will
summarize the results and act as a conclusion for the 2015 experiment at Legnaro.

1.1 The Shell Model in Atoms

We can introduce γ-ray spectroscopy by examining the energy levels of nuclei. To do so,
a brief examination of the nuclear shell model can be utilized as a useful tool to visualize
how these energy levels are formed. The atomic nucleus is a quantum system comprised of
fermions. Therefore, it has a shell structure. Within this structure, a closed shell is formed
when the next available orbital or shell is well separated in energy. Before examining this
in greater detail, we will briefly examine the atom and its treatment with a shell model.

To study the energy levels of atoms, we can use a Hamiltonian with a potential that reflects
the observed system. As an example, the Hamiltonian for an atom with Z protons and a
single electron is reflected in Equation 1.1.

Ĥ(r⃗) = − ℏ2

2µ∇2 − Ze2

4πε0r
, (1.1)
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where e is the charge of an electron, ε0 is the vacuum permitivity, µ is the reduced mass
of the nucleus and electron, ℏ is the reduced Planck constant, and r⃗ is the vector from the
nucleus to the position of the electron. Completing the calculation based on the Hamiltonian
results in the discrete energy levels of a hydrogen-like atom that are given in Equation 1.2,
with n ∈ N being the principal quantum number [5].

E = −13.6 eV(Z2/n2) (1.2)

Although the basic layout of a Hamiltonian with a Coulomb potential can be used for
all atoms, the specific potential differs based on the charge of the nucleus as well as the
number of electrons interacting with the nucleus, or each other. These electrons then fill up
the discrete energy levels to form electron shells, where the energy levels being populated
are close in energy. The next electron shell would be comparatively well separated in energy
from the previous shell.

Although the fundamental interactions are the same, the discrete energy levels of each atom
do not follow the same trend as in hydrogen as we add more electrons. We can observe
some of this behaviour using the first ionization potential, shown in Figure 1.3, which is
associated with the energy required to remove one electron from the atom. One notable
trend with first ionization potentials manifests in large spikes around certain elements,
Z = 2, 10, 18, 36, 54, and 86. The large spikes can be interpreted as a dramatic increase in
the stability of the element from losing electrons, arising in “magic numbers” associated with
these atomic numbers. In fact, these numbers correspond with the closure of electron shells,
where the filled electron shells correspond with the inert noble gases. The properties of the
elements are often dictated only by the valence electrons, or the electrons just beyond the
last closed electron shell [3]. As such, the idea of closed electron shells conferring stability
to atoms with the valence electrons dictating the overall behavioural trends can be thought
of as an atomic shell model.

1.2 A Brief Introduction to the Nuclear Shell Model

A description of the nucleus often utilized is the nuclear shell model, which describes the
nucleons orbiting within a central potential created by the nucleons interacting with each
other. The shell model is aptly named thanks to the nucleon orbitals being divided by neat
and sizable energy gaps to form the eponymous “shells”. The shell gaps correspond with
specific nucleon numbers N,Z = 2, 8, 20, 28, 50, 82 as well as N = 126. These so-called
“magic numbers” are supported by a wealth of experimental evidence. As an example,
neutron and proton separation energies, or the energy required to remove a proton or
neutron from its nucleus dramatically changes after a magic number. The success of the
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Figure 1.3: Ionization potentials are plotted as a function of atomic number, highlighting
the dramatic drop in energy above closed electron shells. Values obtained from Ref. [3].

shell model reproducing these magic numbers is one of the most prominent characteristics
of the model [6].

The shell model is built on a Hamiltonian with a central potential, and a first order ap-
proximation can be made utilizing a simple harmonic oscillator as the central potential as
shown in Equation 1.3.

VHO(r) = 1
2mω

2r2, (1.3)

where m and ω being the mass and angular frequency of the nucleons respectively, whilst
r is the distance to the center of the nucleus. The resulting energy levels of the simple
harmonic oscillator in three dimensions is given in Equation 1.4.

En = ℏω
(︃

2(n− 1) + l + 3
2

)︃
, (1.4)

where n is a non-zero positive integer, and l is the orbital angular momentum. As nucleons
are fermions that obey the Pauli exclusion principle, the resulting degeneracy of each distinct
combination of n and l is equal to 2(2l+1), where l is the orbital angular momentum of the
nucleon. This central potential produces a degeneracy between various combination of n and
l. For example, the 2s and 1d orbitals share the same energy, thus succesfully reproducing
the magic numbers 2, 8, and 20. Further corrections can be applied to get the rest of the
magic numbers, namely the introduction of a spin orbit coupling term, VSO, to the potential
which is shown in Equation 1.5.
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VSO(r) = − 2
ℏ2Uls

1
r

dVC(r)
dr l̂ · ŝ, (1.5)

where Uls is some term that is proportional to the central potential VC(r), which in this
case would be the simple harmonic oscillator. Notably, the spin orbit term, l̂ · ŝ, lifts the
degeneracy of each orbital angular momentum and splits them into two new levels based
on whether l and s are aligned or anti-aligned. The new levels can be defined by their total
angular momentum j = l ± 1

2 , and have a degeneracy of 2j + 1. The result of the splitting,
where the larger j energy level is by convention assigned to the lower energy, allows the
energy levels to organize themselves into distinctive groups that successfully reproduce the
magic numbers as shown in Figure 1.4. The spin orbit coupling term also introduces intruder
orbitals, where certain energy levels are changed to a degree that they “intrude” into an
adjacent shell. These orbitals are usually marked by having parity opposite to other orbitals
within the shell.

Changes can be made for the central potential to more accurately represent physical argu-
ments of the nucleus. This is necessary given the fact that the harmonic oscillator has an
infinitely high wall where nucleons are always bound, as well as the quadratic nature of the
potential well being much too gradual a curve to represent the “skin” of the nucleus [6]. The
introduction of a potential with an intermediate form between square well and harmonic
oscillator potentials allow for some of these physical arguments to manifest. This potential,
known as the Woods-Saxon potential, is shown in Equation 1.6, where V0 is the depth of
the well, R is the average radius of the nucleus, and a is the skin thickness of the nucleus.

VW S(r) = − V0
1 + exp[(r −R)/a] (1.6)

The average radius, R, is given as R = 1.25A 1
3 fm where A is the atomic mass number. The

definition of a is also written as the distance between the well depths −0.9V0 and −0.1V0,
which is equivalent to 4a ln 3. Typical values for a are ∼ 0.5 fm whilst a typical well depth
is ∼ 50 MeV [6]. The shape of the Woods-Saxon potential is compared with the harmonic
oscillator in Figure 1.5.

The Woods-Saxon potential retains the “well” shape of the simple harmonic oscillator, but
has a few notable differences. Firstly, the problem of the infinitely high wall is resolved, as
the new potential tends to 0 outside of the radius of the nucleus. Secondly, the center of
the well is much more flat and thus tightly bound, as in the case of nucleons trapped in the
center of the nucleus. The last difference is the “skin” of the nucleus, where the walls of the
potential well are much steeper than a harmonic oscillator for nucleons on the surface.

6



1s

1p

1p

1p

1d

2s

1f

2p

1g

2d

3s

1h

2f

3p

1s1/2

1p3/2

1p1/2

1d5/2

1d3/2
2s1/2

1f7/2

2p3/2

1f5/2

1p1/2

1g9/2

1g7/2

2d5/2

2d3/2

3s1/2

1h11/2

1h9/2

2f7/2

2f5/2

3p3/2

3p1/2

1i13/2

5ħω
odd

4ħω
even

3ħω
odd

2ħω
even

1ħω
odd

0 (2)

(4)

(2)

(6)

(2)
(4)

(8)

(4)

(2)

(6)

(10)

(8)

(8)

(2)
(4)

(12)

(6)

(6)
(4)
(2)

(10)

(14)

2

8

20

28

50

82

126

Figure 1.4: Energy levels are shown from the simple harmonic oscillator potential on the
left, as well as the final energy levels after considering the spin orbit interaction on the
right. The cumulative population of the nucleons is shown on the far right, highlighting the
magic numbers for every shell closure. Figure adapted from Ref. [7]

The last distinction to be made would be to differentiate the potential well of protons as
well as that of neutrons. The Coulomb repulsion decreases the depth of the well, as well
as adding a non-zero positive potential proportional to 1/r as r goes to infinity [8]. The
contributions of the Coulomb potential are highlighted in Figures 1.5 and 1.6. The effects
are minor, and mostly serve to increase the energy levels of protons at higher occupation
numbers, resulting in a deviation from the N = Z line, an imaginary line on the chart of

7



Figure 1.5: The Harmonic Oscillator potential, Woods-Saxon potential, and Woods-Saxon +
Coulomb potential are plotted to highlight their differences. Compared with the harmonic
oscillator potential, the Woods-Saxon potential is notable for its steeper walls and flat
center. Most importantly the Woods-Saxon potential is finite as r → ∞. When looking at
the Woods-Saxon + Coulomb potential, we see it is more weakly bound compared to a
Woods-Saxon potential as r → 0.

nuclei so called as it demarcates where the number of protons are equal to the number of
neutrons, for occupying nucleons.

Figure 1.6: The Woods-Saxon potential and Woods-Saxon + Coulomb potential are plot-
ted to highlight their differences. The Woods-Saxon + Coulomb potential has a positive
and hence repulsive contribution compared to a pure Woods-Saxon potential. The former
potential decays slowly as ∝ 1

r when r → ∞.

This serves as the basis for a description of the protons and neutrons inside a nucleus in
the shell model: the orbitals within a nucleus are populated by protons and neutrons until
said orbital is filled, whereupon the next available orbital separated in energy is filled. The
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picture for nuclei near shell closures is thus simply an inert core of nucleons, and observing
the interaction of the particles in the valence shell determines the properties of the nuclei.
Energy levels and transitions can also be associated with nucleons exciting from a filled shell
to a higher energy level, leaving behind a “hole”. The description of nuclei with an inert
core and some valence nucleons does have its limits: the motion of numerous nucleons in
heavier and more complex nuclei make the valence space computationally taxing to account
for, resulting in the necessity for alternatives to the shell model.

1.3 Angular Momentum and Isospin of Nuclei

The nucleus is composed of two main particles: the proton and the neutron, as shown
in Figure 1.1. These two subatomic particles are actually remarkably similar, with the
proton having a rest mass of 938.3 MeV compared to the neutron’s 939.6 MeV. As such,
it is convenient to call both of them nucleons, and are only differentiated by the proton’s
electrical charge when dealing with electromagnetic interactions [9].

Both the proton and neutron are fermions. As spin - 1/2 particles, the nucleons, and by
extension, the nucleus, obey the Pauli exclusion principle. As a result, the wavefunction of
a nucleus is overall anti-symmetric upon the exchange of any two particles. The individual
nucleons have both an orbital angular momentum, l⃗, as well as a spin angular momentum,
s⃗, that sum to a total angular momentum, j⃗, as in Equation 1.7.

j⃗ = l⃗ + s⃗ (1.7)

The single particle total angular momentum and orbital angular momentum are used as
quantum numbers to label single particle orbitals as demonstrated in Figure 1.4. These
labels follow the form nlj , where n is the primary quantum number, l is the orbital angular
momentum, and j is the total angular momentum. The overall angular momentum of a
nucleus, J⃗ , is shown in Equation 1.8 as a sum of the individual angular momenta and spins
from A nucleon within the nucleus.

J⃗ =
A∑︂
i

ji⃗ (1.8)

The energy levels of a nucleus are associated with the total angular momentum J⃗ , and
are used as quantum numbers to label energy levels for nuclei starting in Section 3.2. The
convention for labelling each nuclear energy level follows the pattern of Jπ, where we have
the total angular momentum as well as a label for the parity of the state, with the parity
π = (−1)L, where L is the total orbital angular momentum.
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Nuclear orbitals can also be assigned an isospin T . Isospin is named thanks to its math-
ematical similarity to the treatment of electron spins: they are vector quantities that go
up in integer amounts, and there is a T3 component demarcated for individual nucleons as
T3 = +1/2 for neutrons, and T3 = −1/2 for protons. Just like electrons, isospin sum with
each other as an addition of vectors, and a nucleus’ total isospin is the sum of the individual
nucleon’s isospin. Equations 1.9 and 1.10 summarise the isospin of a nucleus, where T (i) are
the individual isospins of each nucleon, N being the number of neutrons in the nucleus, and
Z is the atomic number of the nucleus.

T⃗ =
∑︂

i

T⃗
(i) (1.9)

T3⃗ =
∑︂

i

T⃗
(i)
3

= N − Z

2 (1.10)

It is here we can define the mirror of a given nucleus as one with the same number of
nucleons, but with the number of protons and neutrons exchanged. As an example, the
mirror nucleus of 34Ar, which has Z = 18 and N = 16, would be 34S with Z = 16 and
N = 18.

The effect of nuclear force on protons is identical to the force’s effect on neutrons [10]. In
practice, this means mirror nuclei can have similar analogue states that are very similar in
energy when considering only the nuclear force.

At the very basic level, the symmetry of the nuclear force is broken by the electromagnetic
force, where the latter is around two orders of magnitude weaker than the former relatively
speaking. Regardless, the concept of analogue states between mirror nuclei is still used to
infer the spin and parity of energy levels [2].

In addition to assigning spins and parities, comparing analogue states is often done in order
to quantify the forces within the nucleus. This is usually done using the Mirror Energy
Difference (MED) demonstrated in Equation 1.11.

