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Abstract

The standard nuclear shell model predicts 78Ni to be doubly magic. However, shell evolution may
weaken the Z = 28 and N = 50 closures; whether they persist in this region remains uncertain. The
nucleus 3°Zn lies on the N = 50 shell closure, two protons above "8Ni, probing the shell closure
strength. A sensitive probe for nuclear structure is the Rggr = B(E2,4] — 27)/B(E2,2{ — 0]).
This work presents energy and lifetime measurements of excited states in '8Zn from an experiment
at the RIBF employing a HPGe tracking array. A B(E2,4" — 27) value of 15322 ¢*fm* is measured
in 80Zn, leading to an Rpg> value of 1.05f8:%(7), inconsistent with pure collective expectations. State-of-
the-art Discrete Non-Orthogonal Shell Model calculations fail to reproduce these values, predicting a
value of 0.616, suggesting additional effects, such as collectivity, may be necessary to describe this
nucleus, indicating that the N = 50 shell closure may be weaker than previously predicted.

Further experiments are required for a complete understanding, such as the spectroscopy of 7°Ni,
which will necessitate developments in detector technology. The HYPATIA array is a planned next-
generation scintillator array made up of GAGG and CeBrj3 scintillators coupled to SiPM detectors.
This work develops GAGG SiPM detectors for the array. The best energy resolution of 5.1(2) %
FWHM at 662 keV has been achieved. Tests confirmed the detectors’ sensitivity to 10 MeV gamma
rays and fast neutrons. A sum-amplifier SiPM readout board was developed, achieving a time
resolution of 520(20) ps at 1.3 MeV. Improved timing will allow for a reduction in the background
and open up the possibility for direct lifetime measurements. Finally, the detectors were clustered into
prototype modules that were successfully used in experiments. The HYPATIA array will allow for the
spectroscopy of "”Ni, providing a complete understanding of the N = 50 shell closure in the region of

78Ni
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Chapter 1

Introduction

1.1 Atomic Nucleus

The atomic nucleus is made up of protons and neutrons and presents a unique many-body quantum
system, where simplified models are required to describe nuclear properties. A common simplification
is seen in the nuclear shell model [1], where a central plus spin-orbit potential is used to calculate the
energy of nucleon orbitals with residual interactions between the nucleons [2].

In addition, the atomic nucleus presents novel phenomena not observed in other systems. A naive
approach would predict the nucleus to be spherical; however, elements of the nuclear interaction can
induce deformation and non-spherical shapes [3]. In particular nuclei, it is possible to observe two
states at similar energies that have very different shapes; this is known as shape coexistence [4].

The nuclear shell model predicts the shell closures at proton and neutron numbers: 2, 8, 20, 28,
50, 82 [1]. However, interactions between the nucleons cause the evolution of the shells depending
on the occupancy of the other shells [5]. This effect causes traditional shell gaps to weaken and new
ones to emerge, such as has been observed in the N = 20 island of inversion [6, 7]. Shell evolution is
suggested as the cause of shape coexistence [8]. Additional information is necessary to explain the
forces involved in shell evolution.

This work explores two pathways for expanding the knowledge of nuclear structure. The first
looks at the analysis of excited states in 7®39Zn. The second explores the development of a novel
scintillator array that will allow for the exploration of previously unaccessible regions of the nuclear
chart. Both projects will provide for a better understanding of the atomic nucleus and the forces

involved.
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36 | Introduction

1.2 78Ni Shell Closure

The nucleus 78Ni lies on the standard shell model closures Z = 28 and N = 50. It is naively expected
that the closures are preserved in this region. E (2;’) systematics would suggest the shell closure is
maintained; however, evidence for shape coexistence is presented [9]. Zn lies at Z = 30, two protons
more than Ni, meaning it can be used as a probe of the shell model closure. Shape coexistence has
been directly observed in 7°Zn and has been suggested to be due to intruder states across the N = 50
shell closure, as a result of shell evolution [10]. This work looks at 7889Zn to draw conclusions about
the persistence of the N = 50 shell closure and look for evidence of shape coexistence. Of particular
interest is 8°Zn due to its lying on the N = 50 neutron shell closure. It is key to understand this region
because it will provide a better understanding of the forces involved in shell evolution.

The nuclei 7#8°Zn excited state energies and half-lives have been explored with the use of the
High-resolution Cluster Array at the RIBF (HiCARI), a high-purity germanium (HPGe) array at the
Radioactive Isotope Beam Factory (RIBF) [11]. These results will then be compared to theoretical
calculations to extract information about nuclear structure in this region.

Excited states in 78Zn have been measured to a high precision via decay spectroscopy [12, 13,
14, 15, 16]. The B(E2, ZT — Of) has been evaluated by low-energy Coulomb excitation [17, 18], but
has not been determined by other methods. In addition, other transitions have been observed from
knockout reactions [19]. This work calculates the B(E2,2] — 07") via lifetime measurements and
has measured several higher energy transitions that are as yet unreported.

The energy and B(E2) of the 2] state in 80Zn have been measured by low and high energy
Coulomb excitation [17, 18, 20]. Higher-lying states have been observed by knockout reactions,
where the B(E2, 4T — 2?) was assessed by lifetime measurements with a significant uncertainty [19].
This work reports the B(E2,4] — 2), to improve on the uncertainty of the previous values. This
allows for conclusions about the nuclear structure of 3Zn to be drawn. In addition, the lifetimes of
other states will be determined to look for evidence of shape coexistence.

These results are then compared to several theoretical models, including state-of-the-art calcula-
tions from the Discrete Non-Orthogonal Shell Model (DNO-SM) [21, 22]. From these measurements,
conclusions about the persistence of the N = 50 shell closure in the region are drawn. In addition,

evidence of shape coexistence in 3°Zn will be presented, which is interpreted as intruder configurations
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HR-GAGG(Ce) CeBrs LaBr3(Ce) Nal(TI)
Energy resolution/% 5 4 3 6
Decay time/ns 90-170 17 35 230
Density/gem 3 6.3 5.2 5.08 3.67
Hygroscopic X v v v
Internal activity X X 138La X

Table 1.1 Table comparing the properties of different scintillator materials, showing the energy
resolutions, densities, whether the material is hygroscopic and if the material has internal activity and
the source of the radiation. Energy resolution is FWHM at an energy of 662 keV. Data taken from [32,
33, 34, 35].

across the N = 50 shell gap [22]. These results will be important for understanding the forces involved

in shell evolution and will have impacts across the nuclear chart.

1.3 Future Gamma-ray Arrays

Currently, two main types of gamma-ray detection arrays exist: segmented HPGe detectors such as
Miniball [23] and scintillator arrays such as the Detector Array for Low Intensity Radiation 2 (DALI2)
[24]. These technologies have been used successfully for studying nuclear structure, such as Miniball
observing evidence of octupole deformation [25], or DALI2 observing new shell closures in >*Ca
[26].

Pulse shape position reconstruction has been used to develop HPGe detectors with sub-segment
position resolution in the Advanced Gamma Tracking Array (AGATA) [27] and the Gamma-Ray
Energy Tracking In-beam Nuclear Array (GRETINA) [28, 29] projects. These developments have
allowed for improvements in the Doppler-corrected energy resolutions for high-velocity experiments
[30]. This technology was implemented in the HICARI [11] array, which was used in the Zn
experiment. However, the low efficiency [31] of HPGe detectors limits the applications.

In recent decades, the development of scintillator materials has progressed rapidly to produce high-
density, high-luminosity and fast inorganic scintillators [35]. These materials can be used in scintillator
arrays to provide arrays with a high efficiency and excellent energy resolution, with the improved
timing performance allowing for the reduction of background and for high-beam rate experiments, a
lower probability of pileup. Table 1.1 shows a comparison of several different scintillators. Nal(T1l)
is an older material that has been used in many arrays, such as DALI2 [24]. It can be produced in

large volumes but suffers from a poor energy resolution, low density and being hygroscopic. The
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current leader of scintillator detectors is LaBrs and is used in arrays such as the International Detector
Assembly for Fast-Timing Measurements of Exotic Nuclei (IDATEN) array [36]. It has a high density,
fast decay time and an exceptional energy resolution for a scintillator detector, but is hygroscopic and
has significant internal activity [34], making it unsuitable for low count rate experiments. CeBrs [37]
presents a competitive choice for low count rate experiments thanks to it having similar properties to
LaBr; without the internal activity. HR-GAGG [38] has a worse energy resolution than CeBrs, but
has the advantage of a higher density and being non-hygroscopic, allowing for higher efficiencies.

For the reasons stated above, a planned new array known as the Hybrid Photon Detection Array
to Investigate Atomic Nuclei (HYPATIA) will use HR-GAGG and CeBr3 scintillators in a hybrid
configuration [39, 40]. HR-GAGG will be placed at forward angles, where, thanks to its high density
and being non-hygroscopic, they can be packed tightly into a high-efficiency forward wall. The CeBr;
will be arranged into a barrel configuration at higher angles to exploit the excellent energy and time
resolution of CeBrs.

This work will focus on the testing and development of HR-GAGG detectors, looking at the
energy and timing performance of samples from different manufacturers. In addition, novel electronics
systems have been designed and characterised, and the results will be presented here. From this
development, the ideal manufacturers will be inferred. The HYPATIA array will allow for the first

spectroscopy of 7°Ni, providing crucial information on the N = 50 shell closure.



Chapter 2

Nuclear Structure Theory and The Shell

Evolution In the Region of "°Ni

The atomic nucleus is a many-body bound quantum system made up of protons and neutrons. For *H,
the system can be solved analytically with the one-pion exchange potential (OPEP) [41]; however, as

more nucleons are added, simplifications are needed.

2.1 The Nuclear Shell Model

Nuclei containing magic numbers (2, 8, 20, 28, 50, ...) of protons and/or neutrons exhibit specific
properties not observed in other nuclei [1]. To interpret this, the nuclear shell model [1, 43] is

employed. The Hamiltonian, H, for the nuclear system considering two-body interactions is written as

>

i@

: V(7 7)) 2.1
2m,~ ij=1
>

H =

1

I
—_

where p; is the momentum operator, m; is the mass of the nucleon, A is the number of nucleons

and V(7;,7;) is the potential generated between two nucleons. In the shell model approach, the

39
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Fig. 2.1 Ordering of proton orbitals calculated using a Woods-Saxon potential [42]. The shell gaps
are indicated with the occupancy number. The levels are labelled as nl; where 7 is the shell number, /
is the orbital angular momentum, and j is the total angular momentum.
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nucleon-nucleon interaction is reduced to a mean-field and residual term by

A2 A A
H:<Zm;+ZW@>+ ZVWM, =Y V(#) (2.2)

i=1 i=1 i,j=1 i=1

Jj>i
H = Hyr + Hggs (2.3)
2A
Hyr = : 2.4
MF IZ{ 2, +IZV (2.4)
A
Hpgs = Z V(#,7) =Y V(F) (2.5)

i,j=1 i=1
Jj>i

where V (7;) is the mean-field potential, Hyr is the mean-field Hamiltonian and Hggs is the residual
Hamiltonian [2]. Typically, the mean-field potential is modelled by a central potential, for example, a

harmonic oscillator potential or a Woods-Saxon potential and a spin-orbit term of the form
Viy=——a(P)-5 (2.6)

where o(7) is the potential strength, [ is the orbital angular momentum operator and 5 is the spin
operator. In the mean-field limit (Hggs =~ 0), the model predicts a shell structure with shell gaps
corresponding to the magic numbers [1]. The single particle orbitals of a Woods-Saxon potential plus
a strong spin-orbit interaction, calculated using Nucracker [42], are shown in Figure 2.1; as can be
seen, the magic numbers are recreated.

The independent particle model assumes that only the non-interacting valence nucleons contribute
to the nuclear structure, with the remaining nucleons forming an inert core [44]. In cases with one
valence nucleon outside a strong closed core, this can describe nuclear properties well. However,
with many valence nucleons, it is necessary to include interactions between the nucleons [43]. These
interactions can be included by using a two-body interaction. This can be approximated using a

surface delta interaction [45] or effective interactions such as jun45 [46].
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Fig. 2.2 Lund convention of quadrupole deformation parameters. The shapes corresponding to the
different parameters are shown. Reproduced from [47].

2.2 Deformation and Collectivity

Doubly magic nuclei contain both magic numbers of protons and neutrons, such as **Ca. The spherical
shell model can describe nuclei in the region of doubly magic nuclei well, but others require more

complicated considerations, such as deformation and collectivity.

2.2.1 Deformation

Many nuclei exhibit evidence of being nonspherical [48]. The shape of nuclei can be described by a

multipole expansion

R(e,(])) =R <1+ZaulYul(67¢)) (2.7)

A
where R(6,¢) is the nuclear radius, Ry and a3 are constants and Y),; are spherical harmonics [49].
The most important component of deformation is the 4 = 2 component corresponding to quadrupole

deformation. The constants can be converted to deformation parameters 3 and y

axo = Bcosy (2.8)
1
ay = EB sin Y 2.9)

where 3 describes the magnitude of the deformation and ¥ the type of deformation [49]. This can be

seen in Figure 2.2.
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Nilsson Diagram for N=2, k = 0.05, u = 0.00
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Fig. 2.3 Energy of orbitals in the N=2 major harmonic oscillator shell varying with deformation
parameter 0. The states are labelled according to Q"[Nn3A], where the parameters are explained in
the text. Produced using [50], and states are assigned based on [51].

This deformation emerges away from closed shells due to it being energetically favourable. This

can be explored in single particle terms using the Nilsson model with the Hamiltonian, H,

H= 2’;‘2/1 + %M(colzx% + 0233 + 02x3) — 2haokl.5 — iy kKl (2.10)

0 =w =0 <1+§6> (2.11)
= of <1—;1 > (2.12)
@(8) = ax(0) (1—;‘52—253>_1/6 (2.13)

where @; are the potential constants along the different axes, @y is the energy value, M is the nucleons
mass, K is a constant and 6 is a deformation parameter where 0 ~ 0.958 [43, 3].

This deformation parameter leads to a reordering of single-particle orbitals. This reordering
can be seen in Figure 2.3 for the N = 2 major oscillator shell. Due to the non-spherical potential,

orbital angular momentum is no longer a good quantum number and states are labelled according to
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Q"[NnsA], where Q is the projection of the total angular momentum along the deformation axis, 7 is
the parity, N is the oscillator shell, n3 is the oscillator level along the deformation axis and A is the

projection of the orbital angular momentum along the deformation axis [3, 48].

2.2.2  Collectivity

So far, only single-particle states have been considered. However, nuclei can also exhibit collective
behaviour. There are two key types of collective behaviour: vibration and rotation. For a rotor with no
intrinsic angular momentum, it has an energy of
ﬁ2
Eoi=—II+1 2.14
=5 (I+1) (2.14)
where ¢ is the moment of inertia and / is the angular momentum [43]. This leads to a noticeable

signature for a rigid rotor of
E(4))
E(2[)

=3.33 (2.15)

allowing for the determination of collective rotational bands.

The second collective motion is vibrations, where the nuclear surface can be described by

A
Rt)=Ra+ Y, Y 0,(1)Y2,(6,9) (2.16)

A>1pu=—-2
where R, is the average radius and a; , (¢) are the vibration amplitudes [44]. The energy, E, (1), of

the systems are given by

Eyb(n) = (n+1/2)ho (2.17)

where n is the number of phonons and  is the oscillation frequency. This model leads to a distinct

signature in the excitation energies of
E(4/)
E(2/)

=2 (2.18)

from which nuclear vibrations can be identified [44].
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proton neutron

Fig. 2.4 Diagram showing the effect of shell evolution from the tensor force, where the neutron causes
a shift in the proton single particle energies, where j~. - =+ 1/2. Reproduced from [5].

2.3 Shell Evolution and Shape Coexistence

It is naively expected that the magic numbers are fixed across the nuclear chart. However, it has
been observed in several regions that the conventional shell closures can weaken, and new ones may
emerge [26, 6]. A well-known example is the N = 20 island of inversion around 3*Mg, in which
the weakening of the N = 20 shell gap is observed [7]. Shell evolution is suggested to be driven
by residual interactions, and shape coexistence occurs due to the weakening of the shell gap, which
allows for intruder deformed configurations [8, 52].

This shell evolution can be explained by the tensor term in the OPEP [5, 53]. A schematic of
the effect of the tensor interaction on shell ordering is shown in Figure 2.4, where j. . =1+1/2.
Neutrons in the j_ orbit attract the j. proton orbit, leading to its lowering in energy, whilst they repel
the j- orbit, leading to its raising in energy [5].

Two distinct types of shell evolution are noted, type I being the shell evolution across various
isotopes and type II being the evolution of shell ordering due to the different occupation numbers of
excited states [8]. A diagram of these effects can be seen in Figure 2.5.

Shell evolution weakening shell closures and allowing intruder configurations across shell gaps
has been suggested as the cause of shape coexistence [52]. This can be seen in **Ni with a spherical
0/ state, a mildly oblate-deformed 05 state and a strongly prolate-deformed 03+ state [8]. Figure 2.6
shows the occupation numbers for the different excited states in %¥Ni. The increase in occupation
of the v0gy /> in the O; and O;r states leads to the energy of the w0f7/, increasing and the 705/,

decreasing, allowing for intruder configurations across the Z = 28 shell gap inducing the deformation
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Fig. 2.5 Diagram showing the two types of shell evolution. (a) shows the levels before the evolution.
(b) and (c) show type I shell evolution. (b) shows the shift due to two neutrons in the j_ shell and (c)
shows the shift due to four neutrons in the ;4 shell. (d) and (e) show type II shell evolution. Where
(d) shows the shift due to 2p — 2h excitations and (e) shows the shift due to 4p — 4h excitations.
Reproduced from [8].
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Fig. 2.6 Theoretically predicted occupation numbers for 0F states in ®*Ni. (a) shows the proton
occupation numbers, and (b) shows the neutron occupation numbers. Reproduced from [8].
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of these excited states [8]. This is an example of type II shell evolution producing shape coexistence.
Type I shell evolution is also proposed as a mechanism for shape coexistence in some nuclei, for
example, deformed states in >>Mg are interpreted as neutron p — h excitations across the N = 20 shell

gap [54].

2.4 DNO-SM - Discrete Non-Orthogonal Shell Model

The standard shell model uses spherical basis states, whilst the Nilsson model requires a fixed
deformation. In order to include states of different deformation, more complex theoretical models are
necessary. One such method is DNO-SM [21]. The method uses a set of basis states with different
deformation parameters [21]; therefore, this model is capable of predicting deformed configurations.
The minimisation method allows for a dramatic reduction in the number of basis states. For instance,
in a model of **Mg in the sd shell, the exact shell-model approach predicts a binding energy of
-87.10445 MeV with 28503 basis states, whilst the DNO-SM approach predicts -87.10405 MeV with
only 16 basis states [55], allowing this model to make accurate predictions in heavy nuclei. In 3*Mo
the model predicts a B(E2,2] — 0]) of 1512 ¢*fm* in agreement with the experimental value of
1740f2§8 e*fm* [55]. The method has been shown to be capable of predicting shape coexistence, as is

the case in °2Cr [56].

2.5 Gamma-Ray Decay

Excited states in nuclei primarily decay to the ground state via a series of gamma-ray decays. For
instance, this is observed in the B decay of *’Cs, which primarily decays to an excited state in '*’Ba,
which decays to its ground state by the emission of a 662 keV gamma ray [57].

The transition probability between the initial state i and the final state f is given by

2A+1
(GAu) 2 A+1 Ey 2
R AL R o 4 J ifimi 2.19
7 anataa P \e ) (Gl o Gidmi)| 19
(02) 1 (oAn)
oh) _ T! 2.20
YN I Tk (2:20)

where A is the multipolarity of the transition, o is the type of transition, Ey is the energy of the

gamma ray, .#, is the operator associated with the radiation and Ji, m; and & are the total
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angular momentum, the axis projection of the angular momentum and an arbitrary quantum number,

o)

M) s the partial transition rate and Tf(-l.

respectively for state k. T]Sl. is the summed transition rate [2].

The reduced transition probabilities are calculated using

1
B(W»Ji—ﬂf):z],Jrl Y, [(Epdpmp| o |ETims) |
‘1 by (2.21)

where B is the reduced transition probability and (J¢||.#53||J;) is the reduced matrix element [2, 43].
There are two types of transitions, either electric or magnetic, denoted E or M, respectively, with
angular momentum L, with L having integer values greater than or equal to 1. The change in parity,
Ar, is given by
(-t EL
Am = (2.22)
(—D ML
. Gamma-ray decay obeys both parity and angular momentum conservation, limiting the possible
decays [44].
The B(E2) values provide an observable of the overlap of two states without being influenced
by the energy contribution to the transition rate. One method for this is by measuring the half-life of

states, which can be converted to B(E2) values using the equations

In(2
fjo = ((Ez)) (2.23)
T
5
B(E2,J; — J;) = T5&oh (ﬁc> In(2) (2.24)
’ Ey tl/Z

where 7 /5 is the half-life of the state, assuming that the £2 decay is dominant [2]. The ratio of the
B(E2,4] — 2]) and the B(E2,2] — 0] ) can be used to determine the nuclear structure. For the
harmonic oscillator, an Rggy = 2 is expected, for a rotor, a value of 1.43 is expected, whilst single

particle transitions typically lead to values < 1 [58, 59]. Weisskopf estimates of reduced transition
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Excitation Energies for N =51 Isotones Excitation Energies for Cu Isotopes
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Fig. 2.7 Evolution of excited states approaching "Ni, indicating the shifting of single particle energies.
(a) shows the low-lying excited states in the N = 51 isotones. Data are taken from [60]. The grey
area shows missing data. The lowering of the 9/27 state suggests a weakening of the N = 50 shell
closure. (b) shows the evolution of excited states in Cu (Z = 29) isotopes. Data are taken from [60,
61]. The crossing of the w1p3/, and 705, states is observed at 7SCu. The arrows show the trend of
the evolution and the levels that are the origin of the states. The insets show the expected configuration
of the ground states. The lines are only for indicating the shell effects and are not trend lines.

probabilities are given as

_ (1.2)%* 30\ L2, 2L
10 o (3 N e (e N o
B(ML) = po (1.2) (L—|—3> A <2Mc) (fm) (2.26)

where M is the mass of the proton [43].

2.6 ’8Ni Region

78Ni lies on the conventional shell closures N = 50 and Z = 28. 78Ni lies 14 neutrons from the nearest
stable isotope, ®*Ni, making it difficult to access experimentally. It is still under investigation whether
the standard shell model closures are maintained in this region. Figure 2.7a shows the evolution of
the 9/2%, 1/2" and 5/27 states in even-odd N = 51 isotones. As can be seen, the lowering of the
1/2% and 9/2* states as the number of protons decreases indicates the weakening of the N = 50 shell
closure approaching "®Ni.

Shell evolution is also observed in the proton orbitals. This is seen in Figure 2.7b. The lowering

of the w0 f5 , relative to the 71p3, state is observed, and the levels cross at 3Cu. This is predicted



50 | Nuclear Structure Theory and The Shell Evolution In the Region of 78Ni

ElkeV
e 5290
—
C—
-« —T—3980
—— e} 3700
@ =7 3180
(25)—F—2910
@h— -+ 2600
of 0

78Ni

Fig. 2.8 Experimentally determined excited states in 8Ni. Two bands are observed, which are
explained theoretically as a spherical band and a deformed band. The predicted shapes of the excited
states are indicated. Data reproduced from [9].

theoretically, driven by the tensor force, but the lowering of the 71p ; is not reproduced [5]. In
addition, the weakening of the Z = 28 shell gap is also predicted [5].

The first measurement of spectroscopic information on "8Ni was from the RIBF [9]. The exper-
iment used DALI2 [24] array alongside the MINOS (quasi acronym: nuclear Maglc Numbers Off
Stability) [62] hydrogen target to perform in-beam gamma-ray spectroscopy of ’8Ni from (p,2p) and
(p,3p) reactions [9]. The level scheme obtained from the experiment is shown in Figure 2.8. The
energy of the 2T state suggests the persistence of the Z = 28 and N = 50 shell closures. However,
two sets of states are observed, which are theoretically explained using shell model calculations as
a set of spherical states and a secondary set of prolate-deformed states [9]. This shape coexistence
is interpreted as intruder configurations across the N = 50 shell closure, suggesting competition
between spherical shell stability and deformation correlations [52, 9, 22]. Shape coexistence has been
suggested in a 1 /2% isomer state of 7*Zn using laser spectroscopy [10, 22]. The shape coexistence
is interpreted as intruder configurations across the N = 50 shell gap, indicating the weakness of the
N = 50 shell gap in this region.

It still is not clear if the N = 50 shell closure is maintained in this region, and additional measure-
ments are necessary. Positioned two protons beyond the Ni isotopic chain, Zn presents an interesting

opportunity to explore the Z = 28 and N = 50 shell closures. This work will focus on the isotopes
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78.807n. 807n is particularly interesting as it lies directly on the N = 50 shell closure, allowing for

conclusions to be drawn about the shell closure’s persistence.

2.6.1 7830Zn Experimental Measurements

The first spectroscopic information for 78Zn was obtained at the Grand Accélérateur National d’Tons
Lourds (GANIL) facility using isomer spectroscopy with HPGe detectors [12]. The decay chain
allowed for the measurement of the energies of the 27", 4;’, 6;’ and ST candidate states to a high preci-
sion. A similar measurement was performed at RIBF using the BigRIPS and ZeroDegree spectrometer
to look at the isomer in ®Zn. The same transitions were observed at the RIBF measurement as in the
GANIL measurement [14].