MED(J) = EZ>N (−T3, J
π) − EN<Z(+T3, J

π) (1.11)

The MED is defined as the energy analogue state J of the proton rich species with a neg-
ative T3 component subtracted by the energy of its neutron rich mirror. The difference in
energy is then characterized by contributions of the electromagnetic and nuclear forces.
The differences in energy tend to be minor, and MED is then useful as a demonstration of
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Figure 1.7: Partial level scheme of the mirror nuclei 59Zn and 59Cu with analogue states
studied shown. Nuclear energy level schemes are shown using arrows labelled with the
transition energy typically shown in keV. The width of the arrows give information on the
intensity of the transition, where thickness scales with intensity. The feeding pattern of γ-
ray transitions observed as well as the energies of the transitions are all very similar between
the two nuclei, highlighting the usefulness of charge symmetry to describe such systems.
Used with permission from Ref. [13].

the charge symmetry of the nuclear force, where the substitution of protons and neutrons,
n−n ⇐⇒ p−p would not affect the nuclear interaction energy [11]. The symmetry between
analogue states is often highlighted in mirror nuclei studies, where the energy levels be-
tween two nuclei are often very close in energy, as in Figure 1.7. Larger MED thus usually
reflect unusual behaviour. For example, the work of Ekman et al. [12], shown in Figure
1.8, found that the large MED of the 13/2- between 35Ar and 35Cl came from a monopole
Coulomb contribution - specifically an electromagnetic spin-orbit coupling term that was
not considered prior.

Another common property for study of analogue states is the Triplet Energy Difference
(TED), which examines nuclei with the same number of nucleons as well as T = 1 and
compares their energies as in Equation 1.12.

TED(J) = E(T3 = −1, T = 1, Jπ)+E(T3 = +1, T = 1, Jπ)−2E(T3 = 0, T = 1, Jπ) (1.12)

The excitation energies compared are usually the ground state or the lowest state of the
same T for each nucleus in the isospin triplet [15]. The TED also presents an opportunity to
demonstrate the charge independence of the nuclear force, which stipulates n− n ⇐⇒ p−
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Figure 1.8: Partial level scheme of the mirror nuclei 35Ar and 35Cl with analogue states
studied shown. The intensities of γ-ray transitions observed are notably different in the
7/2− → 5/2+ → 3/2+ and 7/2− → 3/2+ cascades. In addition, the large MED of the 13/2-

state is attributed to a monopole Coulomb contribution that was previously not considered;
an example where the description of charge symmetry is not sufficient to describe two mirror
nuclei. Used with permission from Ref. [14].

p ⇐⇒ n−p interactions are equal in energy. Note that the condition of charge independence
is much more stringent than charge symmetry [11].

Both the MED and TED are useful tools to compare nuclei, but are not explicitly used in
this work due to a lack data on 34Ar discussed later on.
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Chapter 2

Mechanisms and Interactions of
Fusion Evaporation Experiments

This chapter compiles the most relevant phenomena when discussing fusion evaporation
experiments, and primarily the ones relevant to the analysis of the experiment discussed in
this work. This includes covering: the interactions of matter with electromagnetic radiation
and charged particles, discussing the decay of high energy electromagnetic radiation known
as γ rays, as well as the mechanism of a fusion evaporation experiment and quantifying its
products using reaction cross sections.

2.1 Interaction of Electromagnetic Radiation with Matter

Electromagnetic radiation can interact with matter in three main processes: photoelectric
absorption, Compton scattering, and pair production. A short summary over the dominance
of the effects over γ-ray energies are highlighted in Figure 2.1.

The photoelectric effect is the absorption total energy of a photon which is then transferred
to an atomic electron, which can break free of its atom [17]. This electron is called a
photoelectron, which has a kinetic energy, Ee, shown in Equation 2.1.

Ee = Eγ − E(bind)
e , (2.1)

where Eγ is the energy of the γ ray and E(bind)
e is the binding energy of the electron within

the atom.
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Figure 2.1: The relative importance of the three major types of γ-ray interaction across
a variety of Z and energies Eγ. In general, the dominant interaction tends towards pair
production at higher energies, whilst higher Z material lessens the Compton effect. The
lines show the values of Z and Eγ for which the two neighbouring effects are just equal.
Adapted from Ref. [16].

γ

photoelectron

e−

Figure 2.2: A representation of the photoelectric effect: a γ ray is absorbed by an electron
that then escapes the atom as a photoelectron. The energy of the electron is given as the
energy of the γ ray subtracted by the binding energy of the electron inside the atom.

Notably the photoelectric effect is more significant around 0.1 MeV and decreases at higher
energies. The cross section of such events for a single atom is given as an approximation in
Equation 2.2.

σ ∝ Z4

E3
γ

(2.2)
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The dependence on the absorbing materials atomic number Z plays an important role in
detector setups, where higher-Z material are preferred to lower ones [9]. This is especially
apparent in γ-ray detectors setup with germanium (Z = 32) detectors instead of silicon
(Z = 14).

Compton scattering is an inelastic scattering of incident photons with electrons that tends
to occur between 0.1 and 10 MeV [17]. The incident γ ray is scattered by an electron into a
different direction. The resulting photons’ angular distribution is given by the Klein-Nishina
formula for the differential scattering cross section dσ/dΩ as shown in Equation 2.3.

dσ
dΩ = Zr2

0

(︃ 1
1 + α(1 − cos θ)

)︃2
(︄

1 + cos2 θ

2

)︄(︄
1 + α2(1 − cos θ)2

(1 + cos2 θ)[1 + α(1 − cos θ)]

)︄
(2.3)

Here, α ≡ hν/m0c
2 and r0 is the classical electron charge radius of 2.82 × 10−15 m. This

equation notably depends on the atomic number of the material [18]. As a result of the
energy lost to the electron, the photon’s new energy is dependent on its scattering angle
and is given by the Compton scattering formula:

E′
γ = Eγ

1 + (1 − cos θ)
(︂

Eγ

mc2

)︂ (2.4)

γ
θ

γ ′

e−

Figure 2.3: A representation of Compton scattering: a γ ray is scattered by an atom’s
electrons, deflecting the photon by an angle θ, as well as attenuating the latter’s energy.

Compton scattering gives rise to the Compton continuum, where the energy of a single
peak is distributed and washed out over energies until it effectively serves as background
to the spectrum. The maximum energy transferred to the electron, corresponding with a
full backscatter, is called the Compton edge, as the Compton continuum abruptly ends
just before the full photo-peak. The γ ray can also be scattered before the detector itself,
resulting in a backscatter peak that is typically found below 0.25 MeV [17].
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Finally, pair production occurs when a γ ray with energy more than 1022 keV forms an
electron-positron pair. The 1022-keV cutoff for pair production is derived from the energy
required to make an electron-positron pair near a nucleus. As the positron travels through
the detector material and loses energy, it will eventually bind with an electron to form
positronium and the two will annihilate. Two 511-keV photons are emitted at an angle
∼ 180° from each other. From a spectroscopy perspective, it is important to note that
the annihilation photons do not necessarily stay within the detector itself. If one of the
photons escapes the detector, the recorded energy is the original incident photon energy
minus 511 keV. The peak formed from this effect is called a single-escape peak. If both
photons escape, the peak is formed at the original energy minus 1022 keV and is called
a double-escape peak. The presence of escape peaks complicates analysis as it adds peaks
that are effectively contaminants, and must be treated with care to avoid misidentifying
transitions and their origins.

E

Ei − 511 keV
Ei − 1022 keV E

(esc)
i

Ei

Figure 2.4: Schematic highlighting the effects of pair production on the original full energy
peak Ei. The relative positions of the escape peaks are coloured in to highlight the single
escape peak and the double escape peak. The counts of the original peak would be reduced
as demonstrated by E(esc)

i as some of the counts are lost to the escape peaks.

The reaction cross section for pair production for a single nucleus is given in Equation
2.5 [16].

σ = αr2
0Z

2P (E,Z) (2.5)

Where α = 1/137 is the fine structure constant, r0 is the classical electron radius of
2.82 × 10−15 m, and P (E,Z) is a complex function that can broadly be defined to scale
with the energy of the γ ray. As pair production dominates mostly at higher energies, the
limited efficiency of the GALILEO γ-ray detectors utilized in the experiment at Legnaro
limits the observation of escape peaks and simplifies analysis.
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2.2 Interaction of Heavy Charged Particles and Matter

In the discussion of charged particles, such as α particles, their interaction with detectors
can succinctly be attributed primarily to the electromagnetic force. Namely, the particles’
positive charge interacts with the electrons in the absorbing material. The broad summary
of the process involves the charged particle gradually being slowed through exciting and
ionizing the absorbing material it interacts with before the charged particle comes to a rest
[17]. The linear stopping power, S, which describes the capacity of an absorber to slow and
stop a given charged particle is described by the Bethe-Bloch formula shown in Equation
2.6.

S = −dE
dx = 4π

mec2
nZ2

β2

(︄
e2

4πε0

)︄2 [︄
ln
(︄

2mec
2β2

I(1 − β2)

)︄
− β2

]︄
(2.6)

The stopping power is defined as the loss of energy for a given length inside the absorber,
where me is the mass of the electron, β is a ratio of the charged particle’s velocity as a
fraction of the speed of light, I is the average excitation and ionization potential of absorber,
n being the electron density of the absorber, Z being the charge of the stopping particle
in units of electron charge e, and ε0 being the vacuum permittivity. Through the electron
density, n, the stopping power scales with the density and atomic number of the target
where heavier and denser targets have greater stopping powers. Similarly, the dependence
on the electric charge of the stopping particle, Z, means heavier particles like α particles
slow down faster than lighter particles like protons.

Within thin absorbers and detectors, the energy loss can be calculated based off an averaged
stopping power value as shown in Equation 2.7.

∆E = −
(︃dE

dx

)︃
avg

δtarget (2.7)

Where (dE/dx)avg is the average stopping power of the particle within the thin target while
δtarget is the thickness of the target. The process is more complex if the particle is slower
and significantly slowed down within the thin layer as the stopping power rises.

For the purposes of the Legnaro experiment and its detectors, the process of excitation is
equally important to measure the energy of heavy charged particles. As in the case with the
GALILEO detector array, the EUCLIDES array is composed of semiconductor detectors,
meaning a strong reverse bias is placed on the silicon to accelerate the signal carrying
electrons and holes towards the edge of the semiconductor where they are collected by
electrodes. Further discussion on the reverse bias places is found in Section 4.1.

17



2.3 γ-ray Decay

The decay of a γ ray between two states in a nucleus can be defined by both the photon’s
energy, Eγ, as well as its angular momentum, L. The angular momentum of the photon
is restricted based off the initial and final angular momentum of the nuclear states, J ,
according to Equation 2.8.

|Jf − Ji| ≤ L ≤ Jf + Ji (2.8)

In addition, L is restricted to having no monopole (L = 0) transitions for single photons.
This immediately restricts 0 → 0 transitions within nuclei.

It is possible to define the parity of γ-ray radiation based on the angular momentum of
the photon L as represented in Equation 2.9 for magnetic multipole transitions denoted by
ML, and Equation 2.10 for electric multipole transitions denoted by EL [9].

π(ML) = (−1)L+1 (2.9)

π(EL) = (−1)L (2.10)

The parity rules also suggest that we can divide up transitions into two categories sum-
marised in Equation 2.11: transitions that allow a change in parity betweein Ji and Jf and
those that do not.

∆π = yes EL(odd),ML(even)

∆π = no EL(even),ML(odd)
(2.11)

The probability of a photon being emitted is given in Equation 2.12.

λ(σL) = 2(L+ 1)
ϵ0ℏL[(2L+ 1)!!]2

(︃
ω

c

)︃2L+1
|⟨ψf | (σL) |ψi⟩|2 (2.12)

The probability of γ-ray decay is heavily dependent on the matrix element, |⟨ψf | (σL) |ψi⟩|,
which itself varies with the multipolarity of the transition, σL. Depending on whether the
transition is an electric or magnetic multipole, as well as the initial and final state of the
photon, the matrix element changes. It is possible to calculate the matrix elements if we
assume the transition is due to a single proton that changes from one shell-model state to
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another. The decay probability for electric transitions are shown in Equation 2.13 whilst
the probability for magnetic transitions are represented in Equation 2.14. Both equations
are dependent on the energy of the photon in units of MeV, with the decay probabilities
given in units of s−1.

λ(EL) ≈ 8π(L+ 1)
L[(2L+ 1)!!]2

e2

4πϵ0ℏc

(︃
Eγ

ℏc

)︃2L+1 (︃ 3
L+ 3

)︃2
cR2L (2.13)

λ(ML) ≈ 8π(L+ 1)
L[(2L+ 1)!!]2

e2

4πϵ0ℏc

(︃
Eγ

ℏc

)︃2L+1
(︄

ℏ
mpc

)︄2 (︃
µp − 1

L+ 1

)︃2 (︃ 3
L+ 3

)︃2
cR2L−2

(2.14)

In the case of the magnetic transitions stemming from single proton excitations, the prob-
ability is also dependent on the magnetic moment of the proton, µp, as well as the mass
of the proton, mp. The results of these equations are summarized for a few values of L in
Table 2.1.

Table 2.1: Tabulating the Weisskopf estimates for L between 1 and 5 for both electric and
magnetic transitions. The unit for λ is in s−1 and Eγ is in MeV.

L λ(EL) λ(ML)
1 1.03 × 1014A2/3E3

γ 3.15 × 1013E3
γ

2 7.28 × 107A4/3E5
γ 2.24 × 107A2/3E5

γ

3 3.39 × 101A2E7
γ 1.04 × 101A4/3E7

γ

4 1.07 × 10−5A8/3E9
γ 3.27 × 10−6A2E9

γ

5 2.40 × 10−12A10/3E11
γ 7.36 × 10−13A8/3E11

γ

The transition probabilities calculated under the assumption of single proton excitation are
called Weisskopf estimates, and are useful as a reference against experimental transition
rates — reaction rates close the the Weisskopf estimates suggest the character of the transi-
tion to be from a single particle excitation. If a transition rate is many orders of magnitude
smaller than its Weisskopf estimate, it can be assumed there is a poor match-up of initial
and final wave functions which is slowing the transition. Similarly, if the transition rate was
significantly larger than the Weisskopf estimate, we might guess that more than one nucleon
is responsible for the transition [9].

In addition, the transition probabilities are much larger for lower multipolarities, while elec-
tric radiation is more likely to occur than magnetic transitions given the same multipolarity.
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2.4 Fusion Evaporation Reactions

The population of high-spin states in neutron deficient nuclei can be accomplished using
fusion evaporation reactions. These reactions are induced by firing a projectile nucleus, at
energies around 3 MeV to 5 MeV per nucleon, at a target nucleus. The two nuclei fuse and
the energy from the reaction forms a highly excited intermediate state called the compound
nucleus, which also loses its “memory” of the projectile and target nuclei [19]. The compound
nucleus gains its energy and angular momentum from the projectile, which had to overcome
the Coulomb barrier for the fusion process. The intermediate state quickly de-excites by
evaporating subatomic particles such as protons, neutrons, and alpha particles which leave
behind a corresponding recoil nucleus. For example, the N = Z compound nucleus 36Ar
evaporating 2 neutrons forms a 34Ar nucleus. In most cases, neutron emission is favoured
due to the Coulomb barrier. This is not necessarily the case for very neutron deficient nuclei
where high neutron separation energies suppress neutron emission and therefore emission
of protons and alpha particles are preferred. The recoil nucleus then further de-excites by
emitting γ rays which are used to study the nucleus. The γ-ray emission dominates the
process as energies approach the yrast line, which are a series of states that have the lowest
excitation energy for a given angular momentum.

n

α γ

γ

Figure 2.5: During a fusion evaporation reaction, the beam nucleus impacts the target
nucleus, which then fuse to form a highly excited compound nucleus. The compound nucleus
then evaporates other subatomic particles such as neutrons and charged particles. Finally,
the compound nucleus emits γ rays as it decays to its ground state.

The compound nucleus’ energy, Eex, is given by Equation 2.15.

Eex = Ecm +Qfus (2.15)

Here Ecm is the center of momentum energy of the system shown in Equation 2.16, whilst
Qfus is the change in binding energy of the system after the fusion of the beam and target
nuclei. The center of momentum energy is shown in Equation 2.16.

Ecm = EB − ER (2.16)
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Where EB is the energy of the beam nucleus and ER being the energy of the recoil nucleus.
The change in binding energy, Qfus, is given in Equation 2.17.

Qfus = c2(mT +mB −mcomp) (2.17)

Where mT ,mB and mcomp correspond with masses for the beam, target, and compound nu-
cleus respectively. The total process takes around 1 ns to complete from fusion to observing
γ rays.

2.5 Reaction Cross Sections

The reaction cross section, σ, illustrates the probability of a nuclear reaction occurring as
an area and can be defined in Equation 2.18:

σ = N

ibeamδtarget∆tε
, (2.18)

where N is the number of counts observed, typically taken as the sum of all intensities
feeding the ground state in units of particles/counts, δtarget being the thickness of the
target in mg per cm2 and converted to particles per cm2 depending on target material,
ibeam being the current of the beam in pnA, with 1 particle nanoampere being 6.24 × 109

particles/s, and ∆t being the duration of the experiment. In addition, the term ε represents
the efficiency for the detector array, such as γ-ray detectors and charged particle detectors.
Typically σ is expressed in terms of barns, where 1 barn is equivalent to 10-28 m2, and
larger reaction cross sections correspond to more probable reactions. It should be noted
that the “thickness” δtarget can be converted from a one dimensional thickness, d, as well
as the density of the material, ρ. The result is shown in Equation 2.19.

δtarget = ρd (2.19)
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Chapter 3

Literature Review on A=34 Nuclei
Around the N=Z Line

3.1 Motivating the Study of A=30-40 Nuclei

Studies of fp and sd shell nuclei have at times indicated interesting insights into isospin
symmetry around the N = Z line. Around A = 35, studies into the isospin doublet 35Ar and
35Cl have identified isospin mixing effects as well as a nuclear force contribution to isospin
symmetry breaking [20, 12]. The studies of such isospin symmetry breaking effects center
around comparing the intensities of transitions between analogue states of mirror nuclei as
well as examining their MED. Typical uses of the shell model in this mass range tend to
utilize both the sd and fp shells for the valence space.

Several experiments of A = 34 nuclei also try to constrain the errors on the reaction rates
33S(p, γ)34Cl and 33Cl(p, γ)34Ar which are used in isotopic abundance calculations [21].
These reactions are often tied to physically measurable quantities, such as isotopic ratios.

3.2 Literature on A=34 Nuclei

The two most recent studies on 34Cl were by: Bisoi et al. in 2014 [2] and Van Der Poel
et al. [22]. The latter paper utilizes results from a 31P(α,nγ)34Cl reaction at E(α) =
11.7 − 16.3 MeV as well as a 24Mg(12C, pnγ)34Cl reaction using an E(12C) = 32 − 35 MeV
at an intensity of 80 nA for its results. The 24Mg target was 380 µg/cm2 thick with a gold
backing with a thickness of 25 µm, whilst the 31P target ranged from 100 − 380 µg/cm2

in thickness, depending on whether the experiment was run for threshold measurements
or lifetime measurements, all with thick gold backing. The detector setup consisted of a
Compton-suppression spectrometer and a central High Purity Germanium (HPGe) detec-
tor with an additional four lithium drifted germanium (Ge(Li)) detectors for coincidence
measurements. The level scheme of 34Cl is observed up to 10.6 MeV, which is very close to
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the neutron separation energy Sn = 11.5 MeV. Lifetimes for nine of the levels in 34Cl were
measured. Enough data was collected such that angular correlations and angular distribu-
tions are used to establish energy levels in addition to their spin and parity.

Delving into specific transitions and notable issues, the beam and target combination of
the 24Mg(12C, pnγ)34Cl reaction lent itself to contamination from channels other than the
pn channel. This was mentioned when examining the 1935-keV transition. Further gating
from coincidence data place transitions from 31P at 1928-keV as well as 33S at 1932-keV.
The contaminant peaks derived from short lived energy levels in their respective nuclei,
confining analysis of the 1935-keV transition in 34Cl to coincidence measurements.

The more recent work of Bisoi et al. 27Al(12C,α n γ)34Cl used a beam energy of E(12C) =
40 MeV. The target utilized in the experiment had a thickness of 0.5 mg/cm2 with gold
backing 10 mg/cm2 thick. The experiment was run using the multi-detector array of 15
Compton-suppressed HPGe clover detectors. The level scheme was filled up until 10 631 keV,
similar to the work discussed prior. Spins and parities of the energy levels are assigned from
Directional Correlations from Oriented states (DCO) ratios based on detector configura-
tion, and polarization asymmetry was measured to determine if a transition was electric or
magnetic in nature using integrated polarization –directional correlation from oriented nu-
clei (IPDCO) ratios. Lifetimes and limits on lifetimes were placed on 6 energy levels using
Doppler Shift Attenuation Method (DSAM). The lifetimes were extracted from matrices
with γ rays detected at 157° or 65° on one axis, and 90° on the other axis, using line shape
analysis.

With respect to other A = 34 nuclei, the energy level of 2158 keV of T3 = 0 34Cl was
assigned Jπ = 2+ and T = 1 based on the 2+

1 and T = 1 state of T3 = −1 34S found at
2127 keV. This is also comparable to the 2091-keV 2+

1 energy level in 34Ar. Comparisons to
36Cl were also considered in assigning the 7699-keV energy level’s spin and parity, although
shell model considerations were ultimately used in the final tentative assignment of the level
as 7+. Further examination using large-basis shell-model calculations on both the positive
and negative parity states helped determine the microscopic nature of the energy levels as
well as place spins and parities on some energy levels. The shell model calculations used
a valence space consisting of the sd and fp shells for both protons and neutrons, whilst
utilizing an inert 16O core or in some cases, a 28Si core.

Sulfur 34 was examined in the work of Mason et al. [1] using 24Mg(16O, α 2pγ)34S at a
bombarding energy of 70 MeV. It was conducted at the Laboratori Nazionali di Legnaro uti-
lizing a 400 µg/cm2 target, as well as a 750 µg/cm2 target with 15 mg/cm2 of 197Au backing
for lifetime measurements. Detection of γ rays is achieved using the GASP spectrometer,
which consists of an array of 40 Compton-suppressed HPGe detectors and a multiplicity fil-

23



ter of 80 BGO scintillators. Channel selection was achieved using the 4π solid angle charged
particle detector ISIS, which consists of 40 ∆E – E silicon telescopes.

Energies up to 16.6 MeV were observed. Similarly the yrast states are extended up to 10+

at 13.34 MeV for positive parities and 9- at 13.32 MeV for negative parities. Lifetimes of
the energy levels was also established using DSAM. Spin states were assigned using angular
distributions as well as RADO ratios. Experimental results were also compared to theoretical
shell model calculations for both positive and negative parity states. These models made
use of both the sd and fp shells as the valence space, with considerations of an inert 28Si
core as well as where d5/2 is included in the valence space. The latter is based on a Monte
Carlo shell model with additional interactions to form the SPDF-M interaction.

Argon 34 has been studied by T.K. Alexander et al. [23] as well as a more recent study
conducted at Argonne National Laboratory [24]. The former experiment bombards a 3He
implanted 250 µm thick Au foil with a 80-MeV 32S beam resulting in a 3He(32S,n)34Ar
reaction. Three lithium drifted germanium detectors monitored γ rays in coincidence with
a liquid scintillator used to tag neutrons. The experiment primarily established the lifetimes
of the first two 2+ states in 34Ar, as well as their experimental matrix elements. The matrix
elements also highlight a divergence from theoretical matrix elements provided to the author
from private communication.

The Argonne experiment utilized a 12C(24Mg, 2nγ)34Ar reaction with a 95-MeV magnesium
beam. The target was a self supported 200 µg/cm2 carbon target, and was conducted in 2018.
The tracking of γ rays was accomplished using the GRETINA array comprised of twelve
modules. The γ rays were put in coincidence with mass number A = 34 and charge state
13+ on the focal plane of the Fragment Mass Analyzer (FMA).

Both studies establish the presence of a 2091-keV 2+
1 → 0+ feeding the ground state, which

is taken as the analogous transition to the 2+
1 → 0+ 2127-keV transition34S and serves as a

point of comparison. Other transitions compared with the mirror 34S include the 2+
2 → 2+

1
1198-keV transition as well as the 4+

1 → 2+
1 2552-keV, both from 34Ar. Energies up to 5

MeV were observed in the Argonne experiment, and uncertainties for the 33Cl(p, γ) reaction
are reduced. In another work based on the same experiment, it noted that shell model
calculations differed significantly from the excitation energies observed experimentally for
the T = 1 A = 34 mirror pair. Comparisons of MED against 34S, ranging from -57 keV to
+418 keV, were largely predictable, with the notable case of odd parity states having large
MED’s. There were also further constraints on the δ33S/32S and δ34S/32S ratios.

There is some motivation to further study 34Ar based off comparisons between available data
on the MED between 34S and 34Ar and shell model calculations [25]. Similar comparisons
for the TED between the A = 34 triplet between sulfur, chlorine, and argon can be done
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as well. Due to the limited data available on 34Ar at the time of writing the proposal, the
Legnaro experiment aimed to expand the level scheme of argon to the 4+ state and beyond.
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Chapter 4

Experiment

The experiment to populated excited states of 34Ar was conducted utilizing the facilities
at the Laboratori Nazionali di Legnaro. The experimental setup consists of GALILEO to
detect γ rays, EUCLIDES at the center to detect charged particles, and the Neutron Wall
at the forward angles to tag neutrons.

Neutron Wall

GALILEO

EUCLIDES

beam
target

Figure 4.1: Schematic of detector arrays. The target would be located in the centre of the
EUCLIDES ball.

4.1 Germanium Detectors for γ-Ray Detection

The γ-ray energies are recorded utilizing High Purity Germanium (HPGe) detectors.

Semiconductor detectors function thanks to the presence of the depletion layer at the p-n
junction. At its core, such a detector registers a signal when a particle or γ ray deposits its
energy in the depletion layer, creating electrons and holes which then need to be collected.
To create a strong signal, or indeed any signal at all, the electrons and holes formed must
be collected before they recombine within the semiconductor. As such, a strong reverse bias
is placed on the semiconductor to accelerate the signal carrying electrons and holes towards
the edge of the semiconductor where they are collected by electrodes.
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The presence of the depletion layer is a defining characteristic of semiconductor detectors,
and increasing its size effectively increases the size of the detector. Using HPGe allows for
larger and larger depletion layers, as the latter’s length d can be calculated as shown in
Equation 4.1:

d =
(︃2ϵV
eN

)︃ 1
2
, (4.1)

where e is the electronic charge, ϵ is the dielectric constant, V is the reverse bias voltage
applied, and importantly, N is the net concentration of impurities in the bulk semiconduc-
tor [17]. Thus, the more pure the material, the larger the depletion layer. This allows for
the depletion layer to be almost as large as the detector itself.

The primary reason we utilize germanium detectors for detecting γ rays is their excellent
energy resolution, where the full width half max of a 1.333 MeV peak can be measured on
the scale of 1 keV [17]. This intrinsic resolution is usually calculated as:

σ2 = FϵEγ , (4.2)

where F is the Fano factor, which is 0.08 in germanium, ϵ is the 2.96 eV of energy required
to produce an electron-hole pair in germanium, and Eγ being the energy of the source γ
ray. The Fano factor can be interpreted as the deviation of the process from a Poisson
distribution perhaps expected with the number of charge carriers being produced for each
γ-ray event.

A mixture of the previously mentioned properties of large reverse bias voltages to fully
collect the charge carriers in addition to the large depletion layer make for a large amount
of statistics for each γ-ray event.

4.2 Scintillators for Compton Suppression

The Compton suppression shields used in this experiment are composed of Bismuth Ger-
manate (BGO). The shields are scintillators, which can be distinguished from semiconductor
detectors by the larger bandgaps present: germanium being 0.7 eV [26] and BGO being 4.20
eV [27].

As Compton events add to background, the usefulness of the Compton suppression shields
cannot be understated. In the experiment described in this work, the BGO (Bismuth Ger-
manate) shields identified Compton scattered γ-ray events by looking for coincidences be-
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tween the shields and the HPGe detectors. The coincidences are then removed to suppress
the background in spectra.