The nucleus "8Zn has also been measured using 8 and Bn decay at the Isotope Separator On-Line
Device (ISOLDE) facility, the Holifield Radioactive Ion Beam Facility (HRIBF) and the RIBF [16, 15,
13]. The ISOLDE measurement implanted "®Cu into the setup and used HPGe to measure the gamma
rays after 8 decay. Transitions corresponding to the 2 and (4]) states were observed [16]. For the
HRIBF experiment, Cu isotopes were implanted onto a moving tape, and the decaying gamma rays
were measured with HPGe detectors. The 2;’ and 4f levels were measured alongside the 2529 keV
level and a new state at 3105 keV [15]. Finally, the RIBF experiment used BigRIPS and ZeroDegree
[63] to identify and transport the isotopes to a silicon array, where the gamma rays emitted after the
decay were measured with HPGe detectors. The same transitions that were seen at HRIBF were
observed [13].

The first spectroscopic information on 8Zn was measured at ISOLDE [17, 18] performing low
energy Coulomb excitation of even-even '47678:807n isotopes. The cross section for the excitation to
the ZT states was measured using the Miniball array [23]. The experiment successfully measured the
2] excitation energies and the B(E2,2] — 0{) values of 78:807n. Inelastic scattering of 8Zn has also
been performed at the RIBF with the MINOS hydrogen target and the DALI2 array [24], extracting
the B(E2,0{ — 2[) via cross-section measurements [20].

Further spectroscopic information on 8°Zn has been obtained at the RIBF using knockout reactions
on a Be target using the DALI2 array [19]. The channels 3! Ga(Be, X)8°Zn and 8Zn(Be, X)8'Zn were
analysed, observing for the first time four new states including the 4;’ state. In addition, the lifetime of

the 4] state was measured using peak-shape analysis [19]. In the same experiment, a new transition
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at =~ 1.3 MeV was reported in "8Zn following its production through the 8°Ga(Be, X)"8Zn reaction

channel [19].

ENSDF | GANIL | HRIBF |ISOLDE RIBF
1 | BBn| B CX K B 1
Jf,J}t [64] [12,60] | [15] [16] [17, 18] [19] [13] [14]

27,0 730.2(4) |729.6(5)| 730.2 |730.43) 730 | 740(11) 730 730.0
(49,27 890.5(4) [889.9(5)| 890.5 |890.7(3) 891 | 902(14) 890 890.5

(67),(4]) | 908.3(6) |908.3(5)| 908.3 - - - 909 909.1
(81),(6]) |144.7(10)|144.7(5)| - - - - - 1457
(45.80),(67)| 576(1) - 576 - - 580(9) 576 -

- - - - - - 1271(19) - -

Table 2.1 Energies (keV) of gamma-rays from 78Zn excited states from literature. I indicates isomer
decay, CX indicates Coulomb excitation, K indicates knockout, and ENSDF stands for the Evaluated
Nuclear Structure Data File [60]. Uncertainties are omitted if they are not present in the corresponding
publication. J and J }’ indicate the initial and final state angular momentum and parity. In cases
where the transition is not present in the data set, the space is left with a hyphen.

Table 2.1 shows the reported energies from the literature and from an evaluation of the literature.
The energies of the transitions are measured with high precision, with good agreement between the
experiments. The 1271(19) keV transition has only been observed once and has yet to be placed in

the level scheme [19].

ENSDF | ISOLDE RIBF
JEJE | [60] | CX[17.18] | CX[20] K [19]
27,07 | 1492(1) | 1492(1) | 1487(8) 1497(22)
4t,2f _ . 487(3)  482(7)
X,4f ; - ; 841(13)
X' 4} _ - ; 1195(18)
X",07 _ ; - 2627(39)

- _ ; 3280(20) ;

- - - 3690(30) -

Table 2.2 Energies (keV) of gamma-rays from 80Zn excited states from literature. CX indicates
Coulomb excitation, and K indicates knockout. J* and J ]’f indicate the initial and final state angular
momentum and parity, respectively. X is used in cases where the J” is unreported, and the space is
left empty when the initial and final states are unknown. In cases where the transition is not present in
the data set, the space is left with a hyphen.

Table 2.2 shows the literature values for gamma rays emitted by 3Zn. The 2] — 0{ transition
energy is determined with high precision from low-energy Coulomb excitation at ISOLDE [17,

18]. The 4;’ — 2;’ transition has been observed twice at the RIBF with energies of 482(7) [19] and
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7SZn SOZn
2f 2f 47
B(E2 })le*fm*  t,5/ps | B(E2)le*fm*  t,,/ps  B(E2 |)/e*fm* 1 ,/ps
[17, 18] 154(38) 18(4) 144(29) 0.53(11) - -
[20] - - 146(18) - - B}
156 92
[19] - - - - 16072 1367

Table 2.3 B(E2 |) and t; /2 values for 78.807n from literature. A hyphen indicates the values are not
present in the corresponding publications.

487(3) keV [20], both in agreement within 1. The 841(13), 1195(18) and 2627(39) keV transitions
have only been observed at the RIBF using knockout reactions, where the precision was limited
by Doppler broadening and the limited energy resolution of the detector array [19, 30]. Inelastic
scattering measurements at the RIBF also observed transitions of 3280(20) and 3690(30) keV that
have not been reported elsewhere and are not yet placed in the level scheme [20].

Table 2.3 shows the literature B(E2) and t, / values. In "Zn, only the B(E2,2{ — 07 ) value has
been reported; measuring the B(E2, 4fr — 21+) is difficult due to the 41+ — ZT gamma-ray lying close
in energy to the 6f — 4T energy [64]. In 8Zn the B(E2, ZT — OT) has been extracted using low and
intermediate energy Coulomb excitation [17, 18, 20]. The B(E2,4] — 2{) has been measured with a
large uncertainty through lifetime measurements [19].

Figure 2.9 shows the level schemes for 7880Zn. Figure 2.9a was compiled from the ENSDF
evaluation [60]. Figure 2.9b was compiled using the 2/ from low-energy Coulomb excitation [17,
18], the 41+ from inelastic scattering at the RIBF [20], and the remaining levels are constructed using
the data from knockout experiments at the RIBF [19].

Figure 2.10a shows the excitation energies of the first 2| and 4] states in the Zn isotopes in the
region of "8Ni. There is a dramatic rise in the 2| energy at N = 50, which can be explained as a
result of the shell closure. The energies of excited states in Zn isotopes are well determined using
high-resolution HPGe detectors up until the 4] in 807Zn. The lower plot in Figure 2.10a shows the
ratio of the 4] to 21+ excitation energies. Other than at N = 50 shell closure, all the isotopes have a
ratio close to the value expected for harmonic oscillators. Whilst for 3Zn the value falls below the
harmonic oscillator value, suggesting that the low-lying states are due to single-particle excitations.

Figure 2.10b shows the B(E2) values for the Zn isotopes. The B(E2,4] — 2) value for 8Zn
is not yet measured. In addition, the B(E2,4] — 2{) for the 80Zn is measured with a significant

uncertainty [19], limiting the conclusions that can be drawn from the measurements. The lower plot
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Fig. 2.9 Literature level schemes of 787n (a) and 39Zn (b) compiled from literature [60, 17, 18, 19,
20].
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Fig. 2.10 (a) shows excitation energy systematics for the first 2;r and 41+ states in the Zn isotopes
values from literature. Literature values are taken from [60, 64, 20, 17, 18]. The lower plot shows
the Ryy = E(4)/E(2]) systematics. (b) shows the B(E2) systematics for the Zn isotopes. The
literature values are from [65, 17, 18, 20, 19]. The bottom plots shows the Rggr = B(E2,4fr —
27)/B(E2,2{ — 0] ) systematics.
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Fig. 2.11 VS-DMRG calculations of N = 50 nuclei. The top plot shows the ratio of the 41+ to 21+
energies compared with previous calculations [66]. The middle plot shows the structure of the 2
and 4 states and the B(E2) values for transitions between the states in units of e’ fm*. The bottom
plot shows the contribution to the ground state wave function of the Op-Oh configuration in the orange
fraction. Reproduced from [67].
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in Figure 2.10b shows the ratio of the Rggr = B(E2,4] — 2{)/B(E2,2{ — 07) for the Zn isotopes.
From the value for 39Zn, it is clear that no clear conclusion from this number can be drawn due to the
large uncertainty of the B(E2, 4fL — 2;’) value, indicating the necessity for a new measurement with
improved precision, which has been the objective of the current work. An improved precision in the
Rgr> would allow for a conclusion to be drawn about the origin of low-lying states in 3°Zn, providing

evidence for the persistence of the N = 50 shell closure in this region.

2.6.2 788075 Theoretical Models

Several theoretical calculations have been carried out in this region. One such method using spherical
basis states with the Valence-Space Density Matrix Renormalisation Group (VS-DMRG) method
calculated the low-lying structure of N = 50 nuclei [67]. The predictions of this model can be seen in
Figure 2.11. The model overpredicts the 21+ and 41+ energy and underpredicts the B(E?2, 21+ — OT)

and B(E 2,4;r — 2;’) values, suggesting additional effects are necessary to describe 3°Zn.
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Fig. 2.12 Calculated potential energy surfaces from DNO-SM [21] for 7*Zn and 8°Zn where 8 and y
are defined previously. The basis states’ deformation parameters are indicated by the red circles, and
the size indicates the magnitude of their contribution to the wave function. In 7°Zn, the non-deformed
9/2% ground state is shown in the top left plot, the 1/2% deformed isomer observed in [10, 22] is
shown in the top middle plot, and a 5/2* deformed state is shown in the top right plot. In 8Zn, a
spherical 0] ground state is predicted, shown in the bottom left plot, whilst a deformed 05 is predicted
at 2.16 MeV, shown in the bottom right plot. Reproduced from [22].
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Fig. 2.13 Potential energy surfaces for the 0] and 05 states in N = 50 isotones predicted by MCSM
[68]. Qo shows the ayy deformation and Q, shows the ay> deformation. The basis states, and the
circles show their contribution to the wave function. Reproduced from [69].

A method that could properly describe 3°Zn is DNO-SM [21]. Calculations of 7*:8°Zn have been
performed in [22]. The potential energy surfaces are shown in Figure 2.12. The model predicts the
observed deformed 1/27 isomer at 830 keV [10, 22], in reasonable agreement with the experimental
value of 943(3) keV [22]. The calculation for 8Zn predicted a spherical ground state and a deformed
02+ state at 2.16 MeV [22]. The state at 2.6 MeV observed in [19] may be a candidate 22+ state in a
deformed band, associated with this deformed 0; and state decaying predominantly to the ground
state driven by the energy term in the transition rate, in line with what is predicted in "8Ni [9].

Another suitable method is the Monte-Carlo shell model (MCSM) [68]. This has been performed
in the N = 50 isotones around "Ni. The model predicts a deformed 02+ state in 39Zn at 2.59 MeV [69].
The shapes of N = 50 isotones in the region of "8Ni predicted by MCSM can be seen in Figure 2.13.

MCSM and DNO-SM predict a similar deformation for the 05 state in 8°Zn.

2.7 Summary

Nuclear structure has been studied extensively for over a century. However, questions of nuclear
structure remain, particularly near the nuclear drip lines. Of particular interest is the region around
78Ni, where observations of shape coexistence and shell evolution suggest weakening of the N = 50
shell closure. Further information is necessary to understand this region. For this work, the Zn
isotopes 7880Zn will be examined, looking to measure B(E2) values and extract information on the
persistence of the N = 50 and Z = 28 shell gaps in this region. These results will provide information

on the forces involved in shell evolution and will have implications across the nuclear chart.






Chapter 3

Gamma-Ray Spectroscopy and

Experiments with RI-Beams

The energy of gamma rays emitted during the decay of nuclear excited states provides a direct
window into nuclear structure. To precisely measure these energies, specialised detector materials are
required to measure radiation interactions, paired with sophisticated electronics for signal processing.
This chapter examines the mechanisms of energy deposition within detector media, the conversion
of that energy into measurable electrical signals, and the subsequent processing techniques used
to extract timing and energy information. Finally, the production of radioactive isotopes (RI) and
the experimental methodologies that emerge from the integration of RI beams with gamma-ray

spectroscopy will be discussed.

3.1 Principles of Gamma-ray Detection

Energy deposition of gamma rays in materials is dominated by three interactions: photoelectric ab-
sorption, Compton scattering, and pair production [44]. Photoelectric absorption is the full absorption
of a photon, ionising a bound electron. A schematic of this process can be seen in Figure 3.1. The

probability of the process can be approximated as

Toc —— 3.1
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e E=E,-E,

Fig. 3.1 Schematic diagram of photoelectric absorption. An electron gains energy by the absorption
of a photon, leading to the electron being liberated from the bound state [44]. E, is the gamma ray
energy and Ey is the ionisation energy of the electron

Fig. 3.2 Schematic diagram of Compton scattering [70]. ¥ is the incoming photon, ¥ is the scattered
photon, and e~ is the scattered electron. 6 and ¢ are the photon and electron scattering angles,
respectively.

where 7 is the probability of absorption per atom, Z is the atomic number of the atom, Ey, is the energy
of the gamma ray, and » is an empirical value typically around 4-5 [70]. From this, it is clear that
to have a high efficiency for photoabsorption, a high density and a high-Z material is favoured. In
addition, photoelectric absorption dominates at lower energies. The shell structure of the atomic
electrons causes sharp jumps in the probability of photoelectric absorption once the threshold for
exciting electrons from a more bound shell is met [70].

The second process is Compton scattering. Compton scattering is the scattering of a photon off
an electron, in which a partial exchange of the photon’s energy occurs. The energy of the scattered

photon can be described by the equation

(3.2)



3.1 Principles of Gamma-ray Detection | 61

Attenuation Coefficient for GAGG

. 104
i ™ —— Compton Scattering
ND" 1034 \\ Phlotoelectnlc Absorption .
= \ —— Pair Production - Nuclear Field
O \\\.e\ —— Pair Production - Electron Field
= 1074 ! \ ---- Total

5

e \

é 10' 4 \ A

Y= A\

[} LAY

@] 0 \

(@] 10 E| \‘

c N

2 1071 \

©

>

€ 10-2

o 10744

=

]

< -3

10 ‘ ‘ : : : . :
1073 1072 107! 10° 10! 102 103 10% 10°
Energy (MeV)

Fig. 3.3 Attenuation coefficient of GAGG [72] and the contributions of the different interactions.
Data is from the NIST photon cross-sections database [73]. The attenuation coefficient, i, gives the
probability of interaction, dp, in a short length of material, dx, by the equation dp = updx, where p
is the density of the material.

where E;, is the scattered photon energy, Ey is the initial energy, m. is the electron mass, c is the speed
of light, and 8 is the angle of scattering [70]. This process is shown in Figure 3.2. The probability for
the angular scattering is dictated by the Klein-Nishina formula [71].

The final process is pair production, where a gamma ray with energy > 1.022 MeV, produces
an electron-positron pair in the electric field of a nucleus [70]. The electron deposits energy via
interactions with the electrons in the material, whilst the positron loses energy and finally annihilates
to produce two 511 keV photons.

Figure 3.3 shows the attenuation coefficient for GAGG [72], illustrating both the total attenuation
coefficient and the individual contributions from the different interactions. From this, it is clear that
photoelectric absorption dominates at low energies, Compton scattering takes over in the mid-energy
region, ~ 1 MeV, and pair production governs at higher energies = 10 MeV.

The discussed effects allow for the production of gamma-ray spectra. Figure 3.4 shows repre-
sentative gamma ray spectra for different gamma-ray energies simulated using the Geant4 toolkit
[74] for a 2.5x2.5x7.5 cm® Nal(Tl) detector [75]. Figure 3.4a shows the simulated response for a
662 keV gamma ray. The Compton edge is seen at 478 keV, corresponding to the maximum energy
that can be deposited by a single Compton scattering interaction, which will occur at a scattering
angle of 8 = 180°. The full-energy peak is located at 662 keV and corresponds to the full absorption

of the gamma ray. A gamma ray that Compton scatters in the surrounding material at 180° leads to
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Fig. 3.4 Monte-Carlo simulations [74] of a Nal(T1) detector for different energy gamma rays. (a)
shows the response for a 662 keV gamma ray. The Compton edge is seen at ~500 keV, whilst the
full-energy peak is seen at 662 keV. The backscatter peak is observed at 184 keV. (b) shows the
response for a 10.8 MeV gamma ray. The full-energy peak is seen at 10.8 MeV whilst the single and
double escape peaks are seen at 10.2 MeV and 9.7 MeV, respectively. A 511 keV peak is observed
from pair production in the surrounding material. Energy deposited shows the energy deposited in the
detector, and the measured energy shows the energy smeared by the detector energy resolution. The
energy resolution was taken from [75].

a backscatter peak. For the 662 keV gamma ray, this is located at 184 keV. Figure 3.4b shows the
response of a Nal(Tl) detector to a 10.8 MeV gamma ray. The full-energy peak is located at 10.8 MeV.
The single escape peak corresponds to when a gamma ray undergoes pair production, and the positron
annihilates, and one of the 511 keV gamma rays escapes the detector, and is located at 10.2 MeV. The
double escape peak is the same as the first escape peak except that both 511 keV gamma rays escape
the detector, and is located at 9.7 MeV. Pair production in the surrounding material produces 511 keV

gamma-rays, which can interact with the detector to produce a peak at 511 keV.

3.2 Semiconductor Detectors

Semiconductors are materials where the gap between the valence and conduction bands is ~ 1 eV [76].
By doping the material, the densities of electrons or holes can be manipulated. n-type semiconductors
are doped with electron donors, leading to an excess of electrons, while p-type semiconductors are
doped with electron acceptors, leading to an excess of holes [76].

When a p-type and an n-type semiconductor are attached, they form a pn-junction, which is the
basis of semiconductor radiation detectors. Figure 3.5 shows a pn-junction under different conditions.
Under thermal equilibrium, diffusion of electrons and holes leads to a depletion region between the
pn-junction devoid of mobile charge carriers. This produces a potential gradient between the p and

n layers. Under a forward bias, this potential is reduced, and current can flow. If a reverse bias is
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Fig. 3.5 Diagram of the electronic structure of a pn-junction under different conditions. The area under
the bottom line shows the valence band, the region between the lines shows the forbidden region, and
the area above the top line shows the conduction band. Ef, and Ef, show the Fermi energy for the p
and n regions, respectively. V},; is the voltage generated across the pn-junction. Reproduced from [76].

applied, the potential barrier increases, and the depletion region expands. The width of the depletion

28Vb N, +Ny
= _— 3.3
"IV e NN, (3-3)

where V, is the reverse-bias voltage, w is the width of the depletion region, € is the dielectric constant

region is described by

of the material, e is the electron charge, and N, and N, are the densities of the acceptor and donor
ions, respectively [76]. Utilising a reverse-biased pn-junction is the basis for radiation detection with
semiconductors.

Ionising radiation interacting in the depletion region will produce electron-hole pairs, allowing
for the detection of radiation with semiconductors. The number of e/-pairs will be proportional to
the energy deposited in the detector. The electrons drift to the n electrode and the holes to the p
electrode. The motion of the electrons and holes induces a charge on the electrodes, leading to charge

accumulation occurring before the charge carriers reach the electrodes. This can be described by the
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Shockley-Ramo theory, where the charge induced on an electrode is described by

AQy = q(¢(2) — ¢i(1)) (3.4)

where AQy is the charge induced on electrode k due to a charge carrier of charge ¢ moving from
point 1 to point 2 with ¢ () being the weighting potential of electrode k at position j [76, 70]. The
weighting potential is calculated by setting the potential on electrode k to 1 V and setting all other
electrodes to 0 V and solving the Poisson equation, V2@ = 0, for the given boundary conditions [76,
70].

This effect causes a charge to begin accumulating on the electrodes before the charge carriers
arrive at the electrode. The total collected charge will be proportional to the energy deposited in
the detector. In detectors with multiple electrodes, this causes charge to accumulate on nearby
electrodes that do not collect the produced charge. Figure 3.6a shows the potential generated for a
0.30x0.19 mm? Si detector with one long n-type electrode at the top of the detector at 100 V and
three equally spaced 0.05 mm p-type electrodes at 0 V at the bottom. The potential was calculated by
solving V2¢ = 0 for the given boundary conditions. Using this, the trajectories of electrons and holes

were calculated according to the drift velocity
V= UE (3.5)

where ¥, is the drift velocity of the charge carrier, E is the electric field calculated using the potential,
and y is a constant which is 0.145, and 0.045 m>V~!s~! for electrons and holes, respectively
[77]. The resultant trajectories for events involving a single point of eh-pair generation are overlaid
on Figure 3.6a. The weighting potential for pixel 1 is shown in Figure 3.6b. Using the weighting
potentials and the Shockley-Ramo theory, the induced charges for the trajectories shown in Figure 3.6a
were calculated. The induced charges for each pixel varying with time from the generation of the
eh-pairs are shown in Figure 3.6c. As can be seen, the pulse shape in the collecting electrode and the
neighbouring electrodes are strongly dependent on the position of interaction. This can be exploited
for the reconstruction of the position of interaction [78]. The charges induced on the electrodes are

processed using a charge-sensitive preamplifier to produce a measurable voltage signal [79].
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Fig. 3.6 Simulation of a 2D Si pixel detector. (a) shows the electric potential for a 2D Si detector
with one n-type contact at 100 V and three p-type pixels at O V. The green lines show the electrode
locations. The calculated trajectories of eh-pairs generated at different points marked by crosses
are shown. The trajectories of holes are shown in red and electrons in blue. The inset shows the
geometry of the detector; the p-type pixels are labelled 1-3. (b) shows the weighting potential for
pixel 1 for the same geometry as in (a). (c) shows the induced charges on the pixels calculated using
the Shockley-Ramo theory [70, 76]. It is assumed that 1 x 10° eh-pairs were generated from a single
interaction at the crosses shown in (a); the line colours correspond to the cross colours. As can be
seen, the shape of the induced charge on the collecting electrode and nearby electrodes is dependent
on the position of origin of the charge.
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Fig. 3.7 Diagram showing the typical configuration of a scintillator detector. The scintillating material
is shown in yellow, the photo sensor is shown in black, and the reflector is shown in white. Incoming
radiation is depicted using a green arrow, and the resulting scintillation light is shown in red.

3.2.1 HPGe - High-Purity Germanium

For gamma ray detection with excellent energy resolution and a large sensitive volume, HPGe
semiconductor detectors are used [70]. HPGe detectors are made up of an n-layer and a p-layer with a
p/n region in the centre. The low density of impurities allows for the formation of a large depletion
region [70]. When a gamma ray interacts in the active region, the ionised electron will go on to
produce a number of eh-pairs. The electrons travel to the n-type contact and the holes to the p-type
contact [70]. The signals need to be passed through a charge-sensitive preamplifier in order to convert
the charge produced in the detector to a measurable voltage [79].

Simple HPGe detectors use two contacts, typically a central core to read out the signal from the
detector, and an external electrode. In order to achieve better position resolution of the gamma-ray
interaction position, segmented HPGe detectors were developed; these were used in the Miniball array
[23]. More recently, pulse shape position reconstruction has been used to obtain sub-segment position

resolution, such as in the AGATA [27] and GRETINA [29] projects.

3.3 Scintillation Detectors

Scintillators present a competitive alternative to gamma ray spectroscopy with HPGe. Scintillators
produce photons in response to the energy deposited by interacting radiation, which can then be
converted into an electrical signal using a photosensor [70]. The number of scintillation photons
produced is proportional to the energy deposited in the detector. A typical scintillator detector is
shown using Figure 3.7. The diagram includes a scintillator wrapped in a reflective material with a

photosensor attached.
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Fig. 3.8 Monte Carlo simulation [74] of a 2.5x2.5%x7.5 cm? BC-400 [82] scintillator detector for a
662 keV gamma ray. Energy deposited shows the energy deposited by the gamma ray in the detector,
whilst the measured energy shows the deposited energy smeared by the detector response [83].

3.3.1 Organic Scintillators

Organic scintillators are made out of hydrocarbons, and the luminescence emerges from the molecular
structure [80]. They typically achieve fast decay times of around 2-30 ns [80]. Organic scintillators
are typically used in cases where a very good time resolution is required, such as time-of-flight (TOF)
detectors for magnetic spectrometers [63]. In plastic form, organic scintillators typically have densities
around 1 gcm*3 [81].

Due to the low Z of organic scintillators, they have a low efficiency for photoelectric absorption
[70]. Figure 3.8 shows the simulated response of a BC-400 [82] organic scintillator, the blue histogram
shows the energy deposited in the scintillator, and the red histogram shows the energy deposited
smeared by the detector resolution [83]. As can be seen, very few gamma rays are fully absorbed in
the detector due to the low probability for photoelectric absorption. The spectrum is dominated by
Compton scattering. This means plastic scintillators are a poor choice for gamma-ray spectroscopy.
Nuclear physics experiments tend to choose inorganic scintillators for gamma-ray spectroscopy [24,

36].

3.3.2 Inorganic Scintillators

Thanks to their high-density and Z, inorganic scintillators present a high-efficiency alternative to
HPGe detectors [84, 31]. Inorganic scintillators are crystalline scintillators where the scintillation
emerges from the band structure of the crystal. Figure 3.9 shows the scintillation mechanism for an
inorganic material. Impurities are added to create luminescence centres. Gamma-ray interactions in
the crystal ionise electrons, which will lose energy generating eh-pairs in the scintillator. The eh-pairs

then recombine through a luminescence centre via the emission of a scintillation photon [80]. By
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Fig. 3.9 Schematic diagram of the scintillation mechanism in an inorganic scintillator. Electron-
hole pairs are produced by the ionised electron, the electron deexcites via a luminescence centre
producing a photon, and goes on to recombine with the hole. Quenching shows non-radiative decays,
which reduce the scintillation efficiency. Traps show low-lying electron traps, which also reduce the
scintillation efficiency. Reproduced from [80].
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measuring the number of photons produced, the energy deposited in the material can be determined.
Quenching is the recombination via non-radiative decays, leading to a reduced scintillation efficiency.
Metastable states called traps can prevent recombination and lead to a loss of scintillation efficiency
[80]. Inorganic scintillators are typically slower than organic scintillators with decay times around
50-500 ns [70]. However, they are generally made out of higher Z elements, increasing the probability
of photoelectric absorption and typically have densities of >3 gcm ™ [80].