In a scintillator, the γ ray once again produces electrons and holes in equal amounts. Instead
of simply recombining, scintillators have a number of recombination centers in the forbidden
gap between the conduction and valence band, which the electrons can drop into. If this
excited state has an allowed transition to let the electron back to the valence band, it will
do so whilst emitting a photon.

This photon has the notable characteristic of usually being within the visible range of the
electromagnetic spectrum, making the use of photomultiplier tubes (PMTs) viable to collect
the signal from the initial event. In addition, the intermediate recombination centers allow
the photon to have a different energy from the band gap, thus suppressing the number of
self-absorption events if the recombination centers were not present.

The high density and large atomic number of BGO allows for a highly efficient detector,
which is a key characteristic in Compton suppression, where efficiency of γ-ray detection is
preferred over energy resolution. In contrast, HPGe detectors have an atomic number of 32
compared to bismuth’s 83, whilst producing larger detectors of the required semiconductor
purity to make detectors becomes increasingly difficult. As a result, the HPGe detectors
used are less efficient, and more suited for their high energy resolution, which is discussed
further on.

4.3 GALILEO

The detection of γ rays is handled by the GALILEO array, a set of 25 Compton suppressed
HPGe detectors taken from the older GASP array [28]. Germanium has become to be one
of the most useful tools for γ-ray detection. Their ability for excellent energy resolution,
approaching 1.7-2.3 keV at 1332 keV, allows discrimination of transitions very close in
energy [17]. For the experiment, the array was arranged into a configuration of 5 HPGe
detectors at a ring 152◦ from the beam, 5 at 129◦, 5 more at 119◦, and 10 detectors in the
90◦ ring. This ensures a coverage of a solid angle ∼ 2π. Each germanium crystal is 72 mm
in diameter and 80 mm in length. The 90◦ ring is located 25 cm from the target position
while all other rings are placed 22.5 cm from the target. Each detector is surrounded by a
BGO anti-Compton shield in order to improve the peak-to-total ratio for spectra. GEANT4
simulations place the total efficiency of the system at 2.4% for 1332-keV γ rays. The intrinsic
FWHM of the detector array at 1332 keV is given around 3.1 keV [25].

4.3.1 Calibration and Alignnment

To take advantage of the energy resolution possible by the HPGe detectors, energy cali-
bration must be completed. Four different standard radioactive sources consisting of: 60Co,
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Figure 4.2: GALILEO array with the 90° ring on display. BGO Compton suppression shields
are clearly visible [29].

133Ba, 137Cs, and 152Eu, were used for energy calibration and efficiency determination. The
calibration covered energy ranges from 81 keV - 1408 keV. In each detector, the uncalibrated
peaks in the spectra from each detector was fit with a Gaussian function, with the centroid
then extracted. The resulting centroids are then plotted against the known energies of the
calibration sources to be fit with a 6th order polynomial. The results of the calibration can
be seen in Figure 4.3, which also show the energy alignment of the HPGe detectors. The
limited energy range of the calibration and the lower detector efficiency at higher energies
results in an inability to characterize peaks over 3 MeV.

The possibility of this nonlinear response of the detectors changing throughout the ex-
periment is present, and the γ-ray transitions of 34Cl (491 keV) and 34S (2561 keV) were
examined over all runs due to their relative isolation in energy and high statistics in their
respective energy ranges. Notably, detector 16 found within the 90 °ring drifted significantly.
A program was written to monitor the detector’s drift and reestablishes the calibration step
to suggest new parameters for the 6th order polynomial. The other detectors used were
mostly stable throughout the experiment and further reapplications of the calibration were
unnecessary between runs.

4.3.2 Efficiency

The efficiency of germanium detectors must be obtained to establish the intensities of ob-
served γ rays. The efficiency curve is produced using the same four radioactive sources used
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Figure 4.3: Demonstrating an example of a calibrated and aligned detectors’ spectra of
133Ba. The different GALILEO detectors are numbered on the x-axis.

in the calibration step. Peaks of known energy and branching ratios are fit with a Gaussian
function and given an arbitrary efficiency ε as shown in Equation 4.3.

ε(E) = A(E)
BR(E) (4.3)

The arbitrary efficiency ε is characterized by: A(E), the area given by the Gaussian fit,
and BR(E) being the branching ratio of the peak at energy E. Although activities for the
sources were listed, a small clerical error in the 152Eu source lists the activity at 396 kBq
in 2010 whilst being measured at 467 kBq in 2015. Similar errors were encountered with
60Co and the other sources used in the calibration failed to paint a consistent portrait of
the absolute efficiencies. For this reason as well as the lack of high energy peaks, arbitrary
relative efficiencies are used and deemed sufficient for this analysis. The relative efficiency for
each source was then scaled accordingly to establish a trend, before an 6th order polynomial
was fit between ln(ε(E)) and ln(E) in Equation 4.4 where ai are the fit parameters. The
results are shown in Figure 4.4 plotted as the efficiency against the energy, instead of the
natural logarithms of both.

ln(ε(E)) =
6∑︂

i=0
ai (ln(E))i (4.4)
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It should be noted that absolute efficiencies based of the curve constructed are approximated
based off data from γ − γ coincidences from the radioactive sources, and these efficiencies
are used later on in Section 5.9 and beyond.

Figure 4.4: The arbitrary efficiency curve fit is shown in red when done from: 60Co, 133Ba,
137Cs, 152Eu sources. After discussions with collaborators, the blue curve was simulated
courtesy of Dr. Alain Goasduff and used for the rest of the analysis, as transitions higher
in energy than those used in the original efficiency curve were observed [30].

4.4 EUCLIDES

In addition to γ rays, the nature of a fusion evaporation experiment necessitates the use
of a particle detector system. To detect charged particles, the EUCLIDES array was used.
EUCLIDES is a ball detector composed of 38 silicon ∆E – E telescope detectors situated
in the center of the entire GALILEO array. The ball itself houses 38 detectors, each with a
surface area of ∼ 10 cm2, with beam in and beam out positions left empty, providing ∼80%
of 4π solid angle coverage [31]. In the forward angles, 5 detectors are further segmented into
4 pieces each to cope with the higher count rates possible. The detector system is evaluated
at 35% efficiency for α particles and 60% efficiency for protons [32] although this value
varies with the reaction kinematics.

The purpose of the ∆E – E telescope detectors is to discriminate between charged particles
based on their energies [32]. Each telescope detector houses a thin ∼ 100 µm layer of a silicon
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Figure 4.5: EUCLIDES detector system being setup on a workbench for rough scale [29].

detector, as well as a thick ∼ 1000 µm layer of a silicon. Charged particles thus deposit some
of their energy in the thin layer, whilst depositing the rest of their energy and coming to a
rest in the thick layer behind.

Lighter charged particles particles, for example, would be detected at lower energies, whilst
depositing a narrow spectrum of energy within the thin ∆E layer. On the other hand, larger
charged particles deposit more energy overall. An example of this behaviour is shown later
by plotting a matrix of ∆E and E events in Figure 5.5, where the heavier α particles are
found at higher energies than the lighter protons p.

4.5 Detecting Neutrons with Liquid Scintillators

As the case with BGO Compton suppression shields, the focus of the Neutron wall is not on
energy resolution, but in this case falls on efficiency of detecting neutrons as well as timing.

Liquid scintillators are filled with fluid typically composed of organic molecules dissolved
in an appropriate solvent [17]. The solution then undergoes prompt fluorescence upon in-
teraction with neutrons. The fluorescence is then captured by photomultiplier tubes to
be converted to an electrical signal. Utilizing liquid scintillators has the benefit of more
cost effective, larger scintillators than solid plastics whilst the liquid nature of them mini-
mizes damage due to radiation. In addition, the organic molecules allows for faster timing
characteristics compared to the BGO shields around GALILEO detectors. The presence of
hydrogen in organic liquid scintillators allows for efficient neutron detection as the latter
can lose up to all its energy in a single collision with a hydrogen nucleus. The presence of
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high atomic mass numbers in scintillators is less ideal as the absorbing material absorbs less
energy the higher the mass number is shown in Equation 4.5,

ER

⃓⃓⃓⃓
max = 4A

(1 +A)2En , (4.5)

where ER|max is the maximum possible energy of the recoil (absorber) nucleus with mass
number A, and En is the energy of the incoming neutron [17].

4.6 Neutron Wall

The compound nucleus produced in fusion evaporation experiments emit both charged
particles and neutrons. Seeing as the channel of interest is 2n, the neutron wall was used
to tag neutrons. The neutron wall is a hemisphere on the forward angles opposite the
GALILEO array. It is composed of 15 liquid scintillators covering ∼ π of solid angle [33].
The detectors are filled with Bicron BC501A as the scintillating fluid. The detectors closest
to the center are viewed by a Philips XP4312B photomultiplier tube (PMT) whilst the rest
use Philips XP4512PA.

Figure 4.6: Neutron Wall hemisphere on display. EUCLIDES and GALILEO are not pic-
tured [29].

Unlike the other two arrays, measuring energy is not the aim of the neutron wall: the focus
is squarely on detecting as many neutrons as possible. Due to the low cross section of neu-
trons with materials, this goal is harder than in the other detectors. The total efficiency of
the setup for a single neutron ranges from ε = 25% − 30% as given in the proposal for the
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experiment [25]. Given the importance of tagging multiple neutron events, n-γ discrimi-
nation is done utilizing several parameters: zero-crossover (ZCO), time-of-flight (TOF) and
the charge-integrated anode signal (QVC) [34]. The ZCO is the parameter associated with
isolating neutron events from γ rays based on the the different decay time of pulses gener-
ated in the liquid scintillator. This is accomplished using a Constant-Fraction Discriminator
(CFD), which sums the measured pulse of the event multiplied by a factor χ and a delayed
inverse of the original signal. The point where this summed signal crosses the x-axis becomes
the ZCO channel, and is independent of the amplitude of the summed pulse; it is purely
dependent on the shape of the pulse. The resulting spectrum for ZCO is shown in Figure
4.7. The TOF is produced with reference to the end of the RF signal from the cyclotron
and the constant fraction time using the CFD, effectively measuring the time from when a
γ ray or neutron is emitted from the nucleus to being detected by the neutron wall. By the
nature, neutrons and photons reach the detector at different speeds allowing some manner
of discrimination, which is demonstrated in Figure 4.8. Alignment of the TOF is important
for the neutron wall, and is shown in Figure 4.9. The QVC is the parameter proportional
to charge collected within the PMT and examines energy deposited in each detector.
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Figure 4.7: Events in the larger peak on the right are associated with γ rays, whilst the
broader peak to the left is associated with neutrons events, allowing discrimination between
the two types of events.
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Figure 4.8: Larger TOF channel signals are associated with γ rays, whilst the broader peak
to the left is associated with neutrons, which in turn provides a way to separate neutron
wall events into neutron events and γ-ray events.

Figure 4.9: Alignment of the TRF, a label for the TOF between each neutron wall detector
when associated with the RF signal from the cyclotron. The intense peak between channels
must be aligned with each other for accurate neutron particle gates.
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Table 4.1: PACE4 calculations run using 100,000 events to show cross sections of different
channels opened in this work using the facilities at the LNL with a 35 MeV 12C beam on
24Mg target.

Z N A Percent Cross-section
of Events

[%] [mb]
18 17 35Ar 0.472 4.51
17 18 35Cl 0.673 6.43
18 16 34Ar 0.022 0.21
17 17 34Cl 13.7 131
16 18 34S 9.96 95.3
17 16 33Cl 0.01 0.0956
16 17 33S 5.75 55
15 18 33P 0.309 2.95
16 16 32S 3.79 36.2
16 15 31S 2.94 28.1
15 16 31P 51 487
15 15 30P 0.068 0.65
14 16 30Si 0.012 0.115
14 14 28Si 10.9 104
13 14 27Al 0.487 4.66

4.7 Experimental Setup

The experiment was a fusion evaporation reaction: 12C(24Mg,2n)34Ar using a 35 MeV 12C
beam with an average rate of 8 pnA to populate the high spin states of 34Ar. PACE4, a
program used for simulating fusion evaporation experiments using Monte Carlo methods,
was used with 100,000 events to estimate that the 34Ar channel would have a reaction cross
section of 0.21 mb out of a total of 955 mb for the entire reaction, as shown in Figure 4.1.
In comparison, the strongest channel in the reaction, αp, has a cross-section of 487 mb. The
self-supported 24Mg targets are 0.5 mg/cm2 thick and placed at the center of the entire
array. Given the average rate of the beam, thickness of the target, and PACE4 calculations,
126 34Ar nuclei are expected every second before accounting for detector efficiencies. The
experiment was run over the course of a week in October 2015, which should yield more
than 76 million events over the run of the experiment.

4.8 Contamination of Spectra with Oxygen Associated Chan-
nels

The magnesium target utilized had the possibility of being oxidized during transfer into the
vacuum chamber, and thus peaks associated with an oxygen target were monitored. During
the experiment, a 439-keV peak associated with 12C(16O,αp)23Na was observed over the
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runs. This reaction had a comparable 1000 mb cross section, although the channel itself
is closer to 348 mb. As a result, online peak fitting comparing the 439-keV 23Na peak was
compared to the 461 keV 34Cl peak from the pn channel to ensure the contamination of
the oxygen related peaks did not overwhelm the spectra. If the peak area ratio between the
439-keV peak to 461-keV peak exceeded 0.4 for a run, the magnesium target was changed.
As a result, four different magnesium targets were used, and isolating the resulting spectra
from channels associated with oxygen was an easy task.
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Chapter 5

Analysis

The analysis presented in this work was performed using custom scripts provided by LNL
using the ROOT toolkit [35]. Level schemes were constructed from matrices of particle gated
γ − γ coincidences.

This chapter discusses the analysis of the data from the experiment in 2015, culminating
in the search for transitions associated with the 2n reaction channel recoil nucleus: 34Ar. A
summary of the nuclei and their corresponding reaction channels discussed in this chapter
are highlighted in Figure 5.1. Doppler corrections must be considered for the γ rays, as
they are emitted whilst the recoil nuclei are in flight. Kinematic reconstruction of events
associated with charged particles was possible, and allowed for γ-ray spectra with better
resolved peaks compared to when an average Doppler correction was applied. The process
of constructing coincidences between charged particle events, neutrons, and γ rays is also
covered. This includes drawing particle gates for both neutron wall data and EUCLIDES
data. During the course of this analysis, a newly observed γ-ray transition was observed in
34S, which was associated with the 2p reaction channel, whilst one newly observed energy
level and one newly observed γ-ray transition were found in 34Cl, which was associated
with the pn reaction channel. There is also a discussion of common contaminant channels,
and some of the problems encountered when looking at reaction channels associated with α
particles. Comparisons are also drawn with a more recent experiment conducted at Argonne
National Labs which successfully observed γ ray transitions associated with 34Ar. Finally,
there is a discussion on the reaction cross section observed over the course of the experiment
discussed in this work, with an upper limit for the production of 34Ar being established.

5.1 Doppler Corrections

Fusion evaporation experiments result in the recoil nuclei being studied in-flight while emit-
ting γ rays. This motion results in the Doppler shift of the γ rays, making the measurement

38



34
18Ar16

2n

36
18Ar18

Compound
nucleus

34
17Cl17
pn

32
16S16
α

33
16S17
2pn

34
16S18

2p

31
15P16
αp

28
14Si14

2α

Figure 5.1: Truncated chart of nuclides highlighting nuclei discussed in this chapter with
their corresponding reaction channel during the experiment.

of accurate energies for transitions complicated. Fortunately, it is known that the energy of
a Doppler shifted photon with energy Eγ emitted from a source travelling at a speed vs is
given by:

Eobserved = Eγ

√︁
1 − β2

1 − β cos θ , (5.1)

where β = vs
c is the velocity of the γ-ray emitting nucleus expressed as a ratio of the speed

of light, c, Eobserved is the energy of the photon observed in the lab frame, and θ is the
angle between the direction of travel of the source and the emitted photon [36]. From the
detector’s known geometry, it is possible to reconstruct the energy of a γ ray observed by
an HPGe detector at a known angle from the axis of the nuclei’s direction of motion.

5.1.1 Kinematic Reconstruction of Doppler Shifted Events

To fully understand the trajectory of the nuclei, the fusion evaporation reaction can be
rewritten as a conservation of momentum between the reactants and products. In this
context, it is important to find the momentum of the reactants first, which would be the
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compound nucleus formed when the beam fuses with the target. Given the non-relativistic
velocities of the beam, it is possible to use Equation 5.2 to solve for the momentum, p, of
the compound nucleus.

p(12C) + p(24Mg) = p(36Ar) (5.2)

It is possible to find the speed of the beam nuclei through Equation 5.3 given the energy of
the beam E,

v =
√︄

2E
m
. (5.3)

Knowing the 24Mg target is stationary whilst the 12C projectiles has an energy of 35 MeV
resulting in a 36Ar compound nucleus with a speed of v36Ar = 0.02638c. From here, the
velocity of the compound nucleus is known as it is directed along the beam axis, which is
denoted as the ẑ axis.

To achieve an event-by-event Doppler correction, it is necessary to determine the momentum
of the γ-ray emitting nucleus. As before, it is useful to look at the conservation of momentum
of the reaction denoted in Equation 5.4:

pcomp − pparticle = precoil (5.4)⎡⎢⎢⎢⎢⎢⎣
γcompmcomp

0
0

βcompmcompγcomp

⎤⎥⎥⎥⎥⎥⎦−

⎡⎢⎢⎢⎢⎢⎣
γparticlemparticle

βx,particlemparticleγparticle

βy,particlemparticleγparticle

βz,particlemparticle

⎤⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎣
γrecoilmrecoil

−px,particle

−py,particle

βrecoilmrecoilγrecoil

⎤⎥⎥⎥⎥⎥⎦ , (5.5)

where the reactant would be the compound nucleus represented by pcomp and the products
would be the particle and the recoil nucleus. Equation 5.5, which is written in natural
units, examines solving for the 4-momentum of the recoil nucleus as it occurs within the
data sorting code. The information for the particle is gathered from charged particle events
detected by EUCLIDES. Within the calculated 4-momentum, the speed of the recoil nuclei
βrecoil is then used in the Doppler correction of the γ-ray detected in the same 1.2 µs
coincidence window. Construction of the particle-γ coincidence events is discussed further
in Section 5.3.1.
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(a) Schematic showing the extreme case
where the 12C nucleus reacts at the end of
the target, resulting in considering stopping
powers of 12C in 24Mg.

(b) Schematic where the compound nucleus
36Ar is formed at the start of the target in-
stead, such that the stopping powers being
considered are of 36Ar in 24Mg.

Figure 5.2

The neutron wall is not sensitive to neutron kinetic energies, so event-by-event kinematic
reconstruction is not possible. Here, an average value of β was determined empirically to
best reproduce the known transition energies as shown in Figure 5.4. Consequently, spectra
associated with neutron particle gates have poorer energy resolution.

5.1.2 Stopping Power Within the Target

To properly obtain γ-ray energies, it is necessary to consider the energy loss of the projectile
within the target material. To consider such effects, the stopping power of a 12C beam or
36Ar compound nucleus on a 0.5 mg/cm2 24Mg self-supporting target was calculated using
the program Stopping and Range of Ions in Matter (SRIM) [37]. Two extreme scenarios
are calculated for the beam: the case where the compound nucleus is formed at the end of
the target, or at the beginning of the target. From examining these cases, we can use the
worse of the two with respect to the slowdown of the compound nucleus to see if Doppler
corrections will be affected in a significant manner.

The two cases are schematically shown in Figure 5.2 (not to scale). In the case of the
compound nucleus being formed at the end of the target, the energy loss of the 12C projectile
as it travels through the full thickness of the target is considered. SRIM lists the electronic
stopping power of a 35-MeV 12C beam in the 0.5 mg/cm2 target at 2.967 MeV/(mg/cm2).
Over the thickness of the target, the energy of the beam is consequently reduced by 1.484
MeV resulting in the velocity of the compound nucleus to be v36Ar = 0.02581c, or 2.1 % less
than the original projectile. In this scenario, the beam energy is reduced to 33.52 MeV from
which a PACE4 calculation can be done. The reduction in beam energy from the original
35-MeV 12C beam on 24Mg results in a reduction of the reaction cross section of 34Ar from
0.2 mb to 0.1 mb, or a factor of two.

The other extreme case would be where 36Ar is formed at the start of the target and loses
energy traversing through the target. The heavier 36Ar ions traversing through the same
24Mg target result in a stopping power of 16.93 MeV/(mg/cm2), and 8.456 MeV of the
compound nuclei energy is lost. The large energy loss is reflected in the speed v36Ar =
0.01385c, or 47 % less than if stopping powers were not considered at all. Using this case,
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the resulting error on the Doppler corrected γ-ray energy is ∼ 1 %. For a 1-MeV peak, this
contributes at least 10-keV to the width of the peak.

It is important to note that the estimates here are illustrative since they assumed a static
stopping power over the length of the target. Realistically, as the beam nuclei slows within
the target, the stopping power increases resulting in a larger contribution to the error of
the Doppler corrected γ-ray energies measured and by extension the width of the peaks.
Simulations based on these considerations could theoretically be written, but were not
applied in this specific work due to time constraints. The formation of the compound nucleus
also takes place throughout the volume of the target, and is not necessarily confined to just
the front or rear of the target.

5.1.3 Empirically Assigned Compound and Recoil Nuclei Velocities

Although it is possible to calculate the velocity of the compound nucleus through Equation
5.3, Doppler corrected γ-ray spectra using the calculated velocity of β36Ar = 0.02638 does
not result in accurate energies for known transitions. To remedy this, it is best to start by
expanding Equation 5.1 around β = 0 to get Equation 5.6:

Eobserved

Eγ
≈ β · (cos θ) + 1, (5.6)

where Eobserved
Eγ

is the ratio between the observed energy of the γ ray and the energy of the
γ ray in the centre of mass frame. By evaluating a number of measured γ-ray transitions
relative to their known transition energies as a function of the cosine of detector angles, it
is possible to fit experimental data to Equation 5.6. This was done as shown in Figure 5.3,
where the ratio Eobserved

Eγ
was fit to the cosine of the corresponding detector angles cos θ,

leaving the velocity of the compound nucleus, β, corresponding to the slope of the fit.

The result of fitting the transitions was an average velocity of the γ-ray source, the recoil
nucleus, β = 0.0224(3), which was the value used in further data analysis where kinematic
reconstruction was not possible.

It should be noted that for channels where kinematic reconstruction is applied, the velocity
of the compound nucleus is required, not the velocity of the recoil nucleus. The velocity of the
compound nucleus was established by comparing the energies of transitions with the more
general Doppler correction, with some test value βk used for the kinematic reconstruction.
This process is shown for 34S in Figure 5.4.

Taking the variance from the energy of the fitted peaks into account, it was found that
βk = 0.0231(5).
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Figure 5.3: Experimentally observed transitions are normalized to their literature energy
Eref and plotted against the cosine of their detector angle cos θ. The slope of the fit corre-
sponds to the average β, the average velocity of the recoil nucleus emitting the γ rays.

Figure 5.4: Comparison of peak widths and relative positions between kinematic recon-
struction spectrum (βk = 0.0231) and averaged Doppler corrections (β = 0.0224) on the
2p channel associated with 34S. This ensures that the two values used for the recoil and
compound nucleus velocities are consistent. The much narrower peaks produced from the
kinematic reconstructions are also highlighted by comparing the standard deviation for each
fit, σ.
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5.2 Peak Widths with Doppler Corrections

As covered in Section 4.1 the intrinsic width of HPGe detectors around 1.3 MeV is given
as σ = 1.3 keV. However, under fusion evaporation experiments with multiple detectors,
the peaks are shifted and broadened due to the Doppler effect. The total deviation of the
Doppler broadened peaks, σT , can be given as in Equation 5.7:

σ2
T = σ2

I + σ2
Ω + σ2

det + σ2
β, (5.7)

where σI is the intrinsic deviation of the peak from the HPGe detector as discussed in
Section 4.1, σθ representing the error associated with the assumption recoil nuclei follow
the beam axis, σdet is associated with the detector opening angle, and σβ is the error from
the velocity of the recoil nucleus. The latter value, in turn, relies on the error of the detector
solid angle Ω as well as the error of the recoil nucleus’ velocity β. The total deviation of a
transition at 1.3 MeV is measured to be ∼ 5 keV, much larger than the intrinsic deviation.

5.3 Particle Gating

5.3.1 Charged Particle Gates

Charged particle gates are not directly necessary for the 2n channel, since the evaporated
neutrons are not detected by EUCLIDES, but are important nonetheless when looking at
other channels. By analyzing well known reaction channels to the experiment, it is possible
to verify the integrity and accuracy of the experimental setup and event-by-event Doppler
corrections before turning to the 2n channel. For example, the pn channel producing 34Cl
has a reaction cross section of 133 mb. At three orders of magnitude larger than the reaction
channel for 34Ar, confirming the transitions and intensities observed in previous examina-
tions of 34Cl is a relatively simple task and will give the user confidence in their observations
of the weaker 2n channel.

To create charged particle gates, E –∆E matrices are created for each EUCLIDES detector
as discusses in Section 4.4. Particle gates for each run could be created/“drawn”, but seeing
as the matrices on a series of runs on the same target did not vary in a meaningful way,
particle gates were drawn for each target and applied to all relevant runs. With the matrices
constructed, “banana gates” were drawn along characteristic features on the matrices, as
shown in Figure 5.5. The matrices are populated according to the energy deposited in the
∆E layer of the detector on the y-axis, and the E stopping layer on the x-axis. All particle
events within a given banana gate are attributed to a specific fusion evaporation event being
detected in a single EUCLIDES detector according to these energies. The more energetic α
particles are found at the top portion of the matrix compared to the protons which deposit
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Figure 5.5: Demonstration of particle gates being drawn around charged particle events
detected by EUCLIDES. This matrix is constructed using one run on one of the detectors
in the forward angles of EUCLIDES.

and have less energy. Any γ rays observed in prompt time coincidence with any particles in
these gates are then assigned to these channels. The two dimensional gates applied to the
EUCLIDES detectors produce γ-ray spectra corresponding to the relevant reaction channel.

Although the charged particle gates isolate specific reaction channels, contaminants are still
observed. The strongest channel from the experiment, 31P, has a strong presence in the form
of a 1266-keV 3/2+→1/2+ transition.

5.3.2 Neutron Gates

The nucleus of interest, 34Ar, is associated with the 2n channel, thus introducing the need
for the Neutron Wall, which was briefly discussed in Section 4.6. Similar to how EUCLIDES
is used to generate charged particle gates, a comparable process is utilized for isolating γ
rays associated with neutron events. In the case of the neutrons, it is more useful to examine
ZCO-TOF matrices to differentiate neutron events from other signals as shown in Figure
5.6. The characteristic ZCO peak for neutrons is broader and offset from other light signals
detected by the liquid scintillators, with the latter peak being more sharply centered around
0. Gates are then drawn around the characteristic peaks of the matrix.

The neutron gates allow for observations of reaction channels such as pn 34Cl, 1n 35Cl, and
2n 34Ar.
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Figure 5.6: Demonstration of gating around neutron events shown in red. Notice the broad,
off center nature of the neutron peak in comparison to the photopeak which is centered
around ZCO = 0.

5.4 Coincidence Method

To build the level schemes, coincidences between γ rays were examined within each channel.
A γ−γ coincidence matrix is populated when two γ rays are detected within 400 ns of each
other. The schematic shown in Figure 5.7 serves to illustrate two such γ rays part of the
same cascade, and when detected within the narrow coincidence window, can be attributed
as being emitted from the same nucleus.