Figure 3.4a shows the response of Nal(Tl), an inorganic scintillator, to a 662 keV gamma ray.
As can be seen, in comparison to Figure 3.8, the full energy peak is much more prominent due to
the higher Z and the higher density. This makes inorganic scintillators more suitable for gamma-ray

spectroscopy than organic scintillators.

GAGG

GAGG(Ce) is an inorganic scintillator made up of Gd3Ga,Al,O, where x+y = 5 and is doped with
Ce with the scintillation light emerging from the 5d 4 f transition in Ce [72]. Standard GAGG uses
y =3, and x = 2, but it has been shown that the Ga:Al ratio has a significant effect on the properties
of the scintillator [72, 38, 85].

It has been observed that a 5x5x5 mm? crystal with y = 3, x = 2, and an energy resolution
of 5.1(2) % at 662 keV, whilst a crystal of the same size with x = 2.4, y = 2.6 produces an energy
resolution of 3.7(2) % at 662 keV, both were measured using an avalanche photodiode [38]. Due to
the improved resolution x = 2.4, y = 2.6 GAGG is referred to as an HR-GAGG, High-Resolution
GAGG by C&A [33]. However, it has been observed that HR-GAGG has longer decay times [38],
and more afterglow [85] than typical GAGG. It is also possible to produce HR-GAGG or HL-GAGG,
High-Luminosity GAGG, by other methods this is done by companies such as EPIC crystals, but how
this is achieved is not public information [86].

HR-GAGG is grown using the Czochralski method [38, 87]. Several manufacturers are capable of
manufacturing HR-GAGG [33, 88, 89, 86], but the energy and time resolution of the different crystals

is yet to be determined.

3.3.3 Photo Sensors

To convert the scintillation light into a measurable signal, a photo sensor is necessary. An ideal photo-

sensor provides a sufficient gain of the signal whilst maintaining a linear response in a wide dynamic
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Fig. 3.10 Quantum efficiency (QE) of different Hamamatsu PMTs varying with photon wavelength.
Data are taken from [93].

range. Traditionally, photo-multiplier tubes have been used [70], but more recently, semiconductor
photosensors such as silicon photo-multipliers [90] have emerged as competitors, due to their compact

size, insensitivity to magnetic fields [91], and high quantum efficiency [92].

PMT - Photo-Multiplier Tube

PMTs start with a photocathode, on which an incident photon can undergo photoelectric absorption to
produce an electron [70]. The probability for an incident photon to undergo photoelectric absorption
and produce a photoelectron is known as the quantum efficiency. Figure 3.10 shows the quantum
efficiencies of different photocathodes; as can be seen, the choice of photocathode has a large impact
on the quantum efficiency. The choice of photocathode needs to be made to match the emission
wavelength of the scintillation light.

The photoelectron produced from the photocathode is then accelerated using electric fields towards
a dynode, where the incoming initial electron causes the emission of around 4-6 electrons [70]. This
is repeated a number of times in the tube until the total number of electrons is collected at the anode,

producing a measurable signal. This process leads to a gain of around 10° [93].

SiPM - Silicon Photo-Multiplier

An SiPM is a semiconductor photosensor made up of numerous avalanche photodiodes operated in
Geiger mode. The structure and electric field inside an SiPM are shown in Figure 3.11. Photons

interact inside the silicon, producing an electron-hole pair. The electron will drift to the high-field



3.3 Scintillation Detectors | 71

Vbiﬂs
ng Si* Re\sistor Al - conductor
10°

“— Geiger region

Guard . ;

p* ring n° 5 107 3 . '

> 3 v Drift region
Substrate p+ m 107 3
1 !
2 4 6
— X, Lm

Fig. 3.11 Left shows a schematic diagram of an SiPM. The right shows the electric field varying with
position across the SiPM. A depletion region is formed between the p*™ and n™ layers, causing any
electron that enters the region to cause an avalanche breakdown, creating a large gain. Reproduced
from [94].

depletion region between the n* and p™ layers, which will cause an avalanche producing a gain of
around 10° [94]. The voltage at which the SiPM is capable of producing a Geiger avalanche is known
as the breakdown voltage [95], and the voltage over breakdown has a large influence on the response
of the SiPM [92].

Figure 3.12 shows the quantum efficiency of two different SiPMs. The SiPMs have much broader
quantum efficiency curves than the PMTs in Figure 3.10. This allows for SiPMs to be applied to more
detector types. In addition, the peak quantum efficiency of SiPMs is comparable to or higher than that
of the PMTs.

Once a pixel fires a second photon, an incident photon on the same pixel is unable to produce a
second avalanche event. The recovery time is the time for the pixel to be capable of producing an
avalanche event, and is typically ~10 ns [98]. Due to this and the finite number of pixels, SiPMs
exhibit non-linearity as the number of photons approaches the number of pixels. This can be described
by

_ Mpn@
Nfired = Notal (1 —e Nm‘al) (3.6)
Nfireq 18 the number of pixels fired, Nyora is the total number of pixels, Ny, is the number of photons, and

Q is the photon detection efficiency (PDE) and is equivalent to the quantum efficiency [98]. Figure 3.13

shows the effect of the non-linearity. This effect causes the number of photons contributing to the
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Fig. 3.12 Quantum efficiency of Hamamatsu SiPMs varying with photon wavelength, two SiPMs are
shown corresponding to the S13 and S14 generation SiPMs. Data are from [96, 92].
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Fig. 3.13 SiPM response to different gamma ray energies for different considerations using a HR-
GAGG detector [86], and the S13361-6050AE04 SiPM [97]. Ideal shows the case where every
photon produced leads to a pixel firing, PDE only shows the case where only the quantum efficiency
is considered, and PDE and Non-Linearity shows the case when the quantum efficiency and the
limited number of pixels are considered. Using Nyixel = 229376, Q = 0.35 [97], and N, = 54 keV~!
[86]. The dashed lines show the energy resolution for the different cases, only considering counting
statistics and a 5 % energy resolution at 662 keV for the PDE and non-linearity case.
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Fig. 3.14 Flow diagram showing the typical layout of an analogue electronics DAQ system. The
detector is biased using a voltage supply. The signal from the detector may be passed to a preamplifier
if necessary, after which the signal is split. The first stage is for measuring the energy, where the
signal is sent to a shaping amplifier followed by an ADC. The second stage is for measuring the time
of the event using a discriminator, followed by a TDC. The data from the TDC and ADC are then
passed to a computer (event builder) to correlate and save the recorded events.

signal to be smaller, which leads to a worse energy resolution at higher energies than expected from a
model only including the quantum efficiency.

In order to cover large areas, smaller SiPM arrays are connected to form larger arrays [96, 97,
92]. For instance, the S14160-6050HS is a 6x6 mm? array of 14331 pixels, and 16 of these arrays
are then combined into a 4 x4 grid to produce the S14161-6050HS-04 array covering an area of
25x25 mm? [92]. For such a device, how the individual arrays are connected together needs to be
considered carefully, as when connected in parallel, the capacitances add, leading to long signals and
poor time resolutions. One method for fast timing with SiPM has been achieved using capacitively
coupled fast outputs [99, 100]. However, this method requires two signals per detector, increasing the
number of DAQ channels and introducing additional complexity. Other methods have been performed
using multiple op-amps for summing the pixels [101], which produces a single fast signal. Yet, this
method requires large PCBs, requiring additional space between the detectors in an array, reducing the

detection efficiency, and the op-amps produce heat, which may be an issue for large detector arrays.

3.4 Pulse Processing and Data Acquisition

In order to produce spectra and extract physical results from the electrical signals produced by the
detector, a DAQ is needed to process the signals and save the results. Currently, two distinct DAQ
systems exist, one based on analogue signal processing, and the second based on digital signal
processing [70].

Figure 3.14 shows a flow diagram of a typical DAQ utilising analogue electronics. The detector is
biased using a voltage supply. The signal may be passed through a pre-amplifier. The signal is then
split into two paths, one for determining the energy and one for determining the signal timing. The

energy path first uses a shaping amplifier [70] to shape the input into a Gaussian-like signal that is
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Fig. 3.15 Circuit diagram of an Ortec 142 type preamplifier [102]. The bias voltage is connected to
the bias. The detector is connected to an input where the bias is supplied, and the charge is collected
from. Test is an input for a test pulse. E shows the output for energy measurements, and T is the
output for timing. Reproduced from [102].

then passed to an analogue-to-digital converter (ADC) [70] to convert the peak height to digital. The
time path requires a discriminator to trigger on the signal [70]. If the discriminator triggers, a logic
signal will then be produced and sent to a time-to-digital converter (TDC), where the time will be
converted to a digital value and saved. The information from the ADC and TDC is sent to an event
builder, where the two pieces of information are correlated, and events are built and saved.

Certain detectors, such as HPGe, require charge-sensitive preamplifiers to produce a measurable
signal [79]. A circuit diagram of a typical charge-sensitive preamplifier is shown in Figure 3.15. The
circuit acts to integrate and amplify the charge produced in the detector. Typical pre-amplifier signals
have a decay time of O(100 us) [102].

Shaping amplifiers are used to create a signal where the peak height correlates to the energy
deposited in the detector. Shaping amplifiers use RC integration and differentiation to shape the signal
into a near-Gaussian signal [103]. Several factors need to be optimised for the specific detector, in
particular, the integration time (RC) and the amplifier gain. Due to the input signal decay time, if only
an RC integration circuit is used, there will be an undershoot on the far end of the signal. In order to
fix this, pole-zero correction is implemented [103]. The processed signal from the shaping amplifier
is then sent to an ADC to determine the peak height of the signal.

Two main types of discriminators exist: leading edge discriminator (LED) and constant fraction
discriminator (CFD) [70]. LEDs use a voltage reference. Once the signal goes beyond the reference

voltage, a trigger signal is generated. Due to the fixed voltage reference, smaller signals will trigger
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Fig. 3.16 Diagram showing the process of a CFD. The top left plot shows the incoming wave. The top
right plot shows the delayed wave. The bottom left plot shows the inverted and scaled wave (25 %).
The bottom right plot shows the sum of the bottom left plot and the top right plot, and the subsequent
zero crossing point is indicated with the dashed line.

later than a larger signal with the same rise time; this is referred to as time walk [70]. This effect
degrades the time resolution when an LED is used.

CFDs are used to eliminate the effect of time walk from LEDs. A CFD creates two copies of
the same wave, one inverted and scaled, and the second is delayed. By summing the two waves, a
zero crossing point is produced, and this point is used as the time reference for generating the trigger
signal [70]. This process is shown in Figure 3.16.

The second type of DAQ is a digitiser DAQ. Digitisers are based on ADCs, creating a digital
waveform [70] that can then be processed with different algorithms to determine the time and energy
of the signal. Digitisers typically use a digital algorithm of an LED or CFD to trigger the event and
determine the time of the event [104].

Figure 3.17 shows an example of a charge-to-digital converter (QDC) algorithm. In the algorithm,
a gate is defined that sums the points inside the gate. A long gate is used for determining the energy

of the signal, whilst several smaller gates can be used for pulse shape analysis [105].
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Fig. 3.17 Diagram of a digital QDC algorithm [104]. A digital CFD is used for triggering and
determining the time of the event; a dashed line indicates the zero crossing point. The green gate
shows an integration gate used for determining the energy of the event. The red gate shows a shorter
gate that can be used for pulse shape analysis.

Trapezoidal Filter Diagram
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Fig. 3.18 Diagram of the trapezoidal filter. A sample waveform is shown in orange, the trapezoidal
filter output is shown in blue, and the peaking time is shown in black. The peaking time is the sample
of the trapezoid that is used to calculate the energy.
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Trapezoidal shaping is also a common algorithm used for digital pulse shape processing [104,

106]. The algorithm can be written as

d"'(j) =v(j)—v(j—k) —v(j—1)+v(j—k—1) (3.7)
p(n) = p(n—1)+d"! (n) (3.8)
s(n) =s(n—1)+ p(n) +d* ()M (3.9)

where v(j) is the input sample j, d“/(j) and p(n) is a parameter of the algorithm, and s(n) is the
output trapezoidal signal at point n. [ and k are the shaping parameters of the trapezoid, where the
flat top time is given as [ — k, and the rise time of the trapezoid is k. M is the pole-zero adjustment to
account for the decay of the signal [106]. Figure 3.18 shows an example of this algorithm. The energy
is determined by taking a sample at the top of the signal. A single sample can be taken, or several
samples can be taken, and an average of the samples can be used [104]. This method is optimal for

slow signals, such as those produced by pre-amplifiers.

3.5 Radioactive Isotope Production and Identification

In order to increase the understanding of the nuclear chart, it is crucial to study exotic nuclei. The two
main methods that are used for producing exotic nuclei are isotope separation on-line (ISOL) [107],
and in-flight separation [108]. ISOL typically involves impinging a proton beam on a heavy target,
producing radioactive isotopes inside the target. The target is heated to cause the produced isotopes to
diffuse out of the target. Due to this, the nuclei that can be produced are limited to isotopes with a
half-life longer than the diffusion time [109] and with a boiling point lower than the melting point of
the target [107].

In-flight production involves accelerating a heavy ion beam and impinging the beam on a target,
and producing exotic nuclei by fission or fragmentation reactions. This has the benefit of being
able to produce isotopes with shorter half-lives and not being limited by the boiling point of the
isotope. However, drawbacks of this method are: the beam purity is worse than ISOL, and it requires
intermediate to high energies, which causes issues with Doppler shifts [108, 30]. This work will focus

on isotope production using in-flight methods.
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An ion travelling through a dipole magnet will bend according to the equation

A_ _Bp
Q Beym,

(3.10)

where A is the mass of the nucleus in atomic mass units, m,, Q is the charge of the ion, B is the

1
1y’

magnetic field strength of the dipole, B is the velocity of the ion in units of ¢, Yy = and p is the
radius of curvature [110]. Dipole separators allow for a separation based on the A/Q, but are limited
and cannot distinguish two different nuclei with the same A/Q, but different Q values. In addition, if
there is an energy spread among ions of the same isotope, the A/Q separation will be poor. A degrader
can be used to separate out different nuclei with the same A/Q, but a different Z, due to the energy

loss being o< Z2. By using a wedge-shaped degrader, the separation can be done achromatically [111].

Other techniques for isotope identification use TOF to measure the velocity of the ion by

TOF = BLC 3.11)

where TOF is the time of flight, and L is the flight path length [110]. This allows for a measurement
of the particle’s velocity. In addition, the energy loss in a material is given as
Z2

AE 5 (3.12)

allowing for a measurement of the ion charge when combined with a TOF measurement [110].

3.6 In-Beam Gamma-ray Spectroscopy

Traditional gamma-ray spectroscopy favours using a light-stable beam impinging on a heavy target to
produce target-like nuclei in an excited state. This method is limited by the nuclei that can be made
into targets. Utilising in-flight production and magnetic spectrometers, reactions can be performed
in inverse kinematics with a heavy-ion beam and a light target. Inverse kinematics with the use of
unstable beams allows for the investigation of more exotic nuclei [111]. In addition, inverse kinematics
allows for the use of magnetic spectrometers before and after the target, allowing for gating on specific

reactions [111].
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Fig. 3.19 Diagram of a typical in-beam gamma-ray spectroscopy experiment in inverse kinematics.
An incoming heavy ion interacts with the target, producing a beam-like product in an excited state.
The beam-like product decays via the emission of a gamma-ray that is measured in a detector. f3 is
the velocity of the ion at the time of gamma-ray decay, and 0 is the angle of emission relative to the
motion of the beam-like product.

One type of experiment that can be performed in inverse kinematics is in-beam gamma-ray
spectroscopy [30]. Figure 3.19 shows a diagram of in-beam gamma-ray spectroscopy in inverse
kinematics. A heavy ion incident on a target reacts, producing a beam-like product in an excited state,
which decays via gamma-ray emission. As the nucleus decays in flight, the energy of the gamma ray

is Doppler shifted according to

_ 2
E,= 7”[315,@ (3.13)

1 —PBcos
where Ey is the lab-frame energy, Ey is the rest frame energy, and 6 and 8 are defined in Figure 3.19
[30]. This will need to be corrected to determine the rest-frame energy of the gamma ray to extract
information about the nucleus’s excited states.

Several factors affect the energy resolution after Doppler correction: the angular uncertainty
00, the velocity uncertainty o3, and the intrinsic energy resolution [30]. This effect can be seen in
Figure 3.20. The intrinsic resolution is determined by the detector material. The angular uncertainty
is determined by the size and position of the detector and may be reduced by position sensitivity
[28]. The uncertainty in 3 primarily emerges from the finite thickness of the target. Energy loss in
the target reduces the velocity across the target, and depending on the point in the target where the
reaction happens, the § value will be different. This can be reduced by using a thin target, but this

would reduce the luminosity; therefore, a balance needs to be achieved between the two.
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Fig. 3.20 Energy resolution after Doppler correction varying with emission angle 8 in the lab-frame

[30] for Eyp = 1.0 MeV, E(662 keV) =5 %, og = 0.01, and 09 = 0.025 rad. The individual
contributions to the resolution are included in the plot.

Counts

Energy

Fig. 3.21 Diagram showing the lifetime effect in in-beam gamma-ray spectroscopy. The left shows
the origin of the effect, an ion decaying at the target centre is shown in red, and an ion decaying later
is shown in blue. © is assumed in the Doppler correction, whilst @ is the correct value; this leads to
the asymmetric peak shape shown in the right plot. Reproduced from [112].
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In the Doppler correction, it is typically assumed that the decay occurs at the target centre.
However, if the state has a significant lifetime, the ion will move some distance before decaying. This
causes the assumed velocity and 0 to be different from the true value, which leads to an asymmetric
peak shape. This effect can be seen in Figure 3.21. This effect can be used to perform lifetime
measurements, typically by comparing the experimental data to simulated response functions of

different lifetimes and energies [113, 114].






Chapter 4

Fragment Separators, Detectors and

Experimental Setup

An experiment was carried out at the RIBF to examine neutron-rich Zn isotopes, with the purpose
of measuring the lifetimes and energies of excited states in this region via in-beam gamma-ray
spectroscopy. This chapter will present the accelerator, separator and the spectrometer used to produce

and identify RI beams, and finally, the gamma-ray detection system will be discussed.

4.1 Isotope Production and Separation

4.1.1 Ionisation and Acceleration

A 238U primary beam was used for the experiment. The path of acceleration for 23*U can be seen in

Figure 4.1. The Uranium is ionised using a 28 GHz Superconducting Electron Cyclotron Resonance

28-GHz 1st C.S. 2nd C.S.
SC ECRIS \ / BigRIPS
RFQ RILACZ RRC  fRC  IRC SRC

(11) (51) (114) (345)

Fig. 4.1 Schematic diagram of ionisation and acceleration path for a 233U primary beam at the RIBF.
Reproduced from [115].
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Fig. 4.2 Layout of the BigRIPS Zerodegree beam line at the RIBF. The final two acceleration stages
are shown along with the fragment separators. The focal planes of the separators are shown using
Fi. The HiCARI label shows the position at which in-beam gamma-ray spectroscopy is performed.
Diagram is adapted from [122, 9].

Ion-Source (SC ECRIS), producing the U3t charge state [116, 117, 118]. These ions are accelerated
using RIKEN Linear Accelerator 2 (RILAC2) up to 670 keVu~! [119]. The accelerated ions are
accelerated further to 11 MeVu~! by the RIKEN Ring Cyclotron (RRC). The first charge stripper is
designed to convert U3>* to U7!*. The ions are then inputted into the fixed-frequency Ring Cyclotron
(fRC), where they are accelerated to 51 MeVu~'. Then the second charge stripper ring removes
further electrons, aiming to leave the ions in the U8+ charge state. The ions are then passed to the
Intermediate-stage Ring Cyclotron (IRC), and the ions leave the IRC with E = 114 MeVu~'. Finally,
the ions are accelerated to 345 MeVu~! using the Superconducting Ring Cyclotron (SRC) [120].
After the SRC, the ions are directed to a 4 mm Be production target located at FO, where the ions

undergo fission, producing exotic nuclei [121].

4.1.2 Fragment Separation and Spectrometry

To identify and separate nuclei, magnetic spectrometers were used. For this experiment, the Big
RIKEN Projectile-fragment Separator (BigRIPS) and the ZeroDegree spectrometer [63] were utilised.
Figure 4.2 shows the layout of the RIBF in this configuration. For the experiment, a 6.8 mm-thick Be

secondary target was placed at F8. BigRIPS was used to separate and identify the nuclei before the
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Device Material | Thickness/mm | Bager
Primary Target Be 4 0.6525
F1 degrader Al 8 0.6390
F3 plastic scintillator | plastic 0.2 0.6390
F3 double PPAC 1 mix 0.6388
F3 double PPAC 2 mix 0.6386
F5 double PPAC 1 mix 0.6384
F5 wedge degrader Al 2 0.6240
F5 double PPAC 2 mix 0.6238
F7 double PPAC 1 mix 0.6236
F7 MUSIC mix 0.6199
F7 double PPAC 2 mix 0.6196
F7 plastic scintillator | plastic 0.2 0.6189

Table 4.1 Detectors and other material in the beam-line for BigRIPS (FO-F7). The devices are listed
in order of their position in the beam line from the most upstream to the most downstream [124]. Mix
refers to detectors made up of multiple materials. B, i the beam velocity after the element for 807n
ions calculated using LISE++ [125].

secondary target, whilst ZeroDegree was used for identifying the outgoing nuclei after the secondary

target, for the purpose of gating on specific reactions.

BigRIPS

BigRIPS extends from FO to F7 [111]. It is used to separate and identify the nuclei produced from the
primary target. The first stage from FO-F2 is used to separate the nuclei, and the second stage from
F3-F7 is used for identifying the nuclei [123].

The device consists of 14 superconducting triplet quadrupoles (STQ) [123], and six dipoles [111].
A list of beam line detectors and devices can be seen in Table 4.1. The STQs are used to focus the
beam, whereas the dipoles are used to bend the beam. The degrader located at F1 and the dipole
between F1 and F2 are used for the separation of the nuclei at F2; an additional degrader is located at
F5 to further separate the nuclei [111].

To identify nuclei, the TOF-Bp-AE method is used [110]. The plastic scintillators are used as

time references to measure the TOF according to

TOF = tp7 —tp3 4.1)
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where tf; is the time measured using the scintillators at the respective focal points. The energy loss
is measured in the MUSIC detector at F7. Finally, the Bp values before and after the F5 degrader
are determined using the position measurements from the PPACs located at F3, F5, and F7 using the
ion-optical matrix. Two Bp values are calculated: Bpss, and Bps; corresponding to the Bp of F3-F5,
and F5-F7, respectively.

The largest energy losses in BigRIPS occurred in the F1 degrader, the F5 degrader, and the F7
MUSIC. Due to the energy loss in the F5 degrader for the TOF measurement, two velocities need to

be considered, B35 and B57. Where the TOF is given as

L3s | Lsy
TOF = — + —— 4.2)
Bssc  Psic
where L;; is the flight length between focal planes i and j. The A/Q values are given as
A B
<> _ PP ¢ (4.3)
Q)35  Bssyssmy
A B
<) = B (44)
Q)s;  Bsrysrmy

by combining these measurements, the A/Q is determined, assuming no change in A/Q occurs in the
degrader. Whereas the MUSIC [126] detectors measure the energy loss of the particle, AE, which is

then used to determine the charge using the relation

2
AE o gz (4.5)

where f is the determined fs7. Using the Z, and A/Q values, nuclei are identified [110].

ZeroDegree

ZeroDegree is located from F8 to F11. A list of materials in the beam line can be seen in Table 4.2.
For this experiment, ZeroDegree was used to identify the reaction products from the secondary target
and the outgoing momenta.

For particle identification, the TOF is measured using the plastic scintillators at F8 and F11. The
Bp between F9 and F11 is used and combined with the TOF to measure the A/Q. Finally, the MUSIC

at F11 is used for measuring the charge of the ion. This allows for the identification of the final
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Device Material | Thickness/mm | Bager

F8 PPAC 1 mix 0.6187

F8 plastic scintillator | plastic 0.2 0.6179
F8 PPAC 2 mix 0.6177
Secondary target Be 6.8 0.5728
F8 PPAC 3 mix 0.5725

F9 PPAC 1 mix 0.5727

F9 PPAC 2 mix 0.5724

F11 PPAC 1 mix 0.5723
F11 plastic scintillator | plastic 0.2 0.5713
F11 PPAC 2 mix 0.5709
F11 MUSIC mix 0.5645

Table 4.2 Detectors and other material in the beam-line for ZeroDegree (F8-F11). The devices are
listed in order of their position in the beam line from the most upstream to the most downstream. Mix
refers to detectors made up of multiple materials. Bager is the beam velocity after the element for 807n
ions calculated using LISE++ [125].

120mm

PMT-L Plastic PMT-R

100mm

Fig. 4.3 Schematic diagram of the plastic scintillator detector used in the beam line. There is a plastic
scintillator in the centre with two PMTs attached, labelled PMT-L and PMT-R.

reaction product. The PPACs located at F8 are also used for tracking the scattering angle of the
nucleus after the reaction in the secondary target.

4.1.3 Beam Line Detectors

To identify the exotic nuclei, various detectors were used. Properties such as position, charge, and
velocity were measured. The detectors used for these measurements will be discussed in this section.
Plastic Scintillators

Due to the fast timing properties of plastic scintillators, they are used as time references for the
particles at different points in the separator. 0.2 mm-thick EJ-212 and EJ-230 scintillators are used
[124, 81] of dimensions 120x100 mm?. Each scintillator has two H1949-50 PMTs [124], one located
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Fig. 4.4 Diagram of a PPAC detector. Reproduced from [127].

on each of the thin sides of the scintillator. A schematic diagram of this can be seen in Figure 4.3.
The PMT electrical signals are split into two signals, one going to a QDC to measure the energy
deposition, and the second to an LED to pick up the time of the interaction, which is recorded using a
TDC. Each of the PMTs provides a time reference T ; for the right and left PMT, respectively. The

two-time references are used to determine the particle impingement time, 7', as

T+ 1R

T
2

(4.6)

where the left-right coincidence is used to reduce the background and reduce the effect from the

position of interaction.