γ2

γ1

Figure 5.7: Demonstration of a cascade formed by the γ ray γ2 feeding γ1. Any two γ-rays
detected within the coincidence window are used to populate the γ− γ coincidence matrix,
and are considered to be in coincidence.

Analysis of these γ − γ matrices allow the identification of cascades of γ-ray transitions for
the channel of interest, and further validates the experimental setup when comparing data
with previously reported results as shown in Table 5.2 and Table 5.3.
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Figure 5.8: An example of a γ-ray spectrum particle gated on the pn channel with a gate
drawn around the coincident 1935-keV transition and background subtraction applied is
shown below the γ − γ coincidence matrix used to construct it.

A schematic of how the γ-ray gates are drawn is shown in Figure 5.8. First, a projection
across the transition of interest is shown by the red box. The second projection is marked
by the blue box and is used as a “background” slice to remove coincidences with Compton
scattering events from higher energy transitions. The resulting γ-ray spectrum is shown on
the bottom of the figure, where it is possible to identify γ rays originating from energy levels
up to 7250-keV excitation energy.

Interestingly, contamination is still present at times despite the application of both: particle
gates to isolate specific reaction channels, combined with specific energy gates corresponding
to nuclei produced from those reaction channels in the γ − γ matrices. This is, more often
than not, due to the large intensity of contaminants in the channels after particle gating, and
the fact that a lot of the contaminant peaks are close in energy to many intense transitions
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in the channels of interest. As an example, Figure 5.9 showcases such contamination as the
2128-keV transition from 34S overlaps with a broad 31P-based 2148-keV transition.

Figure 5.9: Background subtracted γ-ray spectrum particle gated on the 2p channel gated
around the 2128-keV transition in 34S highlghting the strong presence of 31P due to the
γ-ray gate drawn overlapping with a very broad 31P-based 2148-keV transition. Known 34S
transitions are labelled with their energies.

5.5 Particle Gated Spectra

Spectra for a specific particle channel are built from any observed γ-ray event coincident
with a specific particle gate. As an example, an event is attributed to the decay of 34Cl when
one γ ray is observed in coincidence with a EUCLIDES event associated with a single proton
and a neutron wall event. Due to the high count rate of the 31P channel, it is a recurring
contaminant across many spectra identifiable with the 1266-keV peak. When looking at
2p particle gated γ rays, events associated with 31P can be misidentified in quantities up
to 130(5) % relative to the correctly identified 34S events; 31P contaminants are found in
quantities comparable to the expected 34S due to the high calculated reaction cross-section
of 31P. Another prominent and recurring contaminant is 33S with a calculated cross-section
of 55 mb and contaminant peaks: 841-keV, 967-keV, and 1967-keV recurring the most. A
discussion on contamination in various particle gates can be found in Appendix B.

To validate that the experiment setup and analysis suite, two well studied channels were
examined: 34S and 34Cl. The level schemes are shown in Figure 5.11 for 34S and Figure 5.12
for 34Cl.
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5.5.1 34S — 2p Reaction Channel

Over the course of the experiment, energy levels up to 11810 keV were populated when
examining the 34S spectrum. Populated by the evaporation of 2p, this is an excellent re-
source for confirming that the kinematic reconstruction of the fusion evaporation events is
working properly. The level scheme is highlighted in Figure 5.11 with the associated list of
transitions in Table 5.1 where they are compared with the work of Mason et al. [1]. When
compared with the ENSDF file for 34S [38], many of the same energy levels are populated
with comparable branching ratios from each energy level as shown in Table 5.2. One new
transition is tentatively assigned through γ − γ coincidence and more information on this
transition can be examined in Section 5.6.
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Figure 5.10: Particle gated γ-ray spectrum for 34S concatenated from the entire experiment
gated on 2p channel. There are contaminants visible throughout the spectrum. All labelled
peaks are confirmed with Nuclear Data Sheets [38]. Unlabelled peaks are either contami-
nant peaks or heavily contaminated, making it difficult to identify its origin i.e. multiple
contaminant peaks of various sources.
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Figure 5.11: Partial level scheme of observed transitions in 34S including transitions identi-
fied in this work. Transition intensities are proportional to the width of the arrows. Tran-
sitions denoted with dashed lines were observed using the coincidence method, and the
placement of the 925-keV transition is discussed in Section 5.6
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Table 5.1: Transitions from the 2p gated γ-ray spectra are shown. Due to the highly con-
taminated nature of the intense 2128-keV, highlighted with *, a comparison to Mason et
al. is done by normalizing the relative intensity of the 2561-keV transition to 67.5% as in
Reference [1]) . Transitions highlighted in red fail to replicate the results in the previous
work, highlighting possible differences in the population of energy levels.

Transition Etransition IExp ILit
[keV] [%] [%]

5-→ 4+ 1001.6(3) 41(4) 42(4)
5-→ 3- 1066.5(4) 34.8(10) 35(4)
2+

1 → 2+ 1176.6(15) 27(3) 22(2)
3-→ 2+ 1320.4(3) 31(8) 27(3)
4-→ 3+ 1374.5(7) 5(3) 2.8(6)
7+→ 6+ 1409.5(8) 1.32(8) 2.1(6)
8+

1 → 7+ 1461.6(5) 1.3(3) 3.7(8)
6-→ 4- 1538.9(8) 6.1(5) 5.0(10)
4-→ 4+ 1561.6(3) 2.3(10) 2.9(6)
3+→ 2−

1 1572.7(5) 3.6(2) 3.2(7)
4-→ 3- 1627.3(12) 1.9(2) 1.3(3)
6-→ 5- 2099.1(16) 11.5(12) 27(3)
2+→ 0+ 2128.0(9) 93(13)* 100
8+→ 7- 2279.3(10) 3.2(5) 4.7(10)
3-→ 2+ 2497.0(7) 12.4(10) 12.3(12)
4+→ 2+ 2561.0(7) 67.5 68(7)
8-→ 6- 2607.0(10) 4.6(10) 7.1(10)
7-→ 5- 2680.4(11) 21(4) 30(3)
3+→ 2+ 2748.5(9) 3.7(10) 3.6(8)
6+→ 5- 2812.0(10) 6.3(5) 7.7(14)
8+→ 7- 3004(3) 4.8(14) 4.1(8)
6−

1 → 5- 3042(2) 10(20) 3.1(7)
2+

1 → 0+ 3305(3) 22(4) 17.8(18)
8+

2 → 7- 3437.6(8) 1.0(2) 1.5(6)
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Table 5.2: Comparison of γ-ray branching ratios from energy levels observed in 34S against
literature values [38].

Einitial Ji Efinal Jf Etransition I [%] INNDC [%]
[keV] [keV] [keV]
4624.6(10) 3- 3304.0(10) 2+

1 1320.4(3) 100 100
2128.1(9) 2+ 2497.0(7) 33(3) 41(6)

4877.0(10) 3+ 3304.0(10) 2+
1 1572.3(4) 86(5) 80(12)

2128.1(9) 2+ 2748.5(9) 100 100
5691.1(10) 5- 4689.5(10) 4+ 1001.6(3) 100 100

4624.6(10) 3- 1066.5(4) 76(4) 83(13)
6251.2(10) 4- 4877.0(10) 3+ 1374.5(7) 52(3) 46(15)

4689.5(10) 4+ 1561.6(3) 100 100
7790.1(12) 6- 6251.2(10) 4- 1538.9(8) 15(2) 19(5)

5691.1(10) 5- 2099.1(16) 100 100

5.5.2 34Cl — pn Reaction Channel

To validate that the neutron wall functions as intended, γ rays associated with the decay
of 34Cl are studied as it is one of the more populous channels that utilizes both neutron
coincidences as well as charged particle coincidences. The γ-ray spectra corresponding to
this reaction channel validates both particle detector arrays and serves as another step in
confirming every detector works before moving on to less intense channels. Energy levels as-
sociated with 34Cl are observed up to 11 MeV. The measured branching ratios are compared
with the ENSDF for 34Cl, from which the experimental results were determined to be within
agreement as shown in Table 5.3. One new transition at 2288 keV was observed decaying
from a new energy level at 10093 keV. Due to the complexity of the level scheme of 34Cl,
there was often a lack of statistics to confirm relative intensities using pn− γ coincidences
like in the case of 34S. In addition, there was no experiment with a broadly comparable
setup. As such, the relative branching ratios are used to verify the validity of this reaction
channel.
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Figure 5.12: Level scheme of observed transitions in 34Cl. Transitions are primarily those
highlighted in Table 5.3. Intensities are not highlighted in the level scheme due to con-
tamination for many transitions. Transitions denoted by dashed lines are the previously
unreported 2288-keV transition, and the 2843-keV transition which was reassigned above
the 1935-keV transition as discussed in Section 5.6.
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Figure 5.13: Particle gated γ-ray spectrum for 34Cl from all the runs over the experiment’s
run. All labelled peaks are confirmed with Nuclear Data Sheets [38].
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Table 5.3: Comparing branching ratios of γ rays from energy levels observed in 34Cl against
known values [38]. Transitions and energy levels were verified using the coincidence method
described in Section 5.4.

Einitial Ji Efinal Jf Etransition I [%] INNDC [%]
[keV] [keV] [keV]
2721.7(8) 2- 665.8(8) 1+

1 2056.0(11) 15.9(18) 16(9)
461.2(8) 1+ 2260.4(7) 100 100
145.9(12) 3+ 2575.1(9) 43(2) 39.1(11)
0 0+ 2721.7(16) 29(2) 32.9(14)

3632.2(12) 5- 2375.1(17) 4+ 1257(2) 100 100
145.9(12) 3+ 3486(2) 73(8) 84(5)

4745(1) 6- 3632.2(10) 5- 1112.8(3) 77(4) 84(7)
3601.0(10) 4- 1144.1(3) 100 100

5316.2(12) 7+ 4825.6(11) 5+ 491.1(3) 100 100
4745.0(10) 5+ 571.9(5) 33.2(11) 35.0(11)

10094.1(15) 7806.6(13) 2288.0(5) 37(5) -
7251.8(13) 9+ 2842.8(8) 100 -

5.6 Establishing Newly Observed Transitions

New transitions were observed in both 34S and 34Cl using γ − γ coincidences.

Using these γ − γ matrices, the 6-→5- 925 keV in 34S was placed in coincidence with the
4+→2+ 2561-keV transition as well as the 5-→4+ 2176-keV transition as shown in Figure
5.14 whilst not being present in the 34Cl gated spectra with a cascade containing similar
transition energies.
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Figure 5.14: A gate on the 5-→4+ 2176 keV as well as the 2p channel highlighting the
925-keV transition.
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In a similar vein, the newly identified 34Cl transitions are observed after trying to verify
the 2843-keV transition observed by Bisoi et al. [2]. However the 2843-keV transition is
clearly visible in Figure 5.15 when gating on the 1935-keV transition which suggests a new
placement of the transition. As such the transition is moved and a new energy level assigned.
When gating on the 2490-keV transition, a new 2288-keV γ-ray transition is observed as
shown in Figure 5.16. The latter transition is tentatively placed at the same 10093-keV
energy level that feeds the aforementioned 2843-keV transition.
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Figure 5.15: Gating on the 1935-keV transition and the pn channel to highlight the observed
2843-keV peak which should not be present within this gate according to the work of Bisoi
et al.[2]. The 2935-keV transition is a possible contaminant from 33S, although other gates
in the pn channel also show the same peak without any other contaminant peaks.

5.7 Alpha Channels

Examining the coincidences between EUCLIDES and GALILEO proved fruitful for the
2p channel. However, there are some problems when examining coincidences between α

particles and γ rays. With an estimated cross-section of 104 mb for the 2α channel associated
with 28Si and 36.2 mb for the 1α channel associated with 32S, gating on α particles should
prove just as fruitful as trying to observe transitions for 34S and 34Cl.

The 4+ → 2+ → 0+ transitions for 28Si are clearly visible in the 2α channel. As a matter of
fact, both the 1779-keV 2+ → 0+ transition as well as the 2838-keV 4+ → 2+ transition often
appear as contaminants in other spectra. Unfortunately, the efficiency of the GALILEO γ-
ray detectors beyond 3 MeV becomes increasingly small whilst the majority of transitions
in 28Si are higher in energy, serving to complicate building a level scheme for 28Si due to
the low statistics from γ − γ matrices.
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Figure 5.17: Coincidence γ-ray spectrum gated on the 2230-keV doublet and the 1α gate.
All transitions in red correspond to known 32S nuclei, whilst every transition in blue are
contaminant peaks present.

Focusing on the α channel associated with 32S, a gate can be applied to the 2230-keV
2+→ 0+ transition, although intensity information is less useful in this case as it shares the
same gate as the 2229-keV 4+→ 2+ transition [39] due to the inability of the GALILEO
detectors to isolate the two transitions. As shown in Figure 5.17, contamination peaks
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that appear before can be exacerbated when multiple transitions correspond to the applied
energy gate. In this case, not only is the 4+→ 2+ transition from 32S found at 2229 keV,
but transitions from 31P and 34Cl have energies consistent with the applied energy gate. In
contrast, a gate on the 2776-keV 3-→ 2+ transition shown in Figure 5.18 shows much less
contamination as the 2776-keV transition is well isolated.
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Figure 5.18: Coincident γ-ray spectrum gating on the 2776-keV transition and the 1α particle
gate. Contamination is heavily suppressed when no contaminant channels share the same
transition energy as the gate of interest.

It was not possible to completely isolate specific reaction channels from other channels
which were strongly produced using only the gated applies to the EUCLIDES detector.
However, for reaction channels which were produced with sufficient statistics, it was possible
to examine the channels by further including γ-γ coincidences, as evidenced in Section 5.5.1
and 5.5.2.
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5.8 Neutron Channels

The level schemes reproduced in 34S and 34Cl confirms the validity of the kinematic re-
construction. This confidence with the event-by-event kinematic reconstruction can then be
translated to an averaged Doppler correction to use on the neutron channels as discussed
in Section 5.1.3.

The limitations of the low cross section of the channel of interest become apparent when
examining neutron-gated γ-ray spectra. When overlapping spectrum from the pn channel
with the neutron channels, the peaks observed are almost identical as shown in Figure 5.19.
This can be taken a step further, examining the 2+→0+ transition for 34Ar given at 2091
keV [23]. Given that this transition is strong in the 34S mirror nucleus, the intensity should
be similarly pronounced in 34Ar. However, when looking at the particle gated spectrum in
Figure 5.20, the known energy of the transition is buried under a 33S peak 9/2+→5/2+

given at 2082 keV. Similarly, no transitions listed on the NNDC for 34Ar are present [38].
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Figure 5.19: Comparison of the pn (shown in blue) channel as well as the 2n (shown in red)
channel and a more general subtraction (shown in black) of the full spectrum to remove all
proton and alpha events.

Further attempts to identify transitions in 34Ar are performed using γ−γ coincidences. Here
an energy gate is applied at the energy of the 2+ → 0+ transition in 34Ar. The matrix used is
based on a general subtraction of the neutron channel using the charged particle channels, as
this yielded about an order of magnitude more counts without any noticeable loss of data
on transitions. From the original 2n gated spectrum, charged particle spectra are scaled
to match the 1967-keV contaminant transition, associated with 33S, in the neutron gated
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Figure 5.20: The comparison of the particle gated spectra of pn (shown in blue), 2n (shown
in red), and the general subtraction (shown in black) zoomed in around where the expected
34Ar 2+→0+ transition is expected to be. This last general subtraction is discussed further
in the text.

spectrum and then subtracted from the neutron gated spectrum. As many of the peaks are
large, the process can be overdone resulting in a spectrum with purely negative peaks that
may bury the transitions of interest, so some discretion was used to limit the subtractions
such that no negative peaks are highly visible as shown in the black spectrum of Figure
5.20. The same set of subtractions is then applied to the neutron-gated γ-γ coincidence
matrix, and the gate around 2091-keV transition is created.

Figure 5.21: A γ-ray spectrum based on general subtraction gated around 2091 keV with
background subtracted showcasing lack of known 34Ar transitions. Peaks shown are common
contaminants from 33S and 31P.
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The result of this gate is shown in Figure 5.21. Highlighted in red are transitions found
in 34Ar coincident with the 2091-keV transition [38]. Given that none of the transitions
expected are present and that the peaks seen correspond with 33S, finding any transitions
of 34Ar would be relegated to guess work.

5.8.1 Comparison to Separate Experiment at Argonne

Although it was not possible to identify transitions corresponding to 34Ar in this work,
a recent experiment at Argonne National Labs did isolate 34Ar in sufficient quantities to
obtain spectroscopic results. This was done using the reaction 24Mg(12C,2n)34Ar using a 95
MeV 24Mg beam, which is the reverse kinematics case of the one conducted in this work.
We can begin to compare the two reactions by examining the Q value, which is shown in
Equation 5.8:

Q = (mr −mp)c2 (5.8)

where mr is the total rest mass of reactants and mp is the total rest mass of the products.
As the target/beam combination is the same in both experiments, as well as the compound
nucleus produced, the Q value for the reactions are identical. A comparison of the reaction
mechanisms as calculated using PACE4 is shown in Table 5.4.

Using PACE4, the calculated reaction cross section for 34Ar is approximately three times
larger for the projectile and target combination used in the Argonne experiment compared to
this work. The experiment at Argonne, which employed a 24Mg beam at 95 MeV bombarding
a 12C target produces a compound nucleus, 36Ar, with an excitation energy of 48 MeV.
This is larger than the 39.6-MeV excitation energy produced from the 12C beam at 35
MeV bombarding a 24Mg target that was employed in this work. Consequently, this higher
excitation energy contributes to the higher calculated reaction section for the Argonne
experiment. The 0.2 mg/cm2 12C target combined with the 15 pnA beam current [24]
also produced a higher production rate of 34Ar events when using PACE4 calculations for
the reaction cross sections, compared with the 0.5 mg/cm2 24Mg target and 8 pnA beam
current used in Legnaro. Furthermore, the experiment by Reference [24] utilized the Argonne
Fragment Mass Analyzer, which enabled the authors to isolate A = 34 nuclei from the other
reaction channels. Finally, the comparatively larger detection efficiency of GRETINA – the
efficiency given for GALILEO at 1.3 MeV is 1.9% versus the 10% efficiency at the same
energy for GRETINA in use at Argonne – it is entirely possible that a mixture of running at
low energies and the lower efficiency result in 34Ar being obscured in the 2015 experiment.
A summary of the comparisons discussed is shown in Table 5.5.
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Table 5.4: PACE4 calculations run using 100000 events to show cross sections of different
channels opened in the Argonnne experiment with a 95 MeV 24Mg beam on 12C target.
Compared to Table 4.1, which is summarized in the last column, the overall reaction cross
section is similar, whilst the reaction cross section for producing 34Ar is notably higher
when using the setup at Argonne.

Z N A Percent Cross-section Cross-section
of Events Argonne LNL
Argonne

[%] [mb] [mb]
18 18 36Ar 0.0037 0.04 -
18 17 35Ar 0.0443 0.479 4.51
17 18 35Cl 0.03 0.324 6.43
18 16 34Ar 0.0775 0.837 0.21
17 17 34Cl 3.5 48.6 131
16 18 34S 2.73 29.5 95.3
17 16 33Cl 0.367 3.97 0.0956
16 17 33S 18.2 197 55
15 18 33P 1.19 12.8 2.95
16 16 32S 0.44 4.75 36.2
16 15 31S 4.03 43.5 28.1
15 16 31P 29.3 317 487
15 15 30P 10.2 111 0.65
14 16 30Si 3.25 35.1 0.115
14 15 29Si 0.184 1.98 -
14 14 28Si 12.4 134 104
14 13 27Si 0.164 1.77 -
13 14 27Al 12.8 138 4.66
12 12 24Mg 0.0173 0.187 -

Table 5.5: Summary of the comparison between the experimental setup at Argonne National
Laboratory and at Laboratori Nazionali di Legnaro. The experiment at Argonne managed
to produce 34Ar events in larger amounts when considering PACE4 calculations, highlighted
by the production rate of 34Ar, N(34Ar), as well as having a higher detection efficiency for
such events.

Argonne LNL
Experiment 12C(24Mg,2n)34Ar 24Mg(12C,2n)34Ar

Beam Energy 95 MeV 35 MeV
Target Thickness 0.2 mg/cm2 0.5 mg/cm2

Channel Selection FMA + Ionization Si telescopes
Chamber + Neutron wall

ϵγ(1332 keV) 10 % 1.9 %
PACE4 σ(34Ar) 0.84 mb 0.21 mb

Eex(36Ar) 48 MeV 40 MeV
N(34Ar) 789 s−1 132 s−1

Run Time 140 hours 116 hours
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5.9 Establishing Lower Detection Limit for 34Ar Peak Inten-
sities

The observation of the 2+→ 0+ 2091-keV transition from 34Ar could not be determined
with any degree of certainty in this work. To illustrate, the singles spectrum for the 2n
channel associated with 34Ar is shown in Figure 5.22, where transitions from contaminants
are used to define a lower detection limit. To observe the 2091-keV transition from 34Ar,
the intensity of the peak should be on the order of 104 and would be similar to the nearby
2082-keV contaminant transition from 33S, which was observed with 4.69 × 104 counts.
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Figure 5.22: The 2n gated spectrum highlighting the location of the 2+ → 0+ 2091-keV
transition of 34Ar. Contaminants from other channels heavily populate the 2n channel such
that no 34Ar transition is seen.

The experiment at Legnaro was conducted using a 35-MeV 12C beam with an average inten-
sity, ibeam, of 8.42 pnA over a time period, ∆t, of 116 hours and 26 minutes (4.192 × 105 sec-
onds). The 24Mg target thickness, δtarget, is given as 0.5 mg/cm2 = 1.253 × 1019 atom · cm−2.
The efficiency of GALILEO, ϵγ(Ei), was 1.41(2) % at 2091 keV from measured efficiency
curves, whilst the efficiency of the Neutron Wall, ϵn, was measured as 19.3(16)%. The reac-
tion cross section of the 2n channel calculated by PACE4, σPACE4

2n , is 200 µb. An assumption
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2 → 2+
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1 2760-keV,

highlighted. A Gaussian is drawn, in blue, around each transition energy to estimate how
many counts are needed for the peak to be visible above the background.

was also made that the 2091-keV transition is the only one that feeds the ground state of
34Ar. The estimated intensity of the 2091-keV peak, N , is calculated in Equation 5.9.

N = σibeamδtarget∆tϵγ(Ei)ϵ2n (5.9)

= σ
(PACE4)
2n (8.42 pnA)(1.253 × 1019 cm−2)(116 h)(0.01409)(0.193)2

= (2 × 10−28 cm2)(5.255 × 1010 s−1)(1.253 × 1019 cm−2)(4.192 × 105 s)(0.01409)(0.193)2

= 2.9 × 104 counts

The 2.9 × 104 counts estimated for the 2091-keV peak in the 2n channel should be compa-
rable to the 4.69 × 104 counts in the 2082-keV peak from 33S. Figure 5.22 does not show any
significant peak at 2091 keV. Although the 2082-keV peak has a pronounced tail, suggesting
a possible weak 2091-keV transition, a gate placed around 2091 keV reveals a spectrum with
peaks characteristic to 33S, without any trace of 34Ar, as shown in Figure 5.23.

65



Equation 5.9 can also account for particle gated γ − γ coincidence data. In the case of
the 2n channel, additional considerations are required for: the efficiency of GALILEO at
the coincident γ-ray energy, ϵγ(E(gate)), the relative intensity of the transitions feeding the
energy level of the gated transition, Irel, as well as an correction factor of ϵγ−γ to reflect
that a γ-ray coincident event cannot be detected in the same detector. All of these factors
are reflected in Equation 5.10.

N = σibeamδtarget∆tIrelϵγ(Ei)ϵγ(E(gate))ϵ2nϵγ−γ (5.10)

The relative efficiency uses γ-ray intensities from Ref. [24], with an upper bound error
of Irel = 1, signifying it is the sole transition feeding the energy of the gated transition,
and a lower bound of Irel = 0.1 as an estimate. The attenuation factor is given using
ϵγ−γ = 24/25 as the GALILEO detector array is comprised of 25 detectors. A summary
of these calculations is shown in Table 5.6 for γ-ray events that should feed the 2091-keV
2+

1 energy level in 34Ar. Each coincident γ-ray event should be populated with at least 30
counts in the gated spectrum.

Table 5.6: Predicted intensities of 34Ar transitions directly feeding the 2091-keV transition
are shown in the fifth column, with the corresponding efficiency of GALILEO at that energy
and the relative intensity taken from Ref. [24]. The last column contains the 2σ limit based
off fits of the energy bins around each transition discussed in Appendix A.

Transition Energy [keV] ϵγ[%] Irel Counts N 2σ Limit
2+

2 → 2+
1 1198 2.03(2) 0.51 290+280

−240 50
4+ → 2+

1 2552 1.23(2) 0.34 120+230
−40 71

3+ → 2+
1 2760 1.16(2) 0.16 50+270

−20 91

A gate placed around the location of the 2091-keV transition, shown in Figure 5.23, was
placed to estimate the lower limit of detection within the gated projection. Gaussians with
Full Widths at Half Maximums (FWHM) typical in the energy range are drawn using
ROOT around transitions that feed the 2+

1 2091-keV energy level, with all three transitions
chosen for their prominence in this gate according to the work of Kennington et al. [24]. A
summary of the three transitions chosen is shown in Table 5.7. Compared with Table 5.6,
it is likely that at least the 1198-keV peak would have been prominent, and the absence of
the transition suggests 34Ar was not produced in observable quantities in this experiment.

5.10 Measuring and Comparing Reaction Cross Sections from
Experiment

Rearranging Equation 5.9 for σ allows the measurement of reaction cross sections from
experimental data. The total number of a nuclei produced is determined using the sum of
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Table 5.7: Summary of Gaussians drawn using ROOT’s FillRandom() function around
transition energies directly feeding the 2091-keV transition

Transition Energy [keV] FWHM [keV]
2+

2 → 2+
1 1198 9

4+ → 2+
1 2552 17

3+ → 2+
1 2760 19

all γ-ray transitions which directly populate the ground state of a given nucleus, whilst
correcting for both γ-ray and particle detector efficiencies. Three nuclei were selected: 31P
(αp channel) [40], 33S (2pn channel) [41], and 34S (2p channel) [1]. The nuclei were chosen
due to their large predicted reaction cross sections for the given reaction mechanism and
relatively simple ground-state feeding patterns with well separated energies and minimal
background contamination. In addition, the peaks were fit without any specific GALILEO,
EUCLIDES, or Neutron Wall coincidences. There is an added benefit in that bypassing
particle detector coincidences also bypasses any error stemming from the efficiencies of
EUCLIDES or the Neutron Wall. With this in mind, we will modify Equation 5.9 to ignore
the efficiencies of the two particle detectors in Equation 2.18.

In addition to singles spectra, we can once again modify Equation 2.18 to account for particle
gated spectra, gated around coincident γ rays with similar parameters. However, to fully
account for all events feeding the transition shown in the γ-ray gate, the number of counts
must represent all transitions directly feeding the gate. Equation 2.18 is thus modified to
account for the attenuation factor ϵγ−γ as well as specifying ϵγ(E(gate)) to be the efficiency
of GALILEO at the energy of the gating transition. In addition, the number of counts in
a peak, N(Ei), must be considered with the corresponding efficiency of GALILEO at that
energy, ϵγ(Ei). The particle gated spectra also require the specific detector efficiencies of
the particle gate, ϵαpn, which are listed on the top row of Table 5.8. The reaction cross
section for a gate is thus shown in Equation 5.11. To find the total cross section for a
reaction that is comparable to PACE4 calculations, a sum of each reaction cross section for
a γ-ray transition that directly feeds the ground state is required, as shown in Equation
5.12. Example spectra used to calculate the cross sections for 34S are shown in Figures 5.24
and 5.25.