PPAC - Parallel Plate Avalanche Counter

To track the position of the particles, PPACs are used [127, 128]. The PPACs have two sets of parallel
strips, one in the x direction and one in the y direction, with the xy plane perpendicular to the beam,
which act as the cathodes with a film in the centre acting as the anode, this is shown in Figure 4.4. The
anode is biased to ~800 V. The PPAC chamber is filled with isobutene. When the ions pass through
the PPAC, they cause avalanches in which the electrons travel towards the cathode wire closest to

the path of the ion. This produces a pulse on said wire, knowing the wire that fired would give one
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dimension of the ion’s position. By having two sets of perpendicular cathode wires, the position of
the ion in 2D space can be determined.

Rather than reading each wire individually, the wires are multiplexed using a delay line system,
allowing the signals from one cathode plane to be reduced down to two signals for each cathode plane
[127]. The signals are passed through a preamplifier and then to a fast-timing amplifier, and finally,
the signal time is determined with a CFD. Where the position of the particle is determined using the

time difference between the two signals of the x and y planes, according to

T4 —T,
x= kx“sz + Xoft 4.7)

T, — Ty
222 (4.8)

y=k 3

4.9)

where x, and y are the determined positions of the particles, T, and Ty, are the times from the two
sides of the delay line for the x plane and the same for 7y, and T}, for the y plane. k., are constants
to determine the positions, and x, y.¢ are the offsets [127].

The PPACs are combined into double PPACs with 2 sets of x and y wires. This is done to increase
the efficiency of the PPACs. If both PPACs triggered, then the average of the two coordinates is taken
as the position; if only one fired, then these coordinates are taken; and if no PPAC fired, then no

coordinate is available, and the event is discarded.

MUSIC - MUIti Sampling Ionisation Chamber

To determine the charge of a particle, the energy loss in a material is measured. According to the

Bethe-Bloch formula [70], assuming the velocity change is small relative to the velocity itself, the

2
AE o« <§> (4.10)

where AE is the energy loss, Z is the charge of the particle, and  is the velocity [129]. To measure the

mean energy loss is given as

energy loss, MUSIC detectors are used [126]. MUSIC detectors are constructed of 24 4 um parallel
plates used as alternating cathodes and anodes inside a case filled with a counter gas, as shown in
Figure 4.5. The anode signals are used to determine the energy deposited in the detector [126]. Two

neighbouring anode plates are summed together before a preamplifier, after which the pre-amplifier
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195 mm

anode cathode

Fig. 4.5 Diagram of a MUSIC detector, the black shows the cathodes, and the red shows the anodes.
Reproduced from [126].

signals are sent to a shaping amplifier, followed by an ADC module. Where the energy loss, AE is

calculated according to

N 1/N
AE =« (H(ADC,- — ci)> 4.11)

i=1
where « is a calibration coefficient, ADC,; is the measured ADC channel, N is the number of triggered

channels, and ¢; are offset corrections for each channel [129].

4.2 HiCARI - High-resolution Cluster Array at the RIBF

The aim of this experiment is to measure the lifetime and energy of excited states in neutron-rich Zn
isotopes in the range 7~8!Zn. To do this, excited states of neutron-rich Zn isotopes were populated
by knockout reactions and inelastic scattering on a 6.8 mm thick Be target located at F8. The prompt
gamma rays were then measured using the HiCARI array. A 0.5 mm thick lead shield was placed
around the beam pipe at F8 to reduce the low-energy background [30].

HiCARI was an array of HPGe detectors [11]. A picture of the array can be seen in Figure 4.6. The
array was made of three different types of HPGe detectors: Miniball (MB) [130], Superclovers (SC)
[131], and GRETINA-type tracking detectors (GR) [29, 28]. Five Miniball triplets, four Superclover
quadruplets, and two GRETINA clusters were used for the experiment [11].

The structure of the Miniball detectors can be seen in Figure 4.7. Miniball clusters are made up of
three crystals, which are each electronically segmented into six segments, giving greater granularity to

the position of interaction [23, 130]. The core electrodes were used for energy measurements, and the
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Fig. 4.6 Picture of the HiCARI array, detectors are marked with their type: MB, Miniball; SC,
Superclovers; and GR, GRETINA.
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Fig. 4.7 Diagram of crystal structure for a Miniball detector and electronics, and picture of a complete
Miniball triplet. Reproduced from [23].
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Fig. 4.8 Left shows a cross-section of one Superclover cluster, the hollow centre shows the central
contact of the detector. Centre shows the geometry of the detector and cryostat. Right shows the
segmentation of crystals. Adapted from [132].
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Fig. 4.9 Geometry of GRETINA Quad detectors. (a) shows the internal geometry of a quad GRETINA
detector (a.a), and the crystal segmentation (a.b). (b) shows the external geometry with the outside
shell, electronics and liquid nitrogen dewar. Reproduced from [29].

segment electrodes were used for position determination. One of the Miniball clusters was removed
from the analysis due to the poor Doppler-corrected performance.

Superclovers are clusters made of four crystals in a 2x2 configuration. The geometry of Super-
clover detectors is shown in Figure 4.8. Each crystal has four segments, which are used for gamma-ray
position determination and a core used for energy and timing [132, 133].

GRETINA crystals are HPGe crystals that are segmented into 36 segments, as shown in Figure 4.9.
GRETINA has position reconstruction capabilities allowing for sub-segment position resolutions [29].
This position reconstruction is achieved via waveform analysis based on the Shockley-Ramo theorem

[76, 134]. Two clusters were used for the experiment: one quad (two working crystals) from the
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Angular Distribution of Gamma-Ray Events in the HICARI Array ><103
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Fig. 4.10 Angular distribution of events relative to the HiICARI array centre, where 0 is the angle

between the beam direction, and ¢ is the azimuthal angle, with the x direction being defined parallel
to the ground.

Research Center for Nuclear Physics, Osaka University, Japan and a prototype triplet (two working
crystals) from the Lawrence Berkeley National Laboratory, USA, which will be referred to as the

quad and P3, respectively [135].

4.2.1 Configuration

The detectors were mounted in a custom detector frame and cooled with liquid nitrogen, which was
refilled every eight hours. The detectors were biased to 3-5 kV using a Caen SY4527 power supply
[136]. The signals from the preamplifiers of the detectors were sent to GRETINA digitisers [137]
using a trapezoid filter to determine the energy. The central contacts of the crystal were used for timing
and energy, whereas the segment contacts were used for the position of the gamma-ray interaction.
Cluster add back was used to recover the full energy peak from multi-segment or multi-crystal hits
within a cluster.

To determine the detector positions in the lab, photogrammetry was used alongside the engineering
drawings to determine the segment centres, which are used for the position of interaction in the lab
frame. The reconstructed positions of the detectors can be seen in Figure 4.10. The single points are
the Miniball and Superclovers, whereas the detectors with distributions of events are the GRETINA
detectors. The Miniball detectors were placed at the forward angles, whereas the Superclover and
GRETINA detectors were placed closer to 90° in the centre-of-mass frame. This was because, at

small angles, the resolution is dominated by op, whereas at 90° in the centre-of-mass frame, the



94 | Fragment Separators, Detectors and Experimental Setup

PPAC

F3

F5
Optical
fibres

F7

F8

F9

F11

MUSIC

F7 -
amp. Ao
amp. amp.

F11

Event builder

Optical
Plastic fibres

F3

F7

F8

Signal dividers

F11 — LED TDC

Trigger
F11 F7 gate

Trigger
HiCARI Digitiser . generator
amp. y trigger
HiCARI DAQ PC

Fig. 4.11 Simplified block diagram of the DAQ system for the experiment.

resolution is dominated by o. Therefore, by locating the GR detectors at 90° in the centre-of-mass
frame, =~ 60° in the lab frame, the improved energy resolution from the position reconstruction could

be exploited.

4.3 DAQ - Data Acquisition System

A schematic diagram of the DAQ system can be seen in Figure 4.11. The PPAC signals were first
converted into optical signals, which were then sent to the DAQ unit. The optical signals were then
converted back to electrical signals, where they were processed with an analogue CFD, and the timing
information was then recorded using a multi-hit TDC. The MUSIC signals were first amplified using
pre-amplifiers, then the signals were processed with a shaping amplifier, and the energy loss was
recorded using an ADC. The PMT signals of the plastic scintillators were first sent using optical fibres,
where the optical signal was divided and sent to the DAQ unit. One of the split signals was sent to an
LED module, followed by a TDC to record the time of the plastic event, and the second was sent to a

QDC to record the energy deposited in the plastic.
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The pre-amplifier signals from the HICARI detectors were sent to digitiser modules, the same
used for GRETINA [137]. The energy of the gamma rays was recorded using a trapezoidal filter and
the timing from a digital LED. For the two tracking clusters, the positions were determined using
the GRETINA algorithm [29]. When the digitisers triggered, a logic signal was generated by the
digitisers.

Coincidence triggers for the plastic scintillators were generated using the LED triggers for the
left and right PMT signals. The coincidence triggers of the F7 and F11 plastics were sent to a logic
circuit alongside the trigger signal from the HICARI digitiser. Gate and delay generators were used to
align the trigger gates of these detectors. If all three of the trigger signals were received, the trigger
generator output an accepted trigger signal. This was sent to the DAQ modules, allowing for data
to be recorded. In addition to this, downscale modules were used to record 1/7 of F7xF11 events
and 1/100 of F7 only events [138]. The data for the beam-line detectors was sent to the RIBF DAQ,
where the PID information was reconstructed. The HICARI data was saved into the HICARI DAQ PC
and saved separately. A timestamp module was used to share the timestamp of the event from the
HiCARI DAQ with the beam line DAQ. Using the shared timestamp, the gamma-ray data were then
correlated and merged with the beam line data offline. In addition, the F8 plastic signals were divided

and passed to the HICARI DAQ to serve as a time reference.






Chapter 5

Analysis of Neutron Rich Zinc Isotopes

The details of the experimental analysis will be discussed here. The first step in the data analysis was
the correlation of beamline data and gamma-ray data. Then the data was reaction gated, and Doppler
corrected to obtain the spectra. y* minimisation was then used to determine the energy and lifetime,

by fitting the simulated response function to the experimental data.

5.1 Experimental Details

The experiment ran from the 9th to the 16th of April 2021. For the experiment, BigRIPS was centred
on 8Zn, and ZeroDegree was centred on °Cu. A 6.8 mm Be target was placed at the centre of the
HiCARI array located at F8. On the 12th of April 2021, the PPACs were exchanged at F3 and F7
as the PPACs were drawing too much current. This requires that the PID has two different analysis
matrices for the period before the 12th of April 2021, 14:59 and after. A summary of the experiment

can be seen in Table 5.1.

Date Time HiCARI run no. | BigRIPS run no. Details
09/04/21 | 18:19-00:26 3-7 20-42 Empty target
10/04/21 00:26 8 47 First physics run 6.8 mm Be
12/04/21 14:59 117 155 Exchanged PPACs at F3 and F7
16/04/21 5:38 235 269 Last physics run
16/04/21 6:31 238-241 271-283 Empty target
16/04/21 | 10:01:41 244 - 152Eu calibration

Table 5.1 Summary of experimental runs. HiICARI run no. refers to the tun number of the HICARI
DAQ, and BigRIPS run no. refers to the run number of the beam-line DAQ.

97
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5.2 Simulation

The array was simulated with the Geant4 framework [74], using a specialist code developed by the
HiCARI collaboration [139]. The code is arranged into three components. The first part was used to
simulate an incoming nucleus, 4X with kinetic energy E per nucleon. The energy loss and reaction in
the target were emulated, producing a new nucleus ’éﬁX’ in an excited state. The nucleus then emitted
gamma rays according to a user-provided level scheme. Outside the beam pipe, a 0.5 mm thick Pb
shield was simulated. The detector and housings were simulated according to the geometry from the
photogrammetry measurements. The energy deposited in each detector region was recorded alongside
the beam velocity after the target. The data was saved in a binary file. The simulation also output
the average first interaction position, which was used for the Doppler correction of the simulated and
experimental data.

The second part of the simulation was used to produce a ROOT [140] file, which contained the
response of the detectors. The energy deposited in the detectors was converted to the response of the
detectors by using user input files, which contained the thresholds and resolutions of each detector. The
resolution parameter randomly shifted the energy deposited in the detector according to a Gaussian
function of width given in the input file. The threshold parameters gave a threshold probability
function which randomly removed or allowed events according to said distribution. Additionally, for
the GRETINA detectors, a position resolution parameter was input for each crystal, which took the
position of interaction and shifted the x, y, and z values randomly according to a Gaussian distribution.
The program also performed cluster-based add-back.

The final section was used to perform the Doppler correction and create the histograms of the
gamma-ray energies. The emission angle was determined from the target position and the average first
interaction positions, or the position of interaction for GRETINA. The velocity 8, was determined

according to,

B Bra — (Bra)
B=(B) <1+<ﬁm> ) 5.1

where fra is the after-target velocity, (), and (Bra) are the average mid-target velocity and the
average after-target velocities, both are user-inputted values. It then output the results into histograms

for the individual detector groups.
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5.3 Data Structure and Unpacking

From the experiment, three different binary files were filled. One corresponding to the PID, one for
the non-tracking HiCARI detectors and one for the tracking HICARI detectors. The first step in the
analysis was to unpack the binary files and convert them into ROOT [140] files. Then the ROOT files
were merged into a single ROOT file containing the correlated gamma ray and beam data. Finally, the
data were Doppler corrected and gated on reaction channels by applying visual cuts to the BigRIPS

and ZeroDegree PID plots, producing histograms of the gamma-ray energy.

5.4 Experimental Doppler Correction

The gamma rays were Doppler shifted according to the equation

g= V1P g (52)

1—PBcosO
where Ey is the lab frame gamma-ray energy, E, is the gamma-ray energy in the centre-of-mass
frame, B3 is the velocity at the time of emission, and 6 is the angle of emission of the gamma ray [30].

In order to Doppler correct the gamma-ray energy, the 6 and 3 needed to be determined.

To obtain the f3 values, the Bp measurements were used, according to

1
B=——— (5.3)

mc? 2
1+ (Zch)

where m is the nuclear mass, Z is the nuclear charge, and c is the speed of light. From the spectrometers,

four different Bp values could be used: F3-5, F5-7, F8-9, and F9-11. F9-11 was chosen as it has
the smallest amount of energy loss between the target position, except for F8-9, which includes
contributions from before and after the target position. From the F9-11 f3, the 3 before and at the
centre of the target was calculated using the same relation as the simulation. The LISE++ [125]
kinematic calculator was used to calculate the average mid-target and before-target 8 and energies,
using the average F9-11 f3 as a starting point.

To determine the 6 value, three values needed to be determined: the scattering angle of the nucleus,
the nucleus’s position at the target, and the gamma-ray interaction position. The nucleus was tracked

using the three PPACs at F8. The three PPACs give three different positions, which are denoted as
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(xi,¥i,zi). Using the positions from the first two PPACs, the nucleus’s path was extrapolated to the

target position using

X1 — X0 X0<1 — X120

Xtarg = Ztarg T (5.4)
1 —20 21 —20
Y1—Yo YoZ1 — Y120

Ytarg = Yarg +——————— (5.5)
71 —20 21 —20

where 7y, 1s the centre of the target, and (xmrg, ymrg) is the extrapolated target position. Using the
extrapolated target position and the final PPAC-determined position, the scattering vector of the

nucleus was determined according to

a= X2 — Marg (5.6)
22 — Ztarg

h— Y2 = YViarg (5.7)
22 — Ztarg

where a,b are the x, and y scattering vectors, respectively. The scattering vector is defined as
d=(a,b,1).

The detector positions were determined using photogrammetry [141]. The positions for GR
detectors were used for translating the determined interaction position from the crystal frame to the lab
frame. For MB and SC, the photogrammetry positions were used to build the simulation geometries,
and the first interaction positions from the simulation were used for the Doppler correction in both the
simulation and the data analysis.

From all this information and the lab-frame energy measured by the detectors, the Doppler-

corrected energy can be determined according to

Eyp= EYL <1 _B‘W> (5.8)

v 1—ﬁ2 |a‘|<f_)_étarg)‘

where X is the gamma-ray interaction position, X is the extrapolated target position, & is the
scattering vector, Ey is the measured energy in the lab frame, and E is the Doppler corrected energy.
5.5 Source Runs and Calibration

To determine the lab-frame energies, the detectors needed to be calibrated. This was done by applying

linear calibration functions to the ADC values. For the GRETINA detectors, the online calibration
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Fig. 5.1 Residual energy calibration fits to '>2Eu calibration runs. The calibrated spectra were fitted to
obtain the calibrated peak positions. The obtained energies were plotted against the true energy and
fitted with a first-order polynomial. Summary shows an arbitrary crystal ID. (a) shows the residual
calibration parameters from after the experiment, and (b) shows the residual calibration parameters
from before the experiment.
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Fig. 5.2 Calibrated sum spectrum of Miniball and Superclovers for run 244 with '>2Eu source.

was used. The residual calibration was calculated for calibration runs before and after the experiment.
The results for this can be seen in Figure 5.1. All the detectors have a good calibration for the start of
the beam time. Most of the detectors performed well after the beam time, except for detector ID 15
corresponding to P3 crystal 0. However, the difference is small, and the calibration is reasonable.
For Miniball and Superclovers, the calibration was done offline. Run 244 was used; the run was
a '52Eu run after the experiment. The peaks in the Eu spectra were fitted crystal by crystal using a
Gaussian signal plus a linear background. The energy to ADC graph was then fitted with a linear fit to

obtain the calibration parameters. The resulting calibrated spectrum is shown in Figure 5.2.

5.6 Time Alignment and Cuts

To gate on prompt gamma rays, the HICARI detectors had to be time-aligned, and a time gate
needed to be applied. This was done for Miniball and Superclovers, and GRETINA separately. First,
histograms containing the time difference between the F8 plastic time from the HICARI DAQ and
the gamma-ray time were filled for each crystal of HICARI. Then, the peaks corresponding to the
prompt gamma rays were fitted with a Gaussian to find the time offset of each crystal, and then the
time offsets were subtracted in the analysis to align the prompt gamma-ray peaks of the crystals. The
result of this analysis can be seen in Figure 5.3a.

Following this, the time gates could be applied. It was decided that time and energy gates would
be applied to account for any time walk at lower gamma-ray energies. First, 2D histograms for MB,

SC and GR were filled for the time difference between the F8 plastic and the lab-frame energy of
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Fig. 5.3 Time analysis of the HICARI detectors. (a) shows the time difference between the F8 plastic
signal and the HICARI events separated by crystal after time alignment. (b) shows the time difference
between the F8 plastic time and the HICARI event time with the Doppler-corrected gamma-ray energy
after time alignment, and separated into non-tracking and tracking detectors. Gates have been applied
to remove non-coincident background, which is shown by the black lines.
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Fig. 5.4 PID and velocities for 3Zn inelastic scattering. (a) shows PID plots for BigRIPS (left) and
ZeroDegree (right). The ZeroDegree PID is after gating on 8Zn in BigRIPS. The gates applied
for 80Zn inelastic scattering are shown by the black lines. (b) shows the determined velocities for
BigRIPS (F5-F7) and Zerodegree (F9-F11) alongside the interpolated mid-target velocity.

the gamma ray. Then a visual cut was drawn onto the prompt peak, allowing for a reduction in the

background. The histograms and cuts are shown in Figure 5.3b.

5.7 Reference Case 3°Zn(Be,X)%'Zn

Inelastic scattering of 8°Zn was used as a reference case for fixing some of the analysis parameters.
This was due to the short-lived 2" state, which was determined to have a lifetime of 7= 0.74(16) ps
from cross-section measurements at ISOLDE [142]. This is a good reference case as it is a simple
spectrum with one gamma ray, which is fast enough to have minimal lifetime effects.

The data is gated on 8Zn in BigRIPs, and 8Zn in ZeroDegree. The PID and gates used are
shown in Figure 5.4a. The velocities determined at different points in the spectrometer are shown
in Figure 5.4b. The average after target B was 0.580(6), corresponding to an average mid-target
velocity of 0.603. These values were used in the Doppler correction. The incoming energy was set to
259.2 MeVu~! in the simulation, which was extrapolated from the ZeroDegree velocity.

Figure 5.5 shows the Doppler corrected spectra for the 8Zn(Be, X)®Zn channel separated by
detector group. Only one peak is observed, the 1492 keV gamma ray corresponding to the transition
from the 2| to the ground state [142]. One concern is the long-lived 4 state that decays via a 482 keV
gamma ray to the first 2] state [19]. The 4 — 2] transition is not observed, allowing this channel to
be used as a test case to fix the Doppler correction parameters. From Figure 5.5, it can be seen that

the peak consistently falls below the expected energy value regardless of detector group.
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Fig. 5.5 Doppler corrected spectra for 3°Zn inelastic scattering separated into the different detector
groups, and the sum of the histograms. The 2{ — 0{ transition is located at = 1.5 MeV.

Target Position Determination

To determine the true target position, the target position value used in the data Doppler correction
was varied. The gamma ray was simulated using Geant4 with the energy and lifetime fixed to the
literature values: 1492 keV and 0.74 ps [142]. The Doppler-corrected data histograms were fitted
using the simulated histogram plus an exponential background. The j? value from the fit was used
to determine the true target position. Two methods were used: one fitting each detector group (MB,
SC, GR) separately and summing the individual x> values [143] referred to as Global, and one fitting
the summed histogram of all the detectors and getting a single x referred to as HICARI. The x?
distributions were fitted with quadratic functions to find the target position corresponding to the
minimum J? value. The statistical uncertainty was obtained by finding the values corresponding to
the minimum 2 +1.

The results of the target position analysis can be seen in Figure 5.6. Both methods yielded an offset
of approximately 2 mm. The minimum determined from the Global method was used, 12.46(21) mm.

From this, a systematic uncertainty in the target position of 0.3 mm was assumed.
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Fig. 5.6 2 graphs for the target position variation from different methods. HiCARI is from fitting
the sum histogram of all detectors, and Global is from fitting the independent detector groups and
summing the xz values. The minima were determined to be 12.46(21) mm and 12.70(22) mm from
quadratic fits.
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Fig. 5.7 Determining GRETINA crystal position resolutions from the 2% transition in 8Zn(Be,X)%Zn.
(a) shows the 2 graph for Quad O fitting the 21" — Of transition in 80Zn(Be,X)gOZn for different
position resolutions. The fitted polynomial function is shown in red. (b) shows the determined position
resolution for different crystals of GRETINA detectors.

Position Resolution Determination

Due to the short lifetime of the first 27, its decay gamma ray was used to determine the position
resolution of the crystals. To do this, the position resolution parameter in the simulation was varied.
The 8Zn(Be, X)8Zn channel was simulated, varying the position resolutions only including the
2 — 0] transition with the literature values for the energy and lifetime [142]. For each crystal in
the GRETINA detectors, the spectra were fitted with their corresponding simulated spectrum plus an
exponential background. The y? values were fitted with polynomial functions to obtain the minimum
and statistical uncertainty. These values were implemented in the simulations.

The 2 values for Quad O can be seen in Figure 5.7a, using the fit, the minimum is determined.

The results of this analysis for each GRETINA crystal can be seen in Table 5.7b. The average value for
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Fig. 5.8 Neutron background determination in 8°Zn(Be, X)8°Zn. (a) shows the non-Doppler corrected
sum-spectrum for all HICARI detectors, with the simulated background gamma-rays shown in red. (b)
summarises the background lines observed in the non-Doppler corrected spectrum of 3°Zn(Be, X)3Zn
with the background source listed. Energies and sources are taken from [144, 145].

GRETINA detectors of 1.9(9) mm [29]. The values obtained here are either in agreement or slightly
worse. The worse-performing detectors likely have a poor signal basis for position reconstruction. For
the systematic uncertainty estimation, it is assumed that the Quad can take position resolution values
between 1.4 and 2.0 mm, while P3 can take values between 2.4 and 3.4 mm. For the determination of

central values, the minimised values are used.

Background Gamma Rays and Neutrons

Background gamma ray and neutron interactions with the HPGe detectors produce background lines,
as shown in Figure 5.8a. In order to properly fit the spectrum, this background needs to be included
in the fit of the spectra. For this, only background lines observed in the non-Doppler corrected sum
spectrum were used; the full list used is in Table 5.8b. A single simulation was run to simulate all the
background gamma rays, with each gamma ray given individual weights. The weights of the lines
were determined by fitting the individual peaks with a scaled simulated peak plus an exponential
background. The simulation weights of the peaks were varied iteratively until all the peak scaling

factors were in agreement to within 1o. The weighted mean of all scaling factors was used to
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determine the optimal scaling factor, which was set as a fixed parameter in the lifetime and energy

determinations. This process was repeated for all analysis channels independently.

Energy and Lifetime Determination

To determine the energy and lifetime, the energy and half-life in the simulation were varied. The
region from 700 to 1900 keV was fitted with the simulated histogram plus a double exponential
histogram and the determined background gamma-ray lines with a fixed weighting factor. 5 keV

binning of the simulated and data histograms was used. The fit function, f(E), is given as

f(E) = Ayexp(—A2E) + Az exp(—A4E) +Ashy!" e, (E) +Aghin(E) (5.9

Sim

2, 18 the simulated

where A; are the fit parameters, E is the energy of the histogram bin, &
histogram simulating a state at energy E’, with half-life 7| /20 and hfj,:f’g is the Doppler corrected
simulated background histogram. Parameter Ag was fixed according to the value obtained from the
previous analysis. Whilst the remaining parameters were allowed to vary freely.

Incoming 8Zn was simulated interacting with the target and being excited to the first 2T state. A
2D variation of the energy and lifetime was done. The energy was varied between 1482 and 1512 keV
in steps of 1 keV, and the half-life was varied between 0 and 10 ps in steps of 0.5 ps. Each simulation
simulated 5 x 10 events. For each of the cases, the simulated histograms were fitted to the data
histograms separated by detector group. The groups were MB, containing the Miniball events; SC,
containing the Superclover events; GR, containing the GRETINA events; GR Quad, containing events
from the GRETINA Quad; and GR P3, containing the GRETINA P3 events. The )(2 values from the
fits were filled into a TGraph2D [140] with the energy on the x-axis and half-life on the y-axis. In
addition, a sixth graph was filled, containing the sum x2 of the two GRETINA clusters. For each
x? plot, the minimum value and the corresponding E, and ¢, /2 were found alongside the contour of
xﬁlm + 2.3 corresponding to the 10 region.

Figure 5.9 shows the x2 surfaces for the different detector groups. As can be seen, no clear
minimum is found for MB and SC in the simulated region. Additionally, it appears the minima will
occur at opposite ends of the simulated range, indicating some issues with the MB and SC analysis.
This is consistent with observations from other experiments with the HICARI array. This is likely due

to incorrect internal geometries being used to generate the crystal centres, causing systematic shifts in
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Fig. 5.9 x? surfaces for the different detector groups varying the energy and half-life of the 2] state in
80Zn. The minimum simulated y? is shown with the x, and the +2.3 contour is shown in black.

Detector Group | Energy/keV t;,,/ps
GR x? Sum 1491(2) <2
MB - -
SC - .
GR 1494(1)  4.5%19
GR P3 1500(1)  3.5(5)
GR Quad 1488*¢ <15

Table 5.2 Initial half-lives and statistical uncertainties for the 2T state in 39Zn for different detector
groups. - indicates that no minimum was found in the simulated range.

the Doppler corrected energies of the two detector groups. However, it is clear that the GRETINA sum
x? forms a well-defined minimum. It was decided that only the GRETINA sum y2 would be used for
energy and half-life determination. The half-lives and energies determined from the minimum fitted
x? are shown in Table 5.2. As can be seen, the value determined from the GR x? sum is consistent
with the previously measured values of 1492 keV, and 0.51(11) ps [142]. Additionally, it can be seen
that there is an offset between the GR P3 and Quad results.

Due to fluctuations in the x? larger than the uncertainty range of 2.3, simply using the fitted 2
values fails to properly capture the minimum value and uncertainty. To do this, the 2D histogram
was projected around the minimum to obtain the 1D y? surface, which was fitted with polynomials.

In addition, 1D x? surfaces were used for determining the systematic uncertainties. For the energy
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Fig. 5.10 Systematic uncertainty calculation for 8Zn(Be, X)%Zn, the central values and uncertainties
are determined by polynomial fittings to the x2 surfaces. Best fit refers to using the minimised values,
whilst =10 shows the x2 surfaces corresponding to shifting the values by the stated systematic
uncertainties. (a) shows the target position variation to determine the energy systematic uncertainty,
and (b) shows the position resolution determination to determine the half-life systematic uncertainty.

systematic uncertainty, the target position was varied by 0.3 mm about the 12.46 mm determined
target position. For the half-life systematic, the position resolution was varied between the minimum
and maximum values, treating P3 and Quad as separate ranges, being 2.4-3.4 mm and 1.4-2.0 mm,
respectively.

Figure 5.10 shows the energy and half-life determination alongside the systematic uncertainty
variations. For the energy, a value of 1492(2)*3 keV consistent with previously measured values
[142]. The half-life measurement is consistent with O ps, so only an upper limit can be determined.
The upper limit is determined as <6 ps, also consistent with the value determined by Coulomb
excitation measurements [142]. This indicates that the method is appropriate and can be applied to

other channels.

5.8 Lifetime Analysis

It was decided that 7339Zn would be analysed. In particular, 8!Ga(Be, X)3Zn, 78Zn(Be, X)"8Zn and
97Zn(Be, X)"8Zn channels were analysed. 7°Ga(Be, X)’8Zn could not be measured in this setting,

therefore 3°Ga(Be, X)"8Zn was analysed instead.
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Fig. 5.11 8Ga(Be,X)3Zn spectrum separated by detector type. Five clear peaks are observed,
consistent with previous measurements [19].

58.1 3'Ga(Be,X)%Zn

Due to HiCARTI’s low efficiency, no y — ¥ coincidences are visible in the 3! Ga(Be, X)®0Zn; therefore,
the analysis was based on a literature level scheme. Figure 2.9b shows the literature level scheme
used as a basis for the analysis. Figure 5.11 shows the spectrum obtained from the 3! Ga(Be, X)®Zn
channel. Five peaks are observed, consistent with the level scheme. The peak at 487 keV exhibits
a clear asymmetry, indicating a transition from a long-lived state with a 71, ~100 ps, which also
explains the stepped structure of the 1492 keV peak.

To minimise all energies and half-lives simultaneously would require a 10-D phase space. Per-
forming such a minimisation reliably is currently unrealistic. It was therefore decided that states would
be minimised one at a time, reducing the minimisation to five 2-D minimisations. The minimisation
was started using the highest-lying levels, specifically the 3174, 2820, and 2627 keV levels. For the
initial minimisation of the 3174 and 2820 keV levels, the lifetimes and energies of the other peaks
were fixed to their literature values. Due to the lower statistics of the 2627 keV peak, it was fitted
separately for the minimisation using 20 keV bins as opposed to 5 keV bins for the remaining peaks.
Secondly, the minimisation of the 4; state was completed, including the feeding from the higher lying

states. Finally, the 2] state was minimised, including the feeding from higher lying states.

58.2 78Zn

Figure 5.12 shows the channels leading to 73Zn that were analysed. In all channels, peaks corre-

sponding to the transitions shown in Figure 2.9a, a structure at 576 keV, a well-defined peak at



112 | Analysis of Neutron Rich Zinc Isotopes

8Zn(Be,X)"®Zn Spectra Zn(Be,X)"®Zn Spectra

> —— Vinibal > 10*F —— Miniball
g E —— Superclovers g : —— Superclovers
Tracking o Tracking
Q L —— Tracking P3 Q r —— Tracking P3
ﬂ Tracking Quad 4@ r f Tracking Quad
% 103; . —— Total % 103 f
o E @] o
8 : } w 8 W
L rwﬁ L\"L \ : b )
107 Mo g I ] T
E Mﬂm—‘hﬂ\ﬂﬂﬂr‘h‘ﬂ%ﬁ 1] 102; W‘\WL‘MM. "MJ.\M\
[ E W
e o b b e e e e Bl v v b v b e b b b b Ly
400 600 800 1000 1200 400 600 800 1000 1200 1400 1600 1800
Energy (keV) Energy (keV)
(a) (b)
. YGa(Be,X)°Zn Spectra
% 0" —— Miniball
E —— Superclovers
=~ E T:Jackingv
Q r —— Tracking P3
ﬂ L ~ . Tracking Quad
% 3 f —— Total
o 10°F fk‘w
Q W-MM( \W
5 "‘M’“ﬂ‘w%f& )
10° Tt
B 1

T T T T S S S AN S S A S E
400 600 800 1000 1200 1400
Energy (keV)
(©

Fig. 5.12 87n spectra from three different reaction channels: (a) 78Zn(Be, X)7SZn, (b)
Zn(Be,X)"8Zn, and (c) 3°Ga(Be, X)"8Zn. In all three channels, structures are observed around the
576, 730, and 908/890 keV gamma-ray transitions. In addition, in inelastic scattering, a peak around
1230 keV is observed. For n knockout: a doublet of 1230 and 1270 keV peaks, a peak at 1450 keV,
and 1800 keV are observed. In pn knockout, the doublet at 1250 keV, and the peak at 1450 keV are
observed.
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730.2 keV, and a doublet corresponding to the 890 and 908 keV transitions. A transition at 1271 keV
has previously been reported from a DALI2 experiment [19]. However, it appears this is a doublet of
1230 and 1270 keV transitions observed in both n and pn knockout, but in inelastic scattering, only
the 1230 keV peak is observed. In pn, n knockout, a peak is observed around 1450 keV. Finally, a
peak at 1830 keV is observed in the n knockout channel only.

For minimising the high-energy peaks, the fit range was from 1000 keV to 2100 keV with a
10 keV binning. Due to the low gamma-gamma coincidence efficiency, the high-energy peaks could
not be placed in the spectrum. It was assumed that the gamma rays decayed directly to the ground
state, and no feeding was considered. For inelastic scattering, the 1230 keV peak was minimised for
lifetime and energy. For n knockout, the doublet was minimised only for energy, whilst the 1450 and
1800 keV peaks were minimised for energy and half-life. For pn knockout, the doublet at 1200 keV
was minimised for energy only, whilst the 1450 peak was minimised for lifetime and energy.

For the peaks below 1 MeV, a fitting range of 300-2100 keV was used with a 5 keV binning,
including the higher energy gamma rays, in order to properly replicate the Compton scattering
background. Several attempts were made to fit the 576 keV peak; however, no consistent value could
be determined. This is ascribed to the complexity of the 576 keV structure, likely a combination of the
Compton scattering from the 908, 890 and 730 keV gamma rays and additional unresolved transitions.
Therefore, only the 21+ — 0] transition was minimised for half-life and energy, and the 890, 908 and
576 keV transitions were fixed to their literature values. A 30 ps half-life for the 576 keV level was

assumed to account for its asymmetric peak shape.






Chapter 6

Results and Discussion

The results obtained from the previous chapter will be presented here. Where possible, reduced

transition probabilities have been extracted. Several shell-model calculations were performed for

78.807n. Two calculations were performed assuming a 'Ni core with valence protons restricted to

the 1p3/, and Ofs/, orbitals; one utilized a potential based on the surface delta interaction (SDI)

[45], while the other incorporated the SDI plus a quadrupole-quadrupole (QQ) interaction [146].

In addition, calculations using the jun45 [46], and jj44pna [147] effective interactions have been

performed using KSHELL [148]. Finally, results from a cutting-edge DNO-SM calculation [21] were

examined for comparison. The calculated excitation energies and reduced transition probabilities have

been compared to the experimental values, and the implications for nuclear structure in this region

have been explored.

80Zn(Be,X)¥Zn 3'Ga(Be,X)*Zn
Detector xrzed xrzed
MB 1.3 1.8
SC 1.2 1.4
GR 1.2 1.5
GR P3 1.2 1.5
GR Quad 1.3 1.4

Table 6.1 xrzed values for the best fits for the 8°Zn channels. For both channels the szed values are close

to 1.

115



116 | Results and Discussion

87n(Be,X)*°zn Best Fit ®iGa(Be,X)*°Zn Best Fit
> > ; — Miniball
— Mini &)
g 300 inial x103 B —— Superclovers
u\(;; 250 —— Superclovers % GRETINA
€ GRETINA c —— GRETINA P3
>
g 200 _ creTNAPS 3 GRETINA Quad
@) O
150§+ GRETINA Quad 102 E

i
T S S T T I T N S BN
500 1000 1500 2000 2500 3000

Energy (keV) Energy (keV)
(a) (b)

Fig. 6.1 Best fits for the 807Zn channels. (a) shows the spectra and fits for 8OZn(Be,X)SOZn, and (b)
shows the spectra and fits for 3'Ga(Be, X)®Zn. The minima determined using the GR P3 and GR
Quad analysis were used, but the other detectors are included for reference.

Literature [17, 18, 19,20]  3Zn(Be,X)¥Zn 81Ga(Be, X)*Zn

J®  E/keV ty /2/ps E/keV ty /2/ps E/keV ty /2/ps
27 1492(1) 051(11) 1492(2)73 <6  1495(1){2} <3

4 19793) 13672 - - 1980(2){3} 138(13)+19
- 2820(13) - - - 2814(2){4}  9(3)*2

- 3174(18) - - - 3161(3){5}  22(4){4}
- 2627(39) - - - 2562(5){9} <2

Table 6.2 Determined energies and half-lives of excited states in 8°Zn. The first columns show the
literature values, the middle columns show the results from 8°Zn(Be, X)8Zn, and the final columns
show the results from 8!Ga(Be, X)3Zn. The first uncertainty shows the statistical uncertainty, and the
second shows the systematic uncertainty. Cases where the measurement is not available are indicated
with a hyphen.

6.1 80Zn - Results

Figure 6.1 shows the best-fit results for the 3°Zn(Be, X)3°Zn, and 8!Ga(Be, X)%Zn spectra. The
transition energies and half-lives were determined using GR-P3 and GR-Quad spectra. The xfed values
for the best-fits are summarised in Table 6.1; all values are close to 1, indicating the fits provide proper
descriptions of the experimental data.

Table 6.2 shows the measured energies and half-lives of excited states in 3°Zn alongside the
literature values from [17, 18, 19, 20]. As can be seen, the measured energy of the ZT state is in
good agreement with the literature values; however, only an upper limit could be determined for
the half-life due to the setup’s insensitivity to short half-lives. For the 4] state, the energy and

half-life are in good agreement with the literature values. The half-life has a smaller uncertainty than
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Fig. 6.2 Levels schemes for 807n from literature [17, 18, 19] (a), and determined from the experimental
channels: 3°Zn(Be, X)3Zn (b), and 3'Ga(Be, X)3Zn (c). As can be seen, the results are in good
agreement with the literature. The black lines indicate the excited states, and the red lines indicate the
gamma-ray transitions that have been observed.

the previous measurement. For the 2814 and 3161 keV states, the measured energies are in good
agreement with the literature values, and with smaller uncertainties. In addition, the half-lives of
the 2814 and 3161 keV states are measured for the first time. The energy of the 2562 keV state is
within 20 of the previously measured value of 2627(39) keV, and an upper limit for the half-life is
measured for the first time. The corresponding transition strengths are B(E2,2] — 0]) > 25 *fm*,
and B(E2,4] — 2]) = 15372 ¢*fm*, calculated using the values from the 8!Ga(Be, X)®°Zn channel.

Figure 6.2 shows the level scheme from the literature compared to the results from this analysis.
The uncertainties were symmetrised for visual simplicity. No new levels are observed. Two new
half-lives and one new upper limit are measured. In addition, the uncertainty on the 4;" half-life has

been significantly reduced.

6.2 '8Zn - Results

Figure 6.3 shows the best fits for the *Zn channels. The szed for the ®Zn channels are summarised

in Table 6.3. The fits for Zn(Be, X)"®Zn channel are all reasonable with 2, close to 1. Whilst for

9Zn(Be, X)"®Zn, and #Ga(Be, X)"8Zn, the 2, values are closer to 2, the fits are still reasonable.
Table 6.4 shows the results measured in the 78Zn channels. The measured energy of the 2] is

consistent with the literature values. Whilst the half-life is consistently ~ 10 below the literature
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Fig. 6.3 Best fits for the '3Zn channels are shown in: (a) for "8Zn(Be,X)"8Zn, (b) for 8 Ga(Be,X)"8Zn,

and (c) for *Zn(Be,X)’8Zn. The minima determined using the GR P3 and GR Quad analysis were
used, but the other detectors are included for reference.

B7Zn(Be,X)"®Zn ¥Ga(Be,X)®Zn °Zn(Be,X)"®Zn
Detector szed )(fed szed
MB 1.6 2.7 3.3
SC 1.3 1.9 2.3
GR 1.1 1.8 2.2
GR P3 1.0 2.2 2.1
GR Quad 1.3 2.0 1.9

Table 6.3 Reduced x? values for the best fits for the three reaction 73Zn channels. GR P3 and GR
Quad both achieve a y2; of <2.2.
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Literature [64, 19]  7®Zn(Be,X)®Zn  %Ga(Be,X)”®Zn  7Zn(Be,X)"®Zn
J® E/keV t;,/ps ElkeV t1 2/ps E/keV  tyn/ps  E/keV  t1,/ps
2] 730.2(4) 18(4) 732(1){2} 14(2){2} 731(1){1} 13(1)*2 731(1){1} 13(1)#?
- 1237(4){5} <18 1238(5)*% - 1237(3){2} -
1271(19) - - - 12644413 - 126118{4} -

- - - - - 1446(5){7} <6 1455(4){5} <6

- - - - - - - 1832(6){7} <14

Table 6.4 Determined energies and half-lives of excited states in "8Zn. The first column shows the
literature values, and the other columns show the results measured in this experiment. The first
uncertainty shows the statistical uncertainty, and the second shows the systematic uncertainty. Cases
where the measurement is not available are indicated with a hyphen.

value. However, the results are consistent with preliminary values from a new ISOLDE measurement
reported in [149]. A new transition at 1237 keV is observed, and an upper limit for the state’s half-life
is determined. The energy of the 1271 keV transition has been measured to a higher precision, but no
half-life information was obtained. A new transition at ~ 1450 keV has been measured for the first
time, and a half-life upper limit is measured. Finally, a new transition at 1832 keV has been measured
alongside an upper limit for the half-life. The B(E2, 2fr — 01*) = 206fé§e2fm4 was calculated using
the energy and half-life values of 731(1) keV and 13f% ps.

Figure 6.4 shows the level schemes obtained from the experiment compared to the literature level
scheme. Due to the low efficiency, no v — 7 information could be extracted; therefore, the new higher

energy transitions have been placed as tentative transitions to the ground state.

6.3 Shell Model Calculations

80Zn provides an excellent testing ground for evaluating a simple model using a ®Ni core with two
protons in a Ofs/; and 1p3/, model space. The first model was constructed using an SDI pairing
interaction [45], and the second model was constructed using the SDI plus a QQ interaction [146].
The interactions were optimised using x> minimisations to reproduce the excitation energies and
B(E2) values in 3Zn.

The first step was to determine the energies of the 0f5/, and 1p;3 ; orbitals. This was done using
Nucracker [42]. The Woods-Saxon parameters were tuned to reproduce the S, = 16.53 MeV [60],
and a v/< r2 > ~ 4 fm [10]. The single-particle energies were determined to be -16.5287 MeV and

-16.0215 MeV for the 0f5/; and 1p; ), orbitals, respectively. From this, a base Hamiltonian, Ho, was



120 | Results and Discussion

E/keV  ty,0/ps E/keV  ty0/ps
(4+:8%) 3105 At I
=6 (4:8%) p— 3107
(61) 2529 B — 2530.8
908.3 (61)
908.3
(49 5905 1620.7 @p—t— 1622.5
' 8905 v 1237(5) <18
:1237(5)
2 7302 18(4) of—F—1-732(2)  14(2)
730.2 732(2)
787n 87n
(a) (b)
E/keV 4] /2/ pPs E/keV 4 /2/ ps
(4:87)— 3106 (48" — 3106
576 576
(67)— 2529.8 (67)— 2529.8
908.3 908.3
------- 1832(7) <14
(41— (a7 — 189278 <
890.5 8905| ... 71455(5) <6
I::126128;
1237(3
2t : 2t +&HB731(1) 13(2)
731(1) [1238(7} & 731(1) |1287(3) 18
oft——t T oft—— T
787n 787n
(c) (d)

Fig. 6.4 Levels schemes for 78Zn determined from literature [60] (a), and the experimental channels:
87n(Be, X)"8Zn (b), 8°Ga(Be, X)"8Zn (c), and °Zn(Be, X)"8Zn (d). The higher energy transitions
have been tentatively assigned as decays directly to the ground state.
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constructed as

280105/2 0 0
Hy = 0 €fs), T E€1py) 0 (6.1)
0 0 21,

where &; is the single-particle energy of state i. The basis states correspond to

1(0fs52)%,™)
10fs/21p3/2,J7) (6.2)
|(1p3/2)27‘1n>

where J7 is the state to which the two particles are coupled.

The second step was to add the SDI. This was done using the equation

(J172,d"|Vspr | j3ja, J*) = Cof (ji, j2.I) f(J3, jasT) (6.3)

: 2271 +2)(2j2+1
f(j17j27‘]) = (_1)12+1/2¢ (éjji_il_)()l(+]§1_l}—12)) <j17m1 = 1/2>j27m2 = _1/2’J0>

6.4)

where Cj is a constant, and (j;,m; = 1/2, jo,mp = —1/2|J0) is the Clebsch-Gordan coefficient [45].
Using this, an SDI Hamiltonian was constructed Hspy(J”). This was performed for 0, 27, and 4™

couplings. By combining the two Hamiltonians, a full Hamiltonian can be constructed as
H(J™) = Ho+ Hspi(J”) (6.5)
where H is the total Hamiltonian for two states coupled to J*. By solving the eigenvalue problem
H|J") =E|J") (6.6)

the eigenvalues, E;=, and eigenvectors, |J*) were found. This was done for 07, 27, and 47 states.
The Cy value is expected to fall around —0.2 MeV [150].
Following the SDI-only interaction attempt, a quadrupole-quadrupole interaction was also built

upon the potential

Voo = k02 02 (6.7)
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where Vg is the potential, K is the strength of the potential, Q is the quadrupole operator [146]. The

matrix elements of the interaction were calculated as

. . i o J,. s .
(j1j2: 0" Voo lizja ™) = k(=12 2g 4107 7 (11Q21j3) (12| @21ja)  (6.8)
Ja J3
where the curly brackets indicate the Wigner 6j symbol [2], and (j;| Q2 |j3) are the single-particle

matrix elements of the quadrupole interaction [2, 146]. From this, a Hamiltonian was constructed as
H(Jn) =Hy —|—HSD1(Jn)+HQQ(Jn) (6.9)

where Hqq (/™) is the matrix for the QQ interaction for states coupling to J*. The eigenvalue problem
was then solved in the same manner as the SDI-only case.

Once the wave functions had been determined, the B(E2) values were calculated. The single-
particle E2 matrix elements, {(a||Qx||b), where Q is the electric quadrupole operator, were taken
from [2]. The single-particle matrix elements are given in units of eb?, where e is the electron charge,
and b is calculated using

b= 1.005A"/° fm (6.10)

where A = 80 for this case [2]. From this, the two-particle matrix elements were calculated using

<afbf>']f| |Q2‘ |aibi’Ji> = j;ff%ibi (Ji)‘%fbf(‘]f)

R 7 A
Sy (— 1) Fr 8T R |00 ai)
Ja; .]af .]bf
. Ji 2
Sy (1P 8T R a0 )
Jb; ]af ]bf
S Jr Ji 2
+ aaiaf(_l)]ai+]hi+‘/f' f . . <bf| ‘QZ‘ |bt>
.]h,' .]hj ]af

o w2
+ Gy, (1) T A b |Qal ) | (6.11)
.]Ll,' .]bf ]af
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SDI  SDI+QQ
Co/MeV -0.239  -0.262
K/MeVfm 4e~2 0 0.00328
Coft 2.85 2.82

Table 6.5 Best fit parameters determined by the > minimisation. SDI is the model with only the SDI,
and SDI+QQ is the model with the QQ interaction added. The Cp and k values are of the expected
order, whilst e is large.

where |a;b;, J;) is the two-particle state coupled to J;, the curly brackets indicate Wigner 6j symbols

[2]. The normalisation coefficients are given as

\/ﬁ
() = VA= oD (6.12)

1+6ab
J=V27+1 (6.13)

where T is the isospin, which for this case is 7 = 1 [2]. Then, using the two-particle matrix elements,

the B(E2) values were calculated using

B(E2,J; = Jy) = | (Tel1Qal 1) 2 (6.14)

2J;+1

where |J;) are the eigenvectors calculated previously.

The B(E2) values were scaled by a factor egff, eoff Was left as a free parameter for the minimisation.
The effective charge, e, is used to take into account additional effects not included in the model,
such as core particle-hole excitations [2].

A x? minimisation was performed to determine the optimal values for the free parameters Co,
K, and e.sr with the single-particle energies fixed to the calculated Woods-Saxon energies. This
was done by comparing the calculated values to the experimentally determined values of: E(2]) =
1495(2) keV, E(4]) = 1980(3) keV, B(E2,2{ — 0]) = 144(29) e’fm* [17, 18], and B(E2,4] —
2) = 153(18) ¢*fm*. For the minimisation, the uncertainties were made symmetric to simplify the
analysis. Table 6.5 shows the determined optimal parameters. The Cy and k values are of the expected
orders. In both cases ef =~ 3, suggesting that this model space is too small to describe 3°Zn.

Using the determined optimal values, all eigenvectors in these models were calculated, and a
level scheme was constructed. Figure 6.5 shows the calculated level schemes for the two different

models. Figure 6.5a shows the calculated level scheme for 8Zn with the SDI interaction. As can
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Fig. 6.5 Level schemes from the two different theoretical models, (a) for the SDI and (c) for the
SDI+QQ, after the minimisation. (b) shows the experimental level scheme for comparison.

SDI SDI+QQ

I 10fs2)?)  10fspalpsp)  1(1ps)®) | 1(0fs2)®)  0fsialpapn)  1(1pse)?*)
OT -0.87 - -0.49 -0.87 - -0.49
02+ 0.49 - -0.87 0.49 - -0.87
2?_ -0.92 0.31 -0.22 -0.89 0.38 -0.25
22+ 0.35 0.92 -0.17 0.41 091 -0.072
2; -0.15 0.24 0.96 -0.20 0.17 0.97
41+ -0.77 0.64 - -0.89 0.45 -

4;_ -0.64 -0.77 - -0.45 0.89 -

Table 6.6 The weights of the components of the wave functions of the calculated excited states for the
interactions: SDI and SDI+QQ.
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Observable Experiment SDI  SDI+QQ

E(2])/keV 14952) 1610 1613

E(4])/keV 1980(3) 1711 1737
B(E2,2] — 0] )/e*fm* | 146(18) 211 204
B(E2,4] —21)/e*fm* | 153%1¢ 98 111

Table 6.7 Selected experimental observables compared with the values predicted from the theoretical
models. The values were taken from the 8! Ga(Be,X)3Zn channel results, except for the B(E2, ZT —
0;") which was taken from [20]. Both models underpredict the B(E2,4] — 2") relative to B(E2,2] —
0;), and the ratio of the 4 to 2] energies.

782n SOZn
Observable Experiment jun45 jj44pna Experiment jun45 jj44pna
E(2])/keV 731(1) 1045 1104 1495(2) 1172 1709
E(4])/keV 1620.7(6) 1784 1931 1980(3) 1767 2708
B(E2,2] — 07 )/e*fm* | 2061715 1967  10.7 146(18)  89.1  86.7
B(E2,4] — 2] )/e*fm* - 1421 124 15318 551  70.8

Table 6.8 Comparison between the jun45 and jj44pna calculations of "38°Zn and the experimental
measurements. The E (4]) for 78Zn is taken from [64], and the B(E2,2] — 0]) for 3Zn is from [20].

be seen, the separation of 4] and 2] states is not reproduced. Figure 6.5c shows the case for the
SDI+QQ interaction. The separation between the 4fr and 21+ energies is slightly improved, but it still
underestimates the observed separation. The wave functions of the excited states in the two models
are shown in Table 6.6.

Table 6.7 shows the comparison of the calculated excitation energies and B(E2) values for the
2;’ and 41’ states to the experimentally determined values. As previously mentioned, the SDI+QQ
marginally improved the separation of the 4] and 2| energies. However, both cases underpredict the
Rpg» value.

KSHELL [148] was used to calculate the excited state energies and B(E2) values of 7880Zn.
Two interactions were used, namely jun45 [46], and jj44pna [147], both in the 1p3/5, 0f5/2, 1p1/2s
and 0gg /> model space for both protons and neutrons with a fixed 6Ni core. Table 6.8 summarises
the results of these calculations. As can be seen, these models capture the energy gap between the
2/ and 4] states. For "Zn, the B(E2,2] — 0]) predicted by jund5 is in good agreement with the
experimental value; the jj44pna value is significantly lower than the experimental value. For 8Zn
the B(E2,2{ — 0{) and B(E2,4] — 2{) are underpredicted by jun45 and jj44pna, and both predict

the B(E2,4] — 2{) to be smaller than the B(E2,2{ — 0] ) value. Both models use a limited proton
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Fig. 6.6 Level scheme of 3°Zn from DNO-SM (b) [21, 22] calculations compared to the experimental
level scheme from 8!Ga(Be, X)®Zn (a). The 05 and 2] have been plotted independently of the main
band as they have a different shape to the main band states. The states in the experimental level
scheme have been assigned based on the DNO-SM predictions and the literature values.

B(E2,JF — J7)le*fm*
JF tl/z/ps J}T J}r J}r
27 05 [0 199 - - - -
a5 135 |27 123 - - o
2,1 05 [0 13 2f 50 05 355
451 73 |2f 01 4f 21 27 79
Table 6.9 B(E2) values from the DNO-SM calculations for 3°Zn.

space with only two protons outside the core, possibly explaining why the models do not reproduce
the observations.

Finally, DNO-SM [21] calculations of 8Zn have been performed by F. Nowacki and D. Dao.
The calculations used the PSFDG-U interaction using a ®*Ca core in the model space of: 1p, /25
1p3/2, 0fs/2, and Of7, for protons, and 0g7/2, 0892, 1ds /2, 1d3 ), and 25y /, for neutrons [66]. The
calculations are the same as in [22], but higher J states have been calculated, and B(E2) values have
been extracted.

Figure 6.6 shows the levels from DNO-SM [21] calculations of 3Zn, compared with the experi-

mental findings. The B(E2) values are shown in Table 6.9. The 05 state is the same shape coexisting
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J¥| ny V0g9sp V1ds;y V251 V087, Vidsn| ny 70f7, 70f50 ®lp3pn wlpyyn
0,050 950 023 003 0.19 0.04 {248 752 190 044 0.14
271058 942 030 004 020 0.04 [240 7.60 190 035 0.15
471050 950 024 004 019 0.04 [231 7.69 1.76 048 0.07
0y(274 726 120 071 052 031 [3.08 692 133 128 047
270211 7.89 095 048 044 024 (285 7.5 133 111 041

Table 6.10 Occupation numbers of states in 8°Zn from DNO-SM. i, and n%, show the number of
neutrons and protons above the Z = 28 and N = 50 shell closures, respectively. The 01+,2 occupation
numbers are also reported in [22].

80Zn Excitation Energies 80Zn B(E2) Values
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Fig. 6.7 Comparison between experimental results and theoretical predictions for 8Zn. (a) shows
the excitation energies of the 2| and 4] states and their ratio for 80Zn predicted by different models
compared with the experimental results. (b) shows the reduced transition probabilities and the Rpg»
from the experiment compared with the theoretical predictions of different models.

state shown in Figure 2.12, and the 2; is a deformed state associated with the 05 . Based on the E2
transition rates, the branching ratios for the 22’ state were calculated as 97.57 % to OT, 2.38 % to 2?,
and 0.05 % to 05 , which is in agreement with the observations of the 2562 keV state. The states have
been assigned in Figure 6.6a based on literature and the DNO-SM predictions.

Table 6.10 summarises the occupation numbers [2] of the states in 80Zn from the DNO-SM
calculations. The spherical 0, 2], and 4] states all have similar occupation numbers with ~ 2.4
protons above the Z = 28 shell gap, and ~ 0.5 neutrons above the N = 50 shell gap. Whilst the
deformed states, 0; and 2;’ , have a very different configuration with > 2 neutrons above the N = 50
shell gap, and =~ 3 protons above the Z = 28 shell gap.

Figure 6.7 shows a comparison between the experimental results and the different theoretical
predictions for 8Zn. Figure 6.7a shows the excitation energies of the 2;’ and 4f states and the ratio

of the energies. The SDI and SDI+QQ models do not replicate the energy gap between the 2| and 4
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Fig. 6.8 Comparison between experimental results and theoretical predictions for 78Zn. (a) shows the
excitation energies of the ZT and 4;’ states of /8Zn predicted by different models compared with the
experimental results. (b) shows the reduced transition probabilities from the experiment compared
with the theoretical predictions of different models.

levels. jun45 and jj44pna predict an energy gap between the 2| and 4 levels, but fail to replicate
the energies and overpredict the R4, value. Whilst DNO-SM replicates the observed energy well.
Figure 6.7b shows the B(E2) values for 807n. All the theoretical models underpredict the Rgg, value.

Figure 6.8 shows the same comparison for "8Zn. Figure 6.8a shows the comparison of the
experimental excitation energies with the theoretical predictions. The jun45 and jj44pna interactions
both underpredict the Ry, values. Figure 6.8b shows the B(E2) values for 78Zn. The jun45 interaction
properly replicates the B(E2,2] — 0]) values, whilst jj44pna greatly underpredicts the value. The

B(E2,4] — 2{) is currently unmeasured.

6.4 Zn Systematics

Figure 6.9a shows the excitation energy systematics for the Zn isotopes. The measured energies are in
good agreement with the literature values. The R4, values would suggest that the low-lying states in
80Zn are single-particle excitations, indicating that the N = 50 neutron shell closure holds. Figure 6.9b
shows the B(E?2) values for the Zn isotopes near "8Ni. The new measurement of the B(E2,2{ — 07)
in 78Zn is within 20 of the previous measurement. The B(E2,4, — 2{) in 8Zn has been remeasured
and is in agreement with the previous value with a smaller uncertainty. The B(E2, 21+ — OT) in 397Zn
could only be measured as a lower limit. The Rpg, uncertainty has been improved compared to the

previous measurement [19] and is no longer consistent with the collective model expectations.
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Excitation Energies of Zn Isotopes B(E2) Values for the Zn Isotopes
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Fig. 6.9 (a) shows excitation energy systematics for the first 2%, and 4" states in the Zn isotopes
values from literature, and the experiment. Literature values are taken from [60, 64, 20, 17, 18].
The lower plot shows the Ry, = E(4])/E(2]) systematics. (b) shows the B(E2) systematics for
the Zn isotopes. The literature values are from [65, 17, 18, 20, 19]. The bottom plots shows the
Rpp> = B(E2,4] — 2])/B(E2,2{ — 0]) systematics.

6.5 Discussion

For 7Zn only a B(E2) for the 21+ — 0] transition could be determined. A greater precision could be
achieved from this measurement than the value from [17, 18] and the values are in agreement within
20. However, no measurement of the B(E2,4] — 2{) could be done, due to the overlap with the
908.3 keV transition [64]. To measure this B(E2,4] — 2) value, a low-energy Coulomb excitation
experiment could be performed similar to [65].

The excitation energy of the 2| state in 787n has been measured and is consistent with previous
high-precision measurements [12, 13, 14, 15, 16]. The ratio of the 41+ and 21+ energies would suggest
that collective effects are significant in this nucleus.

The B(E2,4{ — 2{) value of 807Zn has been remeasured to a much higher precision than the
previous measurement [19]. This allowed for a significant improvement in the Rggy value. A further
improvement in the B(E2, 4;’ — 21’) uncertainty may be possible by using fast timing measurements
to measure the lifetime [151].

For 39Zn, the R4, would suggest that 3Zn is dominated by single-particle structure. However, the
Rpg» values lie near the rotor value, suggesting the possibility of collectivity. In addition, the SDI

and SDI+QQ models using a ®Ni core not agreeing with the observations would suggest that a larger
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Fig. 6.10 Calculations of excited states in '®Ne compared to the experimental results. The left level
scheme shows the calculation with an SDI in the basis 0ds,, and ls; /5, the middle level scheme
shows the same in the basis 0ds,, 0d7 >, and Ls; /5, and the right shows the experimental values. In
both calculations, the separation between the 21+ and 41+ states is not replicated. Reproduced from [2].

model space or collective effects are necessary to describe 8°Zn properly. This is further supported by
the large effective charges required to optimally reproduce the B(E2) values.

The SDI and SDI+QQ model calculations are quite limited; a similar calculation on 18Ne, two
protons above the Z = 8, and N = 8 shell closures was performed in [2]. Figure 6.10 shows the
results of calculations of '¥Ne compared to the experimental data. As can be seen, the experimental
separation between the 21+ and 41+ is not replicated, as is also seen in the calculation of 8Zn. Even in
the strong shell closure at °0, cross-shell excitations are necessary to properly describe the excited
states, explaining why these models fail to describe the observations. However, the calculation of '®Ne
only requires an eq = 1.9 to replicate the experimental B(E2, 2;r — 07) value [2], in comparison to
the value used for 39Zn, e.r = 2.85 . The large effective charge suggests that collective effects are
more important in 3°Zn, indicating that the Z = 28 and N = 50 shell closures are weaker than the
Z =8 and N = 8 shell closures.

The Jun45 and jj44pna interactions both overpredict the excitation energies of the 2?’, and 4T

states alongside the R4, value in 78Zn. The jj44pna interaction greatly underpredicts the B(E2) values
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for 78Zn. The jun45 interaction reproduces the B(E2, 21 — 0]) correctly. The jun45 interaction is
capable of extracting some of the properties of ’8Zn, but with incorrect excitation energies. In 8Zn,
Jj44pna and jun45 fail to reproduce the excitation energies of the 2fr and 4fr states. In addition, the
B(E2) values are underpredicted compared to the experimental values, suggesting the need for higher
effective charges. jun45 underpredicts the ratio of the B(E2) values, whilst jj44pna falls within 20 of
the experimental value. Some properties of 3°Zn can be extracted from these models, but not others.

DNO-SM calculations properly predict the excitation energies of the ZT and 4f states in 8°Zn.
However, the B(E2,2] — 0]) is overpredicted, and the B(E2,4{ — 2{) value is underpredicted
relative to the experimental values. As such, the ratio of the B(E2) values is underpredicted. The
correct extraction of the excitation energies and the poor replication of the B(E2) values suggest the
necessity for collective effects to properly describe this nucleus. Indicating that the N = 50 shell
closure is weak in this region.

To identify the newly observed states in 8Zn, the experimental results were compared to the
DNO-SM calculations. The identification of the 2| and 4] states is based on previous experimental
measurements [18, 17, 19, 20], and the energy and half-life of the excited states from DNO-SM. The
state at 3161(5) keV is closest in energy to the 5] state from the DNO-SM calculations, therefore it is
assigned as a tentative (5]) state. The state at 2814(4) keV is close in energy to the 3}, and 45 states;
therefore, it is ascribed as a (3],45 ) state. More theoretical information on the expected half-life of
the 3fL would be necessary to properly identify the state.

Finally, the 2562(9) keV state is ascribed as the (2;) state as the predicted energy is close
in energy, the measured half-life limit is consistent with the predicted values, and the predicted
branching ratios of the 2; state explain why the 2; — O;’ and 2;’ — 41" transitions are not observed
experimentally. The observation of the (2 ) state suggests the presence of shape coexistence in this
nucleus. MCSM [68] calculations also predicted a deformed 05 state at 2.59 MeV, further supporting
that the (25) is a deformed state associated with the deformed 05 state. DNO-SM predicts the 25 to
have 2.11 neutrons above the N = 50 shell gap; the indication of shape coexistence further supports
the weakening of the N = 50 shell closure.

The ratio of the 41+ to the 2fr energy in 39Zn would suggest that the N = 50 shell closure is
maintained, and single-particle excitations dominate the low-lying states in 8°Zn. However, the failure
of the shell model calculations to recreate the ratio of the B(E2) values would suggest additional

effects are necessary to describe this nucleus, indicating the weakness of the shell closure. This
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suggests the forces involved in the shell evolution may not be fully understood, and more information

in the region of 78Ni is necessary for a proper explanation.

6.6 Conclusion

The energy and half-life of the 2;’ state in 7®Zn have been measured from three separate channels,
and all values are within 20 of the literature value [17, 18]. In addition, the energies of several
tentative states have been measured, and upper limits for the half-life have been established where
possible. Further measurements will be required to understand their position in the level scheme. The
B(E2,4] — 2{) value is still not measured.

For 39Zn, the energy has been measured and agrees to within 26 of the literature value, and an
upper-limit for the half-life has been measured and is in agreement with the previous measurement [17,
18]. The 4 excitation energy was remeasured as 1980(2){3} keV with a half-life of 138(13)*19 ps,
both in agreement with the previously measured values [19, 20]. In addition, the energies of two
states feeding the 4] are measured to be 2814(2){4} keV, and 3161(3){5} keV, both within 16 of
the previous measurement [19]. The half-lives of these states have been measured for the first time to
be 9(3)*2 ps, and 22(4){4} ps, respectively. Finally, a state decaying to the ground state has been
measured to be 2562(5){9} keV, significantly lower than the previous measurement of 2627(39) keV
[19], but still within 20. An upper limit for the half-life of this state was measured as < 2 ps for the
first time.

Calculations of 8°Zn were performed with a "8Ni core and two protons in the 0f; /2, and 1p3p
model space with an SDI and SDI+QQ interactions [2, 45, 146]. The models do not replicate the
separation between the 2? and 41+ states due to the limited model space. The determined e.¢ values
of ~ 3 are much larger than the expectation, indicating the necessity for a larger model space. In
addition, the models underestimate the ratio of the B(E2) values, suggesting that additional effects
are necessary to explain this nucleus. Shell model calculations [148] were also done using jun45 [46],
and jj44pna [147] effective interactions, some features of 80Zn are replicated, but others are not. The
lack of agreement would indicate the weakness of the N = 50 shell closure, and calculations that can
include effects of deformation are necessary to describe this nucleus.

DNO-SM [21] calculations of 3°Zn were compared to the experimental results; the excitation

energies of the ZT and 4;’ states agree well with the experimental values. However, the predicted
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B(E?2) values and the Rpg, value do not agree with the experimental results, suggesting the existence
of collective effects in 8°Zn and indicating that the N = 50 shell closures is weak in this region.
In addition, a state at 2562(5){9} keV was observed that was consistent with the expectations of
the deformed 2;’ state predicted by the DNO-SM calculations, suggesting the presence of shape
coexistence. The predicted occupation numbers show significant excitations across the N = 50 shell
gap. The presence of shape coexistence suggests that the N = 50 shell closure is weak for 30Zn.
The results indicate the N = 50 shell closure is weak in this region. Further information will be
necessary to understand this region, such as examining single-particle structure in 8'Zn or 1p — 2h
states in ’’Ni, which would be attainable with current technology and accelerators. However, for a
complete understanding of this region, structure information on 7°Ni is necessary, which will require
developments in both accelerator and detector technology. In the next chapter, the development of

new detector technologies that will allow for the further investigation of this region will be presented.






Chapter 7

Technical Development for Future

Scintillator Arrays

7.1 Scintillator Arrays at the RIBF

The first in-beam gamma-ray spectroscopy experiment with scintillators at the RIBF was carried out
in 1995 at the RIKEN Projectile-fragment Separator (RIPS) facility [152] with the Detector Array for
Low Intensity Radiation (DALI), array looking at >Mg [153]. This array was advanced into DALI2
[24], performing many successful and groundbreaking experiments [9, 26]. A planned upgrade of the
RIBF accelerators [154] will require improved detector systems in order to capitalise on the new areas
of exploration. This is being pursued via the Hybrid Photon Detection Array to Investigate Atomic

Nuclei (HYPATIA) project [40, 39].

7.1.1 DALI2+

The DALI2 array was constructed of 186 Nal(T1) detectors with PMTs [24]. It was later expanded to
DALI2+ with 226 Nal(Tl) detectors [84]. A rendering of a cross-section of the array can be seen in
Figure 7.1. DALI2+ has been used successfully in many experiments, such as performing the first
spectroscopy of '%°Sn [155].

DALI2+ uses an analogue DAQ where the PMT signals are first sent to a shaping amplifier,
which has a shaped output and a fast output. The fast output is sent to a CFD module, followed by a

multi-hit TDC to record the time of the signal. The shaped output is sent straight to a peak sensing

135
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RI beam

Fig. 7.1 Rendering of a cross-section of the DALI2+ array. The Nal(Tl) is encased in an Al housing
with a PMT attached. Reproduced from [84].

ADC to record the signal amplitude. The trigger for the DAQ is made using the OR output from the
CFD modules being passed through a logic circuit; the trigger is then made in coincidence with the
beam-line trigger to gate on physics events. The DALI2+ data is recorded in a slave DAQ before

being sent to the global event builder to be merged with the data from the beam-line DAQ.

7.1.2 HYPATIA

HYPATIA is a next-generation scintillator array under construction for use at the RIBF. The HYPATIA
geometry is shown in Figure 7.2. HYPATIA is made up of a forward wall of HR-GAGG [38], and a
barrel made of 2x2 CeBrsz [37] quads. Both are novel scintillators with properties improved from
the traditional Nal(T1) [35]. GAGG is chosen for its significant stopping power [35] and is placed
at forward angles to increase the detection efficiency for the Lorentz boosted gamma rays [30]. In
addition, GAGG being non-hygroscopic [33] allows for the crystals to be packed tightly together
with limited encapsulation, enabling the formation of high-efficiency configurations. GAGG also
provides an improved energy resolution compared to Nal(Tl) and has a fast decay time of 90-170 ns,
faster than Nal(TI) with a decay time of 230 ns [35]. CeBrs provides excellent energy resolution
and decay time (17 ns), but is hygroscopic and has a smaller stopping power than GAGG [35]. The
CeBr3 detectors are located at larger angles to exploit the improvements whilst mitigating the losses in
detection efficiency due to the encapsulation and lower density. The array will use SiPM photosensors

[156] to read out the signals and digitisers for data acquisition [157]. SiPMs were chosen over PMTs
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CeBr; GAGG

Beam

Fig. 7.2 HYPATIA array simulation geometry for Geant4 [74]. There are two parts of the array, a
GAGG forward wall and a barrel made up of CeBr; modules, each containing 2x2 crystals. The
beam direction is shown in red.

due to the quantum efficiency response being a better match for the photon wavelengths emitted by
GAGG [97, 92, 38], the more compact form factor, and their insensitivity to magnetic fields [91].
HYPATIA aims to achieve a significantly improved energy resolution and full-energy peak efficiency

compared to DALI2+.

7.1.3 Expected Efficiency and Resolution

To estimate the expected performance of the array, a simulation package based on the Geant4
framework [74, 158] was used. The simulation is performed in three steps. The first step simulates
the incoming nucleus reacting with the target and emitting gamma rays, which are Doppler boosted in
the lab frame according to the nucleus’s velocity at the time of gamma emission. The information
about the gamma ray and the nucleus is saved in a ROOT file [140]. The second step simulates the
gamma rays generated in the first step interacting with the detector array. The energy deposited in
each detector is recorded and smeared by a Gaussian distribution according to the expected detector

energy resolution. The FWHM energy resolution, AE, is estimated using the function
AE = aE, (7.1)

where Ey is the energy deposited in the detector, and a and b are parameters determined from the

resolution curve of each type of detector. The data from this step is then saved into a new ROOT file.
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The final step analyses the data from the simulation. The Doppler correction is performed
according to the calculated average interaction position, the beam velocity at the target centre, and the
smeared energy deposited in the detector. Add back analysis is performed by summing the energies of
the detectors within a radius of 15 cm to achieve a better full-energy peak efficiency. For the add back
analysis, the position of the detector with the highest energy deposition is used for calculating the
angle of gamma-ray emission for the Doppler correction. Finally, the array is also treated as a single
unit where all the energies in all the crystals are summed together. This is referred to as calorimeter
mode.

To demonstrate the expected improvements of the HYPATITA array over its predecessor, simula-
tions were performed using a ¥’ Ca beam with an energy of 200 MeVu~! impinging on a 1 mgem 2
thick Be target. The use of a thin target avoids the Doppler broadening effect from the 8 uncertainty,
providing a benchmark for the array’s performance. Simulations were performed for gamma ray
emissions from 500 to 6000 keV in steps of 500 keV. One million events were simulated for each
gamma-ray energy.

The HYPATIA configuration used in the simulations contains 384 25x25x 100 mm®> GAGG
detectors and 624 30x30x80 mm?> CeBr; detectors. A reflector of 0.065 mm was simulated sur-
rounding each crystal. In addition, a detector housing of 1 mm Al was included for the CeBr;
detectors. The parameters for the detector energy resolution were set to a = 1.45 and b = 0.5 for
GAGG, corresponding to 5.6 % (FWHM) at 662 keV, and for CeBrs were a = 0.95 and b = 0.5,
corresponding to 3.7 % (FWHM) at 662 keV. The average first interaction points used in the Doppler
correction were generated using the data from the 1 MeV energy gamma-ray simulation and used for
all the cases.

The spectra for single, add back, and calorimeter modes were fitted using a Gaussian peak on
top of a quadratic background. The energy resolution and efficiency were calculated using the fitted
Gaussian parameters. For the single mode, spectra up to 3 MeV gamma ray simulations could be
fitted properly. Above this energy, the overlap between the Compton edge and the full-energy peak
prevents a reasonable description using this fitting function.

The results can be seen in Figure 7.3. DALI2+ simulations are included for comparison. As can
be seen, HYPATIA provides an improvement in both energy resolution and efficiency, allowing for

the extension of analysis to more exotic nuclei.
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Fig. 7.3 Simulated performance of the HYPATIA and DALI2+ arrays for in-flight decays at a beam
energy of 200 MeVu~!. (a) the simulated efficiency of the arrays, and (b) the simulated energy
resolution of the arrays. Only points that could be well described by the fit function are included.

Ilustrative Experiment: The First Spectroscopy of "°Ni

As discussed previously, the missing pieces in the systematics of shell evolution in the N = 51 isotones
are 81Zn and 7Ni. HYPATIA will allow for the first spectroscopy of "’Ni. Figure 7.4 shows the
expected response of HYPATIA compared with DALI2+. Due to the small energy difference between
the 5/2 and 1/27 states, the 5/27 state is expected to have a lifetime of the order of 1 ps based on
the Weisskopf estimates; therefore, the decay is unobservable by in-beam gamma-ray spectroscopy.
However, the 3/27 state can decay to both the 1/2 and 5/27 states via M1 transitions. By measuring
the energy difference between the two gamma-rays, the energy of the 5/27 state could be determined.
With the improved energy resolution of HYPATIA, a separation between the peaks can be achieved,
which would allow for an accurate measurement of the 5/2% state, determining the crossing point of

the v2s; /5, and v1ds , orbitals and illuminating the tensor interaction in atomic nuclei.

7.2 GAGG Characterization

In order to confirm that the array’s expected performance can be achieved, the crystal performance
needs to be tested. In this section, GAGG samples’ performance is evaluated and compared to the
required benchmarks for the array.

HR-GAGG can be produced by several manufacturers. Crystals from four different manufacturers

were tested: C&A [33], Epic crystals [86], Kinheng [88], and CETC [89]. 13 GAGG samples were
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Fig. 7.4 Simulated spectra of "’Ni for HYPATIA and DALI2+. (a) shows the simulation for unrealistic
statistics. The level scheme is inset; the branching ratios are based on the Weisskopf estimates [43].
The level scheme was adapted from [159]. As can be seen, HYPATIA resolved the doublet whilst
DALI2+ fails to do so. (b) shows the case for semi-realistic statistics. The expected counts were
calculated using a 2000 pnA 233U beam [154] in LISE++ [125], a 40 mb cross-section on a 150 mm
LH target with position reconstruction for a 14 day experiment. In the case of realistic statistics, the
peaks are still resolved, whilst in the DALI case, only a single peak is observed.

Sample Name | Manufacturer Dimensions/mm?
1 C&A[33] 25x25%75
2 C&A 25%x25x%75
Epic 1 Epic[86] 25x25%75
Epic 2 Epic 25%x25x%75
Kinheng 1 Kinheng[88] 25x25%75
Kinheng 2 Kinheng 25%x25x%75
CETC 1 CETC[89] 25%25%75
CETC2 CETC 25%x25x%75
IBS 1 EPIC 25%25x100
IBS 2 EPIC 25x25x100
IBS 3 EPIC 25%25x%100
IBS 4 EPIC 25x25x100
IBS 5 EPIC 25%25x100

Table 7.1 GAGG samples tested for the HYPATIA array alongside their dimensions and manufacturer.

obtained and tested to evaluate their suitability for the HYPATIA array. Table 7.1 shows a list of the
samples. All samples were produced using the Czochralski method [160].

The aim of this work was to characterise the crystals and find the best supplier for the array. For
this, three performance criteria are required: good energy resolution (<6 % FWHM at 662 keV), good

time resolution (<1 ns FWHM at ~1 MeV), and high uniformity throughout the crystal volume. To
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evaluate this, the energy resolution measurements, time resolution measurements, and crystal scans

have been performed.

7.2.1 Experimental Method

To read out the crystals, firstly, a photosensor was mounted to one of the smaller sides of the crystal
using EJ-550 optical grease [161]. The grease was spread liberally, and the photosensor was pressed
to remove any air bubbles that could reduce the transmission efficiency of photons to the photosensor.
Secondly, the crystal was wrapped in 4 layers of 0.1 mm-thick PTFE tape. The high reflectivity [162]
reduces the photon loss due to transmission out of the crystal. Finally, the crystal was mounted in a
dark box to prevent ambient light from reaching the photosensor.

It was found that the GAGG crystals exhibited strong afterglow (phosphorescence) following
exposure to ambient light. This led to a drift in the ADC channel of the full-energy peak with time,
likely due to the increased baseline current in the photosensor output. To mitigate this effect, the
crystals were kept in the dark until their peak positions had stabilised, before taking measurements.

Three photosensors were used, two SiPMs S13361-6050AE-04 [97] and S13361-3050AE-08 [97],
and one PMT R11265U-20 [93]. As the PMT quantum efficiency response is a poor match for the
photon emission wavelength distribution of GAGG, it was only used for time resolution measurements
[163]. The PMT was powered using an NHQ 204M power supply [164].

The SiPM breakdown voltage varies as a function of temperature; for the S13 series, this is
54 mVK~! [97]. To deal with this, a special readout board, utilising an LM94021 temperature sensor
[165] to measure the temperature, was used. A power supply designed by H. Baba [166] was used
to read the temperature sensor and supply a temperature-corrected bias voltage. For these tests, the
bias voltage was set to 57 V. This power supply will be referred to as Baba-san’s power supply. The
schematic for the biasing and readout can be seen in Figure 7.5. The bias voltage is passed through an
RC filter to suppress high-frequency noise before applying the voltage to the cathode of the SiPM. The
anodes of the SiPM are connected together and then fed into an inverting amplifier circuit utilising
the AD8001 operational amplifier [167]. The values of Rp, Rr, R, and Ry determine the gain of the
circuit; these were selected to give a gain of 3. The output of the operational amplifier circuit was
connected to a coaxial connector, which was then connected to the DAQ electronics via a coaxial

cable.
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Fig. 7.5 Circuit diagram for the readout board for the SiPM. P; refers to the individual pixels of the
SiPM.

Signal processing was performed using a CAEN V2745B digitiser [157]. The unit operated
on DPP-QDC firmware utilising a digital CFD for timing, with data acquisition managed through
the CAEN CoMPASS software [104]. The resulting datasets included the integrated charge (ADC
channel), CFD-derived timestamps, and trigger channel IDs, which were recorded in the ROOT file

format [140] for subsequent analysis.

7.2.2 Crystal Energy Resolution

The energy resolution was characterised using '3’Cs, ®°Co, and #Y calibration sources. The raw
ADC values from the digitiser were used to construct a histogram, where the full-energy peaks were
fitted with a Gaussian function plus a linear background; the Gaussian mean parameter was used as
the peak position. The peak positions were calibrated to the gamma-ray energies using a quadratic
function to account for non-linearities.

The calibrated spectra were fitted using the same function. The Gaussian ¢ parameter was used

to determine the energy resolution according to

2.355¢

Y

Res. = (7.2)

where Ey is the energy of the gamma-ray.
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Fig. 7.6 Definitions of different configurations used for testing the energy resolutions of the crystals.
(a) shows the definition of different sides 1 and 2 for a detector. The choice of the labelling is arbitrary.
(b) shows the definition of top and side illumination. The red dot shows the source location.

The energy resolution was measured in multiple configurations. The SiPMs were placed on both
of the small sides of the crystal to check for differences in performance; these configurations can be
seen in Figure 7.6a. Secondly, the crystals were illuminated from the top or the side, Figure 7.6b.
[luminating from the side gives an overview of the whole crystal, allowing for the observation of the
uniformity. The top illumination provides a performance of a small part of the crystal, allowing for
the optimum performance.

The systematic uncertainty in the measurement is primarily due to the peak fitting. To estimate
this uncertainty, the peak fitting method was varied in different ways, including: fitting only the
peak region with no background, fitting a much larger range of the background and changing the
background to a quadratic function. This is shown in Figure 7.7. The energy resolution was determined
for each of these cases, and the largest percentage deviation was taken as the relative systematic
error. This was repeated for three cases: Kinheng 1, CETC 1, and Epic 1, and the largest systematic
uncertainties for the peaks were taken. The systematic uncertainties were determined to be 4 %, 8 %,
10 %, 8 % and 5 % for the 622, 898, 1173, 1333 and 1836 keV peaks, respectively.

Figure 7.8 shows the energy resolutions obtained from these studies. One of the most notable
observations is that the energy resolution of the crystals is very dependent on the side to which the

photosensor is mounted. This is likely due to a reduced transparency at one end of the crystals due to
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Effect of Different Fitting Conditions for Epic 1 Top Illlumination
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Fig. 7.7 Energy histogram from Epic 1 measurement with top illumination for the 1836 keV 3%Y peak.
The different fits used in determining the energy resolution and estimating the systematic uncertainty
are shown. Original shows the fit used for obtaining the resolution, Narrow Range shows just fitting
the region around the peak, Wide Range shows the effect of fitting too large a region, and Pol2 Bkg
shows the fit using a quadratic function as the background, as opposed to the linear background used
in the remaining cases.
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Fig. 7.8 Determined energy resolutions FWHM for different configurations. The top graph shows the
energy resolutions for all the tested gamma rays, whilst the lower graph isolates only the resolutions
at 662 keV. The labels S-i-S/T refer to Side-i-Side/Top, where side i is the side to which the SiPM is
attached and Side/Top refers to whether the illumination is from the side or the top.
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a higher concentration of impurities [168]. Additionally, it is observed that illuminating the top of the
crystal gives an improved energy resolution compared to illuminating from the side. This indicates
non-uniformities across the crystal, leading to peak broadening when illuminating the whole length of
the crystal. When mounted in the array, the crystals will be illuminated mainly from the front side
in real experiments, so this energy resolution can be taken as the HYPATIA energy resolution for
comparison with the benchmark. However, for high-energy gamma rays and add back events, the
non-uniformity will be important, and will need to be considered in the simulations used to analyse
the data.

Given the limit of < 6 % energy resolution, it can be seen that the two Japanese samples, samples 1
and 2, fail to achieve this benchmark. Both Kinheng and Epic performed exceptionally well, achieving
energy resolutions well below the benchmark number. CETC 1 failed to reach the benchmark. CETC 2
is not included here and will be discussed separately. The full-size samples, IBS 1-5, have some
variability, but it can be seen that IBS 3, 4, and 5 all achieved the benchmark resolution, whilst IBS 1
and 2 do not. IBS 3, 4, and 5 have worse energy resolution values than the smaller Epic samples

(Epic 1 and 2).

CETC2

Initial tests with CETC 2 found the energy resolution of the crystal was insufficient to resolve the
0Co lines. It was sent back to the company, where the crystal was tested and returned with a specular
reflector attached. The crystal was tested using the same method as the other crystals, except with the
specular reflector and only testing one side, as the reflector was already attached.

Figure 7.9 shows the spectra obtained from illuminating from the top and the side of the crystal.
As can be seen, top illumination produces well-separated peaks with a noticeable asymmetry towards
the high-energy side. Whilst illuminating the side of the crystal, the peaks are very broad and
non-Gaussian, with the Co peaks unresolved.

To understand this, a crystal scan was done using a 5 mm diameter tungsten collimator. A ®°Co
source was placed on one side of the collimator and directed to a specific point in the crystal on the
other side of the collimator. A DALI2 detector was placed on the ®°Co source side of the collimator;
the CETC 2 spectrum was produced using events that were in coincidence with the DALI2 detector to

reduce the background. A diagram of this setup can be seen in Figure 7.10.
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Sample CETC 2 Calibration Source Spectra for Different Configurations
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Fig. 7.9 Spectra from CETC 2 obtained with '3’Cs, °Co, 8Y sources, with sources placed at the
length of the crystal and at the top of the crystal. The spectra were normalised based on the counts at
662 keV.
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Fig. 7.10 Setup for collimator scan of the crystals. Left shows a picture of the setup, and right shows
a schematic of the setup from the side and from the top. The green line shows the cascade gamma
rays being measured in coincidence.
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CETC 2 Spectra at Different Collimator Positions
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Fig. 7.11 Plots obtained from the collimator scans. 0.0 cm is the top of the crystal, and 7.5 cm is the
side with the SiPM. (a) shows the spectra obtained at different collimator positions. Each spectrum
has been fitted with a double Gaussian plus a quadratic background. (b) shows the determined peak
positions of the %°Co peaks varying with the collimator position. (c) shows the resolution FWHM of
the ®*Co peaks varying with the collimator position.

In order to reduce effects due to drift over time, the detectors were calibrated before each
measurement. For the calibration, the GAGG was illuminated along its length with 137¢s, 90Co, and
88Y sources. Due to the non-Gaussian peak shape, the peak position was estimated by eye, and this
value was used for determining the calibration function. Due to this, a 10 keV systematic uncertainty
on the peak position is assumed.

Figure 7.11 shows the results from the collimator scan of CETC 2. As can be seen in Figure 7.11a,
a large drift in the peak position is seen across the crystal. From Figure 7.11b, it can be seen that a
drift equivalent to ~200 keV is observed across the crystal, explaining the poor performance of the

crystal when illuminated along the whole length of the crystal. The collimated energy resolution is
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Fig. 7.12 Diagram of time resolution measurement, and example time difference spectrum obtained
from the measurement. (a) shows a schematic diagram of the setup used for measuring the time
resolution of the GAGG detectors. (b) is the time difference between IBS 3 and the LaBrj; reference
detector. Ungated is for all events, and gated shows the histogram after the energy gates are applied.

comparable to the uncollimated energy resolutions of the other samples, further supporting that the
variable response along the crystal length is responsible for the asymmetric peak shape. This would
suggest that CETC may be capable of producing crystals that meet the specifications of the array if

the uniformity can be improved.

7.2.3 Time Resolution

The time resolution is a critical parameter for reducing the background in experiments. Therefore, the
timing performance was tested using the S13361-6050AE-04 [97] SiPM, and R11265U-20 [93] PMT.
A time reference is required to test the time resolution. For this, the cascade decay of a °Co source
was used, allowing for a prompt-coincidence measurement between the 1173 and 1333 keV gamma
rays in two separate detectors.

For these tests, a large volume LaBr3 detector with a PMT readout was used to provide a reference
time. The GAGG and LaBr; were placed in line with the ®°Co source in the centre, illuminating
the long sides of both detectors, as shown in Figure 7.12a. Data was collected for ~3 hours to
ensure sufficient statistics. The events were then correlated using the measured timestamps to build
coincidence events. To reduce time-walk effects, the data were gated on the 1333 keV in the LaBr3;

and 1173 keV gamma-ray in the GAGG. A histogram of the time difference between the two detectors
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gated on the energies was filled, and the histogram was then fitted with a Gaussian to obtain the
coincidence time resolution (CTR) FWHM. An example time difference distribution and fit is shown

in Figure 7.12b. The CTR reflects the convoluted timing response of both detectors.

Sample SiPM/ps  PMT/ps

1 3620(50)  3470(70)

2 3020(150) 2450(30)

Epic 1 1600(30)  1271(14)

Epic 2 1672(24)  1496(8)

Kinheng 1 | 1631(17) 1328(37)

Kinheng 2 | 1689(28) 1556(47)

CETC 1 1831(43)  1490(50)

CETC2 2300(50)  1648(70)
IBS 1 1840(30) -
IBS 2 1800(14) -
IBS 3 2220(30) -
IBS 4 2240(20) -
IBS 5 2140(10) -

Table 7.2 Coincidence time resolution (FWHM) of different samples measured in coincidence with a
large volume LaBrs; detector.

The CTR FWHM for the crystals can be seen in Table 7.2. From the table, it can be seen that
the Japanese samples (samples 1 and 2) have a very poor CTR, suggesting they would not meet the
specifications for the array. The Epic 1 and 2 performed nicely, with a similar performance to the
Kinheng samples. The CETC samples produced a slightly worse CTR in comparison to the other
smaller Japanese samples. Whilst IBS 1-5 had a worse time resolution than the shorter Epic samples
(Epic 1 and 2).

Further improvements in the CTR may be possible by using a faster reference detector and
optimising the CFD parameters and detector bias. In addition, using a faster digitiser, illuminating the
smaller face, and an improved readout circuit may produce an improved time resolution. This will be

explored later in this chapter.

7.2.4 Crystal Summary and Conclusions

For the 25x25x75 mm?® samples, Epic and Kinheng provide an energy resolution equivalent to or
better than the required energy resolution, alongside having the best measured CTR, suggesting Epic

or Kinheng would be the best manufacturers for use in HYPATIA. However, for the 25 x25x 100 mm?
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Fig. 7.13 GAGG encapsulated in the plastic housing with the feed-through PCB shown.

Epic crystals (IBS), there is some variance in performance and a small degradation in comparison to
the smaller samples, but they still provide energy resolutions that meet the array’s specifications. The
Japanese samples (1 and 2) provide reasonable energy resolutions, but the time resolution is almost
double that of the other samples, suggesting they are incompatible with the desired array performance.
Finally, CETC 1 fails to reach the <6 % limit, and CETC 2 has a large inhomogeneity across the
length of the crystal, suggesting that CETC-produced GAGG would need improved uniformity in

order to be suitable for the array.

7.3 First Generation GAGG Clusters

To test the crystals in in-beam experiments, two quad clusters were constructed. A 3D printed
polylactic acid housing was constructed to the same dimensions as a DALI2 detector [24]. The first
cluster was made using the two C&A crystals and CETC crystals, all mounted with the S13361-
6050AE-04 SiPMs [97], and the inverting operational amplifier readout board (Figure 7.5) with
the gain set to 3. The second cluster was made using the Epic and Kinheng crystals using S13361-
6050AE-04 [97] for all the crystals except Kinheng 2, which used the S13361-3050AE-08 [97]. The
power was supplied using a 16-channel power supply designed and built in-house by P. Schury [169].

The clusters were constructed to have the same cross-section as a DALI2+ detector, 6.6 x6.6 cm,
so the module could be easily mounted into the DALI2+ frame. The internal cross-section was
5.4x5.4 cm, leaving 0.4 cm for the PTFE wrapping. The housing has a length of 16.6 cm with a front
face thickness of 4.5 mm. A circular PCB was used as a feed-through to pass the bias voltages and

signal into and out of the housing. A picture of one of the completed modules is shown in Figure 7.13.
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Energy Resolution with Gamma-Ray Energy in the DALI Frame
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Fig. 7.14 Energy resolution of GAGG crystals mounted in the DALI2 frame using the DALI2 DAQ
with calibration sources.

7.3.1 '9Sn Experiment

The first test of these clusters was in the '°°Sn experiment, looking to measure the first 2% state of
100Sn. The two clusters were mounted in the DALI2+ [24, 84] frame in layer 8, to test the performance
of the GAGG clusters in realistic experimental conditions. The signals were processed using the same
DAQ electronics as the DALI2+ detectors, see Section 7.1.1.

Several problems were identified from this experiment. The power supply was found to be
unstable and caused unpredictable drifts in the peak position. Additionally, it was found that the
power supply software would crash unpredictably.

From Figure 7.14, it can be seen that many crystals had an energy resolution worse than previously
observed. This poor performance is likely a combination of many factors. The main factor is the
shaping amplifier used for DALI2, the CAEN N568B module. This shaping amplifier is designed for
use with preamplifier signals with a decay time of ~ 50 s, whereas the GAGG signals have a decay
time of O(1 us). This leads to a large undershoot of the shaped output, likely leading to degraded
performance.

Despite the many difficulties, many lessons were learnt from this experiment. Improvements were
made to the power supply to improve stability. Additionally, it was decided that a digitiser DAQ
system would be necessary for the HYPATIA array in order to have the optimal energy and timing

properties.
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Fig. 7.15 Setup for neutron measurement experiment. One cluster from the in-beam experiment makes
up the 22 cluster, and a single C&A [33] sample was tested. A EJ-200 [81] scintillator was used as
the start time. Right shows the schematic with the detector location and the digitiser channel of the
detector; the distances are not to scale. S2 refers to sample 2, SEi refers to sample Epic i, and SKi
refers to sample Kinheng i. Left shows a picture of the setup. Sample 2 is located in its own housing,
whilst the remaining GAGGs are in the 3D printed cluster.

7.3.2 Neutron Discrimination

Due to GAGG containing Gd, it has a large reaction cross-section for thermal neutron capture, such
that it is used successfully as a thermal neutron detector [170]. At the RIBF, typical neutron energies
range from 100-300 MeV, well above the thermal energy region. It is desirable to be able to detect
the RIBF energy neutrons for HYPATIA for reducing the background produced by the neutrons,
and possibly measuring the neutrons for particle spectroscopy. The response of HR-GAGG from
C&A [33] to high-energy neutrons has been reported once before at UC-Davis Crocker Nuclear
Laboratory [171]. Neutrons of energies between 1.9 MeV and 60.5 MeV were produced using the
"Be(p,n)’Li reaction. HR-GAGG was shown to be sensitive to neutrons at 60.5 MeV via pulse shape
discrimination (PSD) techniques, but no PSD sensitivity was seen at 1.9 MeV [171].

It was necessary to test the different crystals for neutron discrimination properties. To do this,
a 22Cf source was used. 2>2Cf undergoes spontaneous fission, emitting neutrons of mean kinetic
energy of 2.105(14) MeV [172].

Figure 7.15 shows a picture of the setup used and a schematic diagram of the setup. The GAGG
detectors were powered by P. Schury’s power supply [169]. The Epic and Kinheng cluster from the
1008 experiment was used, and Sample 2 on its own. The signals were sent to a CAEN N6730

digitiser [173], and processed with the charge integration firmware, saving the waveform data of
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TOF with ADC Channel for Sample 2 with Particle Cuts
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Fig. 7.16 Time difference between Sample 2 and the EJ-200 [81] start detector with the energy
deposited in Sample 2. Two bands can be seen corresponding to the fast gamma rays and the slow
neutrons. The gates used for gating on gamma-ray and neutron events are shown.

the detectors [104]. A start time was generated from a prompt gamma ray emitted after the fission,
interacting in the EJ-200, and the TOF was measured by the GAGG detectors.

Since the neutrons travel slower than gamma rays, by taking the time difference between the
EJ-200 and one of the GAGGs, the neutron events can be separated from the gamma-ray events.
Figure 7.16 shows the correlation between the TOF and the energy measured with sample 2, where
two gates are plotted for gamma rays and neutrons. As can be seen, neutrons at these energies were
detected by the GAGG detectors and could be identified via TOF separation.

Additionally, the crystals were tested for PSD ability, using the pulses saved by the digitiser. The
TOF gates were used to select data from gamma rays and neutrons. To analyse the pulse shape, firstly,

the pulses were aligned by fitting the start of the pulse with

ao <t
fo)= (7.3)
bo+bit t>1

where f(t) is the fit function of the start of the waveform, and a¢ and b; are the fit parameters, and 7

is the start time of the signal, which is set as

m:%;% (7.4)
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Fig. 7.17 Plots showing the waveform analysis for Sample 2 for neutron and gamma ray gates. (a)
shows a histogram of normalised waveforms for sample 2 after gating on neutron events from the
TOF. The histogram is filled with each sample from each waveform after normalisation and time
alignment. (b) shows a graph of the average of the normalised waveforms gated on the TOF. The inset
shows a zoomed-in view showing the point of difference in the two curves. (c) shows the normalised
histograms of the 10 % to 90 % rise time for the neutron and gamma TOF gates.
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Diagram of PSD Gates
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Fig. 7.18 Schematic diagram showing the PSD gates used for discriminating gamma rays and neutrons.
g1 integrates the start of the signal, g, integrates the tail of the signal, and g3 integrates the full signal.

to keep the fit continuous. The signals are baseline corrected, normalised, and aligned so they all start

at 200 ns using
’gmin - a0|

&norm (f — 70 +200 ns) =
where g(f) is the waveform, gnorm(¢') is the normalised waveform, and g, is the minimum ADC
value of the waveform. To account for noise, a moving average window was used to smooth the
waveform and g, was taken as the minimum value of the smoothed waveform. The normalised
waveforms were then filled into a 2D histogram; such a histogram can be seen in Figure 7.17a.
The TProfile class from ROOT [140] was used to create an averaged waveform graph from the 2D
histograms. The averaged waveforms for the gamma and neutron gates can be seen in Figure 7.17b.
It appears that the neutron-gated waveform has a longer rise time than the gamma-gated waveform.
This is supported by the 10 % to 90 % rise times shown in Figure 7.17c, where the neutrons have a
tail into the longer rise time region.

To test the sensitivity, a simple PSD method was used. Three gates were integrated on the signal

t/

gi= Y, g0 (7.6)
t=190 ns
7000 ns
ga= Y, g (7.7)
t=t'
7000 ns
ga= Y g (7.8)
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where ¢’ is a selected gate length, and g; are the integrated values from the gates. A schematic diagram
of this is shown in Figure 7.18. ¢’ values from 300-1200 ns were tested. The g; values for neutrons
and gamma events were filled into two separate histograms, and then the histograms were normalised
using their integrals.

The typical test value for neutron discrimination from the PSD is the figure of merit, FOM, defined

as
Hy — Un
FWHM, + FWHM,

FOM = (7.9)

where L1, is the peak of particle x; and FWHM, is the FWHM of the peak of particle x [174]. To
have a good separation between neutrons and gammas, an FOM > 1.27 is required [175]. Due to the
asymmetry of the peaks, they were fitted using the function

—)?
mosp (~E2) s

fx) = ! (7.10)
poexp (~ ) x> p
>
where pg is the amplitude of the function, p is the peak position, and o7 > are the ¢ values on the
low PSD and high PSD sides, respectively. The FWHM was calculated according to FWHM =
2.355(01 +02)/2.

Figure 7.19a shows the PSD = g; /g3 distributions for neutron and gamma events for different
gate lengths. Some difference is observed for the shorter gates; for the longer gates, the difference
gets smaller. The neutron peak appears at a lower PSD than the gamma PSD peak, suggesting the rise
time of the gamma events is faster than the neutron events, consistent with Figure 7.17b. Figure 7.19b
shows the FOMs obtained from the fits to the distributions; a small FOM is observed for Sample 2, but
it is well below the required value of 1.27. The FOMs obtained for the other samples are consistent
with zero. Figure 7.19¢ shows the FOM obtained by using PSD = g,/g3. None of the detectors had
any noticeable pulse shape difference in the tail of the signal.

From this, it can be concluded that for neutron energies of 2>2Cf, neutrons can be detected by
GAGG. PSD methods show a small difference between the neutron and gamma response in sample 2,
but the FOM is too small for the two peaks to be resolved from each other. No sensitivity is observed
in the other samples, suggesting differences in the Ga:Al ratio [38, 85] may be responsible for the
pulse shape sensitivity to neutrons. Sensitivity is not observed when gating on the tail of the signal.

Not being able to resolve neutrons from gamma rays in this energy region is consistent with previous



7.3 First Generation GAGG Clusters | 157

91/93 PSD Distributions for Sample 2

—=— neutron 300 ns
—e— gamma 300 ns
—a— neutron 400 ns
—e— gamma 400 ns
neutron 500 ns
gamma 500 ns
neutron 600 ns
gamma 600 ns
—=— neutron 700 ns
—e— gamma 700 ns
neutron 800 ns
gamma 800 ns
—=— neutron 900 ns
—e— gamma 900 ns
neutron 1000 ns
gamma 1000 ns
neutron 1100 ns
gamma 1100 ns
—a— neutron 1200 ns
—e— gamma 1200 ns

o
N ©
g W

O
N

Normalized Counts
=
H
ol

o
=

O
o
a1

0 0.050.10.150.20.250.30.350.40.450.5
PSD
(a)

FOM Varying with PSD Gate for gl/g3 FOM Varying with PSD Gate for gZ/g3

0.15 Sample 2 >
—+— Sample Epic 1 (@) 012

—— Sample Epic 2 LL
—+— Sample Kinheng 2 0 1
Sample Kinheng 1 0 08

Sample 2
—+— Sample Epic 1
—+— Sample Epic 2
—+— Sample Kinheng 2
Sample Kinheng 1

R

L P L T L L T S T S Bt
400 600 860 10b0 12‘00 400 600 800 1000 1200
Gate End Time (ns) Gate Start Time (ns)

(b) (©)

BENEE 0

o
o
a
AR AL
- - o- -
o
D
R A R I L ey RN

Fig. 7.19 PSD discrimination plots and the corresponding FOM values. (a) shows the PSD peaks for
neutron and gamma events for different short gate end points. Using PSD = g; /g3. The fits used to
obtain the FOM values are also shown. (b) shows the FOM values obtained for the PSD = g; /g3 for
different gate lengths. (c) shows the FOM values obtained for the PSD = g, /g3 for different gate
lengths.
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Fig. 7.20 (a) shows the level scheme for the 0.6, and 1.7 MeV resonances in the 12C(p7 7)3N reaction.
Data taken from [60]. (b) shows the level scheme for the 0.992 MeV resonance in the 27Al(p7 y)ZSSi
reaction. The level scheme has been simplified to only show the decay paths relevant to this analysis.
The energies are shown in units of keV. Data taken from [178].

measurements [171]. Neutron PSD sensitivity was observed in GAGG at higher neutron energies
[171]. This needs to be tested in the future, possibly using spallation sources [176]. The ability to
discriminate the neutrons via TOF will be useful in experiments to reduce the background. Further
experiments will be necessary to understand the effect of the chemical structure and neutron energy

on the pulse shape response of GAGG to neutrons.

7.3.3 10 MeV Gamma-ray Response

Due to SiPMs’ non-linear response, it is necessary to test their performance in detecting high-energy
gamma rays. In order to measure 5 MeV rest frame energy gamma rays, it is necessary to have a
dynamic range at least up to 10 MeV. Typical lab sources do not reach high enough energies to test in
this region, and more exotic sources, such as AmBe, only reach 4.5 MeV [177].

To evaluate the detectors’ performance at high energies, (p,y) reactions were employed. Two
resonances in '2C 4 p were populated: one at ~ 1.7 MeV and the second at ~ 0.6 MeV [179],
producing 2.37, and 3.5 MeV gamma rays; the level scheme is shown in Figure 7.20a. Secondly, the
992 keV resonance in 2’ Al(p, 7)?8Si was used to produce a 10.8 MeV gamma ray [178]. Figure 7.20b

shows the level scheme for this reaction.
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Fig. 7.21 Schematic diagram of the RIKEN Pelletron accelerator facility. The H™ ions are produced
in the SNICS (Source of Negative lons by Caesium Sputtering) [180] ion-source, which are then
accelerated by the tandem accelerator, leaving the ions as H™, which are then directed to the desired
beam line using the switching magnet. Reproduced from [181].

A proton beam was provided by the RIKEN Pelletron facility, the schematic of which is presented
in Figure 7.21. The process begins with a Caesium sputtering ion-source [180] generating H™ ions.
The H™ ions are subsequently accelerated using a tandem accelerator [182], then a charge stripper
removes electrons, producing H*, which are then accelerated further. The charge state conversion
allows for the ion to be accelerated twice by the same terminal. The H" ions are then bent using a
dipole switching magnet onto the desired beam line [181]. For this experiment, the BL-W15 beam
line was used. The beam position was determined using a fluorescent screen before the target chamber,

and the current supplied to the switching magnet was adjusted to centre the beam on the target.

Experimental Setup

The two clusters used in the first in-beam experiment were placed on either side of the beam line.
A picture of the setup can be seen in Figure 7.22a. The GAGG clusters were centred on the target
position and surrounded with DALI2 Nal(TI) detectors for Compton suppression. A mapping of the
detectors can be seen in Figure 7.22b.

The GAGG detectors were biased using P. Schury’s power supply. Whilst the Nal detectors
were biased using a CAEN power supply [136]. Several different SiPM voltage sets were tested,
summarised in Table 7.3. The signals were processed using a CAEN V2745B digitiser [157] using
the PSD firmware using an LED [104].

Table 7.4 shows the runs of the experiment. The proton beam was 1.7 MeV. A thick carbon target

was used to fully stop the beam. Due to energy loss inside the target runs, both 1.7 MeV and 0.6 MeV
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Fig. 7.22 Setup for the experiment. (a) shows a picture of the detectors surrounding the beam pipe.
Beam direction is left to right. (b) shows the setup diagram. The grey detectors are the DALI2
detectors, and the GAGG detectors are shown in yellow. Left and right are defined with respect to the
beam direction.
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Bias Voltage/V
Sample Name | DAQ Channel | Bias Channel | Vy V) \%) Vs V4 Vs
Sample 1 0 0 56.5 57 56.5 57.5 585 555
CETC 1 1 1 553 57 553 563 573 543
Sample 2 2 2 56.5 57 56.5 57.5 585 555
CETC 2 3 3 563 57 563 573 583 553
Epic 1 4 4 56.5 57 56.5 57.5 585 555
Kinheng 1 5 5 56.5 57 56.5 57.5 585 555
Epic 2 6 6 56.3 57 563 573 583 553
Kinheng 2 7 7 55 57 57 58 59 56

Table 7.3 Different bias voltages used to power the SiPMs for the different GAGG samples. V; are the
labels for the different voltage conditions used in the experiment.

Run Name VIKV | Ep/keV | T Description
run_Cs_210824_1 - - - Cs Calibration V>
run_Y_ 210824 1 - - - Y Calibration V;
run_Co_210824 1 - - - Co Calibration V;

run_bkg_210824_1 - - - | background run V,
run_Y_220824 1 - - - Y calibration V,
run_Cs_220824_1 - - - Cs calibration V;

run_C_beam_220824_1-4 864 1690 C Carbon run V;
run_C_beam_220824_5-6 864 1690 C Carbon run V3
run_C_beam_220824 7 864 1690 C Carbon run Vy
run_C_beam_220824_8 864 1690 C Carbon run Vs
run_Al_2_beam_220824_1-9 | 544 1050 | Al Al run V;

run_Y_220824_2
run_Cs_220824 3
run_Co_220824_2
run_bkg_220824_1

Y calibration V,

Cs calibration V,

Co calibration V,
Background run V;

Table 7.4 List of experimental runs and a description of the conditions used. V shows the voltage
of the tandem terminal, E,, shows the estimated proton energy, and T shows the target used. See

Table 7.3 for the bias voltage information.

resonances were populated. For the carbon target, the SiPM bias voltage was varied to observe the

effect of bias voltage on the non-linearity. Finally, a thick Al target was used to produce the 10.8 MeV

gamma ray via the 992 keV resonance. Only one SiPM bias voltage (V,) was used, as increasing the

bias would have saturated the digitiser’s dynamic range.
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Fig. 7.23 Varying the time window to find the optimal gate length. Al spectrum for Epic 1, varying
the event building time window, with Compton suppression. The 10.8 MeV peak and its two escape
peaks are visible.

Analysis

The DAQ saved the data as single-channel events. The first step was to correlate the data into multi-
channel events. This was done by timestamp merging. The analysis started with the channel with
the lowest timestamp fo; if any of the channels fell into the window #y + At, then the channels were
correlated, where At is the time window. To determine the optimal time window length, the time
window in the Al runs was varied to see which gave the optimal Compton suppression properties. The
Compton suppression was performed by rejecting events if any other detector was triggered within
the time window.

Figure 7.23 shows the spectrum for Epic 1 varying with the time window. As can be seen, time
windows < 20 ns produce little reduction in the background, the time windows 30 ns and 40 ns
produce a reduction in the background without reducing the peak height. Time windows greater than
> 50 ns reduce the background, but also reduce the peak height. It was decided that a time window of
30 ns would be used.

For the Al data, the GAGG detectors were calibrated with the equation

ADC(E) = po + p1exp(p2E) (7.11)
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Energy Calibration of Detectors for the Al Data
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Fig. 7.24 Calibration of Al target runs using 8, 137Cs, ®°Co, and ?8Si lines. Including single and
double escape peaks for the 10.8 MeV gamma ray.

where ADC(E) is the ADC channel value of the full-energy peak, E is the gamma-ray energy, and p;
are the calibration parameters obtained from the fit. This equation was chosen to reflect the expected
saturation curve of the SiPM [98]. The ADC channel values were determined using a Gaussian plus
quadratic fit, and taking the y parameter of the Gaussian. For the calibration the '¥’Cs, °Co, 8Y
sources were used alongside the 2.8 MeV and 10.8 MeV plus its escape peaks from the Al data. The
same procedure was followed for the Nal detectors using a quadratic calibration function. The carbon
target was treated differently and will be discussed later.

Figure 7.24 shows the calibration of the detectors. For channel 7, the detector saturated before
10 MeV; as such, it was only calibrated up to 2.8 MeV. The calibrated spectra were then fitted using a
Gaussian plus quadratic background to obtain the energy resolution of the full-energy peaks.

For the carbon measurements, the DALI detectors were calibrated using the 137¢Cs, 88y, and ®°Co
runs before the experiment and the 2.4 and 3.5 MeV gamma rays from the carbon target. The peaks
were fitted using the same method as used for the Al data. A quadratic calibration function was used
to calibrate the Nal detectors, as shown in Figure 7.25a.

Due to the voltage changes during the carbon runs, the GAGG detectors were calibrated using
the in-beam data only. Figure 7.25b shows the calibrated spectrum from the carbon target run with a
DALI detector. In the spectrum, the peaks from 13N, 2.4, and 3.5 MeV are observed. Additionally, two
gamma rays are seen at 437(1) keV, and 1629(3) keV, likely from proton reactions on surrounding

material. Using the gamma rays from the carbon data, the GAGG detectors could be calibrated at
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Calibration of Ch23 a Nal Detector
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Fig. 7.25 Plots showing the calibration of DALI detectors. (a) shows the carbon calibration for Ch23,
a Nal detector, using the calibration sources and in-beam data. (b) shows the calibrated spectrum from
Ch23, a DALI2 detector, for the carbon runs. Can see a 511 keV from pair production, and the 2.4,
and 3.5 MeV gamma rays from '*N [60]. In addition, two unknown gamma rays are seen at 437 keV
and 1629 keV.
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Fig. 7.26 Determined energy resolutions for the different samples using the bias voltage V,>. With the
data from the Aluminium target runs and calibration runs after the beam time. The trends are fitted
with the po + p1 EP? function.

different voltages using a quadratic function. This allows for the extraction of the estimated saturation

voltage using the maximum value of the quadratic calibrations according to ET{’Z'.

Results

Figure 7.26 shows the energy resolutions determined for the full-energy peaks in the Al target run
and the calibration runs during the beam time. First, the detectors achieved worse energy resolutions
for this experiment than in the lab tests. This can be seen in Kinheng 1, which goes from 5.14(4) %
at 57 V with Baba-san’s power supply to 6.95(5) % at 56.5 V with P. Schury’s power supply [169].

This degradation is likely due to the identified issues with P. Schury’s power supply, the lower bias
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Sample | Energy Resolution/%
Sample 1 1.4(1)

Epic 1 1.5(1)
Kinheng 1 1.4(1)

Epic 2 1.7(2)
Nal ch23 1.5(1)

Table 7.5 Energy resolution of the 10.8 MeV full-energy peak for the Al runs. Only detectors that
resolved the 10.8 MeV peak are included.

voltage, and noise from the accelerator electronics. Some points are missing for different detectors.
For CETC 1, 2, and Sample 2, the 10.8 MeV peak was not resolved from the escape peak. Whereas
for Kinheng 2, this was due to the detector saturating the DAQ before the 10.8 MeV peak. CETC 2
exhibits strange behaviour due to the inhomogeneity along the length of the crystal, as discussed
previously. The DALI detector connected to channel 23 was selected as a reference due to its superior
energy resolution. It should be noted that this detector has an exceptionally good energy resolution
and is not representative of the average DALI detector performance.

Table 7.5 shows the energy resolution of the 10.8 MeV peak. As can be seen, the GAGG achieves
a similar resolution at 10.8 MeV to the DALI detector. This is likely due to several issues, namely the
non-linearity of the SiPM, and the worse energy resolution due to the power supply and the noisy
environment. However, this is consistent with the value used in the simulations of 1.4 %. Despite
this, it has been confirmed that measuring 10 MeV gamma rays is possible with GAGG scintillators
coupled with SiPM readout, and that the full-energy peak can be separated from its escape peaks.
Additionally, several possibilities exist for improving upon the measured energy resolution.

Figure 7.27 shows the quadratic saturation coefficient varying with the voltage over breakdown.
The main sources of uncertainty of the over-voltage come from the variation in breakdown voltage
between the different pixels of the different SiPMs. 3 V over-voltage is recommended by Hamamatsu
[96, 97]; however, this voltage leads to a poor energy resolution, so higher over-voltages were used.
From Figure 7.27, a clear dependence on the non-linearity of the detector is observed with increasing
bias. It can be seen that the calibration saturates at less than 10 MeV above 6 V overvoltage.

The experiment successfully confirmed that GAGG scintillators coupled to SiPM photosensors
can measure 10 MeV gamma rays corresponding to the desired range of 5 MeV for a 5 MeV gamma
ray emitted from a nucleus with B = 0.6. In addition, the intrinsic resolution is good enough such

that the Doppler-corrected energy resolution at 5 MeV will be dominated by the velocity and angular
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Determined Saturation Energy for the Carbon Data Calibrations
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Fig. 7.27 Saturation energy of the quadratic calibration varying with overvoltage from the carbon target
data. CETC 1 and 2 are not included due to poor performance. The samples are labelled with the type
of SiPM used 4 x4 indicates the S13361-6050AE-04 [97], and 8 x 8 indicates the S13361-3050AE-08
[96]. A dashed line indicates the +3 V recommended by Hamamatsu [96, 97].

uncertainties. Finally, the non-linearity strongly depends on the voltage over breakdown, suggesting

that up to a 6 V overvoltage will be appropriate for in-beam conditions at 8 ~ 0.6.

7.4 Second Generation GAGG Clusters

All previous measurements were done with S13 generation Hamamatsu SiPMs [96, 97]. However,
Hamamatsu has a newer generation of S14 SiPMs [92]. Figure 7.28 shows the quantum efficiency
of the S14 SiPM compared to the S13 SiPM overlaid with the GAGG emission spectrum. An
improvement in quantum efficiency is present between the two models. An improvement in energy
resolution was expected from the S14 compared to the S13. Therefore, it was decided to develop new
PCBs to test the suitability of the 4x4 S14161-6050HS-04 SiPM for use in the HYPATIA array [92].

The S14161-6050HS-04 has no connector mounted, so a PCB was designed to connect the copper
pads for the cathodes and anodes of SiPM pixels and take them to a usable connector. Additionally,
a TMP36 temperature sensor [183] was placed on the board alongside a 10 nF buffer capacitor. A
rendering of the design can be seen in Figure 7.29. The boards were printed by an outside company

and assembled internally using reflow soldering. The soldered board can be seen in Figure 7.29b.



7.4 Second Generation GAGG Clusters | 167

Quantum Efficiency of Different Photosensors Overlaid with the Emission Spectrum for GAGG
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Fig. 7.28 Comparison of S133161-6050, and S144161-6050 SiPM quantum efficiencies data taken
from [97, 92]. The GAGG emission spectrum, taken from [38], is overlaid on top. As can be seen, a

small improvement in quantum efficiency is observed.
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Fig. 7.29 S14161-6050HS-04 SiPM PCB. (a) shows a rendering of the SiPM PCB for S14161-6050HS-
04 with labels of the elements of the PCB. (b) shows the SiPM soldered on the board alongside the

other components.

Fig. 7.30 Circuit diagram of simple readout board alongside pictures of the assembled PCB for the

circuit shown in Figure 7.5.
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Fig. 7.31 Circuit diagrams used to test different possible circuit diagrams, looking to reduce the effect
of the larger capacitance of the S14 SiPMs. (a) shows the circuit with the capacitively coupled fast
output, and (b) shows the sum-amplifier circuit.

To read out the board, two different readout boards were made. The first design mirrored the
readout board used for the S13 SiPMs. The circuit diagram is the same as Figure 7.5, and the
assembled PCB can be seen in Figure 7.30. A lower gain was necessary to avoid the previous issues
with saturating the DAQ); therefore, the resistors were tuned to produce a gain of 1 [167].

One downside of the S14161-6050HS-04 is the higher capacitance in comparison to the S13361-
6050AE-04, with the S14 having a capacitance of 2 nF whilst the S13 has a capacitance of 1.3 nF [97,
92]. This extra capacitance increases the decay and rise times of the signals, leading to worse time
resolutions.

To identify potential areas for optimisation, various readout configurations were modelled using
LTspice [184]. The SiPM pixel simulation was based on the equivalent circuit described in [185]. The
values used in the simulation were rough approximations. Therefore, the simulations only provide
qualitative comparisons between the different readout schemes. The response was evaluated by
simulating a single microcell breakdown using a pulsed current source.

Three different circuits were simulated; the first was the simple readout shown in Figure 7.5 as
a reference case, which was simulated with both 16 pixels and one pixel. The second is shown in
Figure 7.31a, which uses a second capacitively coupled output to provide a fast signal for timing
purposes, and the standard slow signal for energy determination. The third is shown in Figure 7.31b,
which uses a sum-amplifier configuration allowing for each pixel to be grounded independently,

reducing the effective capacitance.
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Simulated Responses for Different SiPM Circuits

1.00- —— Single Pixel

0.75- Fast Output 4x4

0.501 —— Inverting Amplifier 4x4
—— Sum Amplifier 4x4

0.251

0.00+
—0.251
—0.50+
—0.751
—1.001

Normalised Voltage

0.02 0.04 0.06 0.08 0.10
Time (us)

Fig. 7.32 Simulated response of the different readout circuits. Single pixel shows the response of a
single pixel passed through an inverting operational amplifier. Fast output 4 x4 shows the response
of the circuit shown in Figure 7.31a. Inverting amplifier shows the response of 16 pixels connected
in parallel with an inverting operational amplifier. Sum amplifier 4 x4 shows the response of the
circuit shown in Figure 7.31b. The responses have been baseline corrected and normalised to make
the comparison easier.

Figure 7.32 shows a comparison of the simulated response for different readout circuits. The
single pixel shows the response with one pixel, and the inverting amplifier 4 x4 shows the response
with 16 pixels connected in parallel to an inverting amplifier, as can be seen, the additional capacitance
leads to significantly longer signals. Using the fast output configuration, a fast signal can be recovered
for timing. The sum-amplifier configuration with 16 pixels almost recovers the response of a single
pixel, due to the grounding resistors for the individual pixels.

It was decided that the sum-amplifier configuration would be pursued. The main reason is that
using the fast-output configuration would require two DAQ channels per SiPM, which would increase
the cost of the HYPATIA DAQ. In addition, having two signals per channel would introduce additional
complexity, requiring a specialised algorithm to combine the fast and slow outputs into an energy and
time measurement.

Figures 7.33a, and 7.33b show the constructed PCB for the sum-amplifier configuration. In order
to fit the extra resistors into the 25x25 mm? board, smaller surface-mount connectors were used.
In addition, a potentiometer between the positive input of the operational amplifier and ground was

added to perform baseline offset corrections. The initial design used the component values shown in
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(a) (b)

Fig. 7.33 Constructed readout board PCB with the sum-amplifier configuration. (a) shows the bottom
of the PCB, and (b) shows the top of the PCB. (c) shows the oscilloscope output of the initial values,
showing the oscillations.

Figure 7.31b, this led to oscillations on the output shown in Figure 7.33c. To remedy this, several
different resistor values were tested, finally deciding on the feedback resistor being 1 kQ, and the
drop-down resistor being 20 Q. These values were chosen as they produced a fast signal and would

allow for the measurement of 10 MeV gamma rays, estimated from the amplitude of the °Co lines.

7.4.1 Board Comparison

In order to determine if the board was suitable for the HYPATIA array, its performance needed to be
tested in comparison to other methods. For this, CETC 1 was used, mounting the photosensors to side
1, illuminating the crystals from the top. Two different readout boards, the simple sum of the pixels
and the sum-amplifier configuration, were coupled to S14 SiPMs. The S14 SiPMs were biased to
42V, and 6.0 us and 1.0 us integration gates were used for the simple readout and the sum-amplifier
readout, respectively. In addition, the CTR was measured using the same method as in Section 7.2.
Except that the small face was illuminated instead of the full length of the crystal.

Figure 7.34 shows the results of the energy resolution analysis. As can be seen, the S14 appears to
provide an improvement in the energy resolution in comparison to the S13, which is attributed to the
higher quantum efficiency. The simple readout board achieves the same or similar energy resolution
compared to the sum-amplifier readout board. No significant improvement in energy resolution is
achieved from the faster signal.

Table 7.6 shows the time resolutions obtained using the method from Section 7.2. As can be seen,
the time resolution is improved by using the sum-amplifier readout board in comparison to the simple
readout board. However, the measurement is limited by the large time resolution of the reference

detector.
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HR-GAGG FWHM Energy Resolution for Different Cofigurations
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Fig. 7.34 CETC 1 for top illumination energy resolution for different photosensor readouts. The S13
data is repeated from Section 7.2, in comparison to the S14 with simple readout and sum-amplifier
readout. The errors are determined using the method from Section 7.2.

Configuration CTR/ps
S14 Simple Readout | 1640(20)
S14 Sum Amp. 1480(10)

Table 7.6 Coincidence time resolutions for CETC 1 taken with ®°Co source in coincidence with a
large volume LaBrs3.

7.4.2 Time Resolution Measurement

Due to the limitations in the previous time resolution measurements, it was decided to benchmark the
board performance using a fast reference detector. A cylindrical LaBr3 of dimensions 25x25 x25 mm?>
was mounted with an S14 SiPM [92] with the sum-amplifier board attached. The LaBr3 was biased
with a CAEN power supply [186]. CETC 1, CETC 2, Sample 1 and Sample 2 with the S14 plus the
sum-amplifier board were biased using P. Schury’s power supply [169]. The signals were processed
with a DT5730 digitiser [187] with a 500 MHz sampling rate, faster than the V2745B with 125 MHz

[157]. Two sources were used 2>Na and ®°Co.

LaBrs; GAGG

Fig. 7.35 Schematic diagram for the time resolution measurement. The left shows the LaBr3 detector,

and the right shows the GAGG detector. The source is shown in red, two sources were used: °°Co and
2’Na.
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Fig. 7.36 CTR optimisation with a >’Na source for CETC 1. (a) shows the optimisation of the CFD
delay with a bias voltage of 41 V. It appears that the CTR decreases with decreasing CFD delay,
but going below 16 ns caused issues with the trigger. A delay of 16 ns was used. (b) shows the
optimisation of the bias voltage for CETC 1; it was decided that a bias of 43.5 V was used.

CTR of Samples Varying with Gamma-Ray Energy Superpulses of Different Detectors
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Fig. 7.37 (a) shows the CTR values obtained for the different samples varying with the gamma ray
energy deposited in the GAGG detector. There is a large variation in the performance. (b) shows the
average waveforms for 662 keV gamma rays obtained using the same process used in the neutron
analysis.

The two detectors were measured in coincidence with gating on the energies. For *’Na, the
511 keV was gated in both detectors, whilst for 60Co, the 1173 keV was gated in one detector and
the 1333 keV in the other. The time difference between the energy-gated events was fitted with a
Gaussian to obtain the CTR FWHM.

The CFD parameters and bias voltages were optimised using a 2?Na source by measuring the CTR.
Figure 7.36a shows the CFD delay optimisation for CETC 1; a delay of 16 ns was used. The CFD
delay optimisation was repeated independently for all crystals. Figure 7.36b shows the optimisation
of the bias voltage for CETC 1; a value of 43.5 V was used for the samples.

Figure 7.37a shows the CTR of the different samples, varying with gamma-ray energy in the
GAGG detector. CETC 1 achieves a CTR of 560(8) ps for the 1.3 MeV gamma ray. However, the

other samples display a large variance in the CTR. This was explored using the super pulse method
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Time Resolution of GAGG Samples with Gamma-Ray Energy
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Fig. 7.38 Time resolution after subtraction for the GAGG samples. Due to the fast reference detector,
the difference between the CTR and individual resolutions is small.

used in the neutron analysis. Figure 7.37b shows the averaged waveforms of the different samples. It
is clear that the detectors with larger time resolutions have longer rise times.
The determination of the GAGG resolution was done by assuming the CTR time resolution was

given by

ATerr = /AT e, +AT3 64 (7.12)

where AT 4pr, is the time resolution of the LaBr3, and ATgagg is the time resolution of the GAGG.
The ATy .p;, Was assumed to take values of 300(50) ps at 511 keV, and 200(50) ps for the °Co energies
based on previous measurements with this detector [188]. Figure 7.38 shows the time resolutions after
the subtraction of the LaBrs component. CETC 1 achieves a time resolution of 520(20) ps at 1.3 MeV.

The measured time resolution here is a large improvement on the previously measured values.
This is ascribed to the faster reference detector and the faster digitiser used in the measurement. The
achieved time resolution of 520(20) ps is well within the time resolution required for the HYPATIA
array. There is a large variance between the different crystals, indicating that strict acceptance criteria

will be necessary for the array.

7.4.3 Cluster Design and In-Beam Performance

Four prototype clusters were constructed using the S14 SiPMs with the sum-amplifier readout board.
These used the same housing design as in Section 7.3, except the 100 mm crystal clusters used a
25 mm longer housing than the 75 mm crystal clusters. Table 7.7 summarises the crystals used in each

cluster. Three new crystals were used that had not been discussed previously: Johannes, Zoltan, and



174 | Technical Development for Future Scintillator Arrays

Cluster | Feed-through | Sample
RIKEN 1 1 Kinheng 1
2 Kinheng 2
3 Epic 1
4 Epic 2
RIKEN 2 1 CETC 1
2 CETC 2
3 Sample 1
4 Sample 2
Korean 1 IBS 1
2 IBS 2
3 IBS 3
4 IBS 4
Hungarian 1 Johannes
2 Zoltan
3 Gabol
4 IBS 5

Table 7.7 GAGG prototype clusters used for the experiment. Feed-through refers to the connectors
used to pass the HV and signal in and out of the housing.

Gabol. These were three 25x25x 100 mm® GAGG crystals from C&A. These clusters were mounted
into layer 8 of DALI2+ for an in-beam gamma-ray experiment looking at neutron-rich Ca isotopes.
These were connected to the standard DALI2 DAQ and biased to 42 V.

The PID analysis was done using the same method as in Chapter 4.3. The detectors were calibrated
by fitting the calibration source data with a quadratic calibration function for the GAGG detectors,
whilst the DALI detectors used a linear calibration function. The calibration was performed up

to 4.4 MeV using an AmBe source. The calibration for Kinheng 1 is shown in Figure 7.39. The
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Fig. 7.39 The left graph shows the calibration of Kinheng 1 for the in-beam gamma-ray experiment.
Whilst the right graph shows the determined energy resolution after calibration for Kinheng 1.
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calibration source peaks were then fitted after calibration to obtain the energy resolution, and this can
be seen in Figure 7.39. As can be seen, the energy resolution is worse than that with a digitiser. This
is ascribed to the DALI DAQ being poorly matched for the GAGG detectors.

Next, the in-beam data was Doppler corrected using the standard equation