σ(gate) = 1
ibeamδtarget∆tϵγ(E(gate))ϵγ−γϵαpn

(︄∑︂
i

N(Ei)
ϵγ(Ei)

)︄
(5.11)

σ =
∑︂

i

σ
(gate)
i (5.12)
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Table 5.8: Particle detector efficiencies at Legnaro are listed in the first row. The efficiencies
of the 34Ar experiment, its proposal, and a 116Ba experiment conducted around the same
time [42] are also discussed later in this text. The latter experiment observed low efficiencies
with the Neutron Wall.

Exp ϵp [%] ϵα [%] ϵn [%]
LNL 34Ar 31(2) 17(2) 19(2)
Proposal 60 35 20

LNL 116Ba 28(4) 24(2) ∼1.5
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Figure 5.24: Gamma-ray spectrum constructed from the 2p channel gated around the 2+
1 →

0+ 2128-keV transition in 34S. Transitions feeding 2128-keV level are labelled above. The
intensities of these transitions are used in calculating reaction cross sections.

Comparisons between measured reaction cross sections and those obtained from PACE4
calculations, are shown in Table 5.9. The upper limit of detection for 34Ar is given at
91 µb. This upper limit was established with a 2σ limit based on fitting the spectrum
around expected transitions in Figure 5.23 and using Equations 5.11 and 5.12 to produce
the associated reaction cross section. A summary of the 2σ limits is shown in the last column
of Table 5.6, and a discussion on how 2σ limits were calculated can be found in Appendix
A. The 2σ limit for the 2760-keV transition was chosen as it produces the highest reaction
cross section. Overall, the experimentally obtained reaction cross sections were, on average,
14% of those calculated by PACE4.

Detector efficiencies are also examined to determine if the experimental setup deviates from
what is expected. The proposal assumes the absolute γ-ray efficiency as 3.6% at 1332 keV,
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Figure 5.25: Gamma-ray spectrum constructed from the 2p channel gated around the 2+
2 →

0+ 3304-keV transition in 34S. Transitions feeding 3304-keV level are labelled above. The
intensities of these transitions are used in calculating reaction cross sections.

Table 5.9: Reaction cross sections for the experiment are compared with PACE4 calculations.
The reaction cross sections from Legnaro are notably an order of magnitude lower than those
predicted in singles and particle gated coincidence spectra.

γ singles αpn− γ − γ
AX σ PACE4 [mb] σ Exp [mb] σ Exp [mb]
31P 487 36(16) 25(8)
34S 95.3 10(3) 9(2)
33S 55 5.5(2) -

34Ar 0.21 - < 0.091

which is higher compared to the measured experimental efficiency of 1.9% at 1332 keV.
The particle detection efficiencies are also be compared in Table 5.8. The efficiencies of the
detectors at Legnaro are not used in the calculation of the cross section from singles spectra
for Table 5.9, but help reveal if any aspect of the experiment was unexpected. Although
conditions are different, all values are within an order of magnitude and fail to be the sole
contribution to the cross section discrepancy. The efficiency for neutron detection is low in
the 116Ba experiment, due to an issue with the detector and was not a cause of concern for
the 34Ar experiment.
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Chapter 6

Conclusion

The study of mirror nuclei along the N = Z line is important to investigate the behaviour of
mirror symmetry in nuclei. TheA = 34 nuclei presents itself as a good opportunity to explore
this topic, with symmetry breaking contributions to the nuclear force being a particular
point of interest. Theoretical shell model calculations have pointed to the A = 34 mirror
nuclei as a possible region where current models do not match with available experimental
data. To do such comparisons, the MED and TED for the nuclei are needed, relying on
experimental data on transitions from 34S, 34Cl, and 34Ar. Although 34S and 34Cl have
been subject to extensive experimental study, 34Ar is more experimentally challenging to
access, and would benefit from additional study into its higher energy levels.

The experiment discussed in this work made use of the facilities available at the LNL,
utilizing the GALILEO setup consisting of: an array of 25 Compton-suppressed HPGe
detectors in concert with the EUCLIDES light charged particle Si telescope detectors as
well as the neutron wall consisting of liquid scintillators. Conducted in 2015, a 35-MeV 12C
beam and a 24Mg target was used to produce 34Ar via the 2n channel through a fusion
evaporation reaction. Before the analysis of the 2n channel, well studied reaction channels
isolated by EUCLIDES were analyzed to verify the event-by-event kinematic reconstructions
as well as the Doppler corrections.

The experiment conducted in October of 2015 was proposed with the aim of producing
34Ar in sufficient quantities to observe its high spin states. Through the process of verifying
that the experimental setup worked as intended—other nuclei including: 34Cl, 32-34S, 31P,
and 28Si were observed via γ-ray decay of energy levels with excitation energies up to 11
MeV—a new transition was observed in 34S whilst a new transition and energy level was
observed in 34Cl. The issue of contamination between reaction channels was widely observed,
where in certain cases like in the reaction channel associated with 34S, there were as many
31P nuclei detected as there were 34S nuclei. Unfortunately, 34Ar was not observed, with
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the presumably strong 2+ → 0+ being buried in a 33S peak even after using the Neutron
Wall and γ − γ gating. The 2σ limit from particle gated γ − γ coincidences suggest 34Ar
was produced in quantities less than 91 µb, which is much less than the 210 µb predicted
from PACE4 calculations. The predicted reaction cross section for the experiment was
still lower than the 837 µb obtained from PACE4 for the recently conducted experiment
at Argonne which also aimed to produce 34Ar. When compared with the experiment at
Argonne, the differences in experiment kinematics and the lower efficiency of the γ-ray
detectors at Legnaro might explain why the analysis of experimental data in this work
failed to observe the 2n channel.

Further analysis of the 34Ar channel is likely to be more fruitful with higher beam energies,
as well as utilizing the reverse kinematic reactions used in the Argonne experiment. The
GALILEO array’s lower efficiency could be overcome using additional detectors from the
old GASP array placed in the location of the neutron wall, thus sacrificing neutron channel
discrimination for γ-ray efficiency. Conversely, the performance of the neutron wall could
be improved, although as of the time of writing, there are no firm suggestions from the
author on how this is achieved. In addition, developing methods for angular distribution
analysis for the experimental setup would be useful for assigning these states. Although the
experiment conducted fell short of its main aim, the lessons learned about the performance
of experimental set up which is beneficial in developing proposals for future experiments.
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Appendix A

2 Sigma Limits to Establish Upper
Limit on Reaction Cross Section

A.1 Establishing a Baseline Intensity
The purpose of establishing the 2σ limit is setting an upper limit for what is visible against
the flat background. To do so, we pick a set of bins (energies) where we expect to see a
peak/signal. We then fit that background by summing the counts within those bins. This
process is highlighted as region A in Figure A.1. For the purposes of this analysis, we also
fit an equal amount of bins around A on either the left side, L, or right side, R as shown in
Figure A.1. The overall intensity is thus shown in Equation A.1.

N = A− R+ L

2 (A.1)

A.2 Finding the Error
The error, σN , associated with the intensity N is given in Equation A.3

σ2
N =

(︃
∂N

∂A

)︃2
σ2

A +
(︃
∂N

∂R

)︃2
σ2

R +
(︃
∂N

∂L

)︃2
σ2

L (A.2)

σN =

√︄
σ2

A + σ2
R + σ2

L

4 (A.3)

The individual errors depend on the fitting function chosen. In the case of γ-ray spectroscopy,
we expect our peaks to behave as Gaussians, and have errors σa =

√
a where a is the number

of counts within the fit area. We define the 2σ limit as N + 2σN , and the result is shown in
Equation A.5.
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Figure A.1: A γ-ray spectrum with the regions, A, highlighted where we wish to evaluate
the 2σ limit. To do so, the regions of equal energy width L and R on either side of A. For
this particular γ-ray spectrum, the regions A correspond with transitions at 1198 keV and
2552 keV.

σN =
√︄
A+ R+ L

4 (A.4)

N + 2σN = A− R+ L

2 + 2
√︄
A+ R+ L

4 (A.5)

For reference, the same spectra shown in Figure A.1 with Gaussians drawn using a more
stringent 3σ limit is shown in Figure A.2.
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Figure A.2: Original γ-ray Spectrum and peaks with area corresponding to N+3σ overlaid,
which is more stringent than the 2σ limit. This serves to visualize what the γ-ray spectrum
would look like if the transitions were observed with an intensity corresponding to the 3σ
limit.
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Appendix B

Contamination of Particle Gates

The topic of contamination was often discussed throughout this work, and quantification of
the level of contamination was carried out using the particle gates: 2p, pn, 2pn, and αp.

B.1 Notation
Discussions of contamination are usually conducted in the context of a contaminant peak
within a reaction channel. For example, the 31P nucleus is a major contaminant in the 2p
reaction channel associated with 34S, and talk of, “the nucleus 31P in the 2p particle gate”
will be brought up. To signify this, we can identify quantities like the number of γ-rays
detected associated with the 31P nuclei in the 2p particle gate will be presented as: Nαp:2p

γ ,
where αp is the reaction channel associated with 31P and 2p is the channel associated with
34S. This adds visual clarity for cases like examining 34S nuclei, associated with the 2p
reaction channel, appearing in the correct 2p particle gate; the intensity of γ-rays detected
associated with the 34S nuclei detected in the 2p particle gate would be written as: N2p:2p

γ .
In addition, it is possible succinctly verbalize the latter quantity as, “the number of 2p in
2p.”

B.2 Quantifying Contamination Between Reaction Channels
The magnitude of contamination within a particle gate can be examined by comparing
the number of contaminants, c, detected within c : g against, g : g, the number of nuclei
correctly associated with particle gate g:

C(c) =
∑︂

i

(︄
N c:g

γ (Ei)
ϵγ(Ei)

)︄/︄∑︂
j

(︄
Ng:g

γ (Ej)
ϵγ(Ej)

)︄
, (B.1)

where we consider the number of counts for each γ-ray transition feeding the ground state of
the nucleus, Nγ(Ei), ϵγ(Ei) is the efficiency of GALILEO at the energy Ei, g identifies the
reaction channel associated with the particle gate being applied, and c identifies the reaction
channel associated with the contaminant nuclei. The ratio C(c) should ideally be close to 0,
and can serve as a quantification for how much contamination there is within the particle
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gate g. If the value of the ratio approaches 1, it can be interpreted as the contaminant and
the nuclei of interest being found in comparable amounts within the particle gate g.

The ratio C(c) is highlighted in Figure B.1 as a heatmap of C(c) across different combina-
tion of reaction channels and contaminants. One way to interpret the heatmap is to compare
numbers within the same column, to highlight the major contaminant for that channel. It
should be noted that the numbers for the pn column are inflated due to difficulty fitting
transitions feeding the 146-keV isomer state in 34Cl, thus making the denominator smaller
than in reality except for the case of pn : pn. Important highlights include the prevalence of
the αp channel in contaminating the 2pn and especially the 2p particle gate, where 31P asso-
ciated with the αp channel was a major contaminant when analyzing 34S. Other important
notes of contamination include 33S nuclei associated with the 2pn channel contaminating
the pn particle gate when analyzing 34Cl.

We can also examine contaminants relative to the contaminant’s native particle gate as
opposed to where it’s found:

L(c) =
∑︂

i

(︄
N c:g

γ (Ei)
ϵγ(Ei)

)︄/︄∑︂
j

(︄
N c:c

γ (Ej)
ϵγ(Ej)

)︄
, (B.2)

where everything is set up identically to Equation B.1, except for the denominator which is
relative to the contaminant within its correct particle gate, rather than the particle gate the
contaminant leaks into. The ratio L(c) is also ideally 0, whereas a value close to 1 implies
that the contaminant is found to leak to the particle gate g as often as it is found in the
former’s correct particle gate c. The ratio L(c) can be thought of as a measure of how much
the contaminant leaks into other particle gates.

The ratio L(c) is visualized in Figure B.2. The rows show how much the contaminant appear
in other reaction channels other than its own particle gate. The most striking of these would
be the 2pn reaction channel associated with 33S, which appear in other channels much more
often than in its proper 2pn particle gate.

In summary, the reaction channel αp was a frequent and sizable contaminant in the 2p and
2pn particle gates as seen in Figure B.1, where 31P transitions often obscured transitions
of interest. When examining the ratio L(c), the αp reaction channel was relatively well
behaved, with the majority of transitions associated with 31P staying within the αp particle
gate. When looking at Table 5.9, 31P was detected much more often than the other two
major reaction channels highlighted. It is then likely that 31P is a major contaminant mostly
due to its high reaction cross section. Another major contaminant, the reaction channel 2pn
associated with 33S, had C(c) ratios that were reasonable except for within the pn particle
gate, where it was the most prominent contaminant. Upon examining L(c) ratios, it is
evident that 33S was found more often in other particle gates than in its own 2pn particle
gate. This also suggest that 33S’s role as a major contaminant is less to do with its reaction
cross section and more to do with the failure of the 2pn particle gate in retaining most of
the events associated with 33S.
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Figure B.1: A heatmap is constructed based on the C(c) ratios across four particle gates
represented by the columns, and four nuclei/contaminants shown in each row. The diagonal
values are 1 by definition. The pn column is artificially high compared with other columns
as no transitions feeding the 146-keV isomer level in 34Cl were fit due to difficulty. Notably,
the prominence of αp as a contaminant is highlighted by values above 1 for the 2pn channel
and the 2p channel, where it served to complicate analysis. The role of 2pn as a contaminant
in the pn channel is also on display.
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Figure B.2: A heatmap is constructed based on the L(c) ratios across four particle gates
represented by the columns, and four nuclei/contaminants shown in each row. The diagonal
values are 1 by definition. The 2pn row is very noticably large compared to other values of
L(c), highlighting the tendency of 33S to appear in other particle gates rather than in its
own 2pn gate.
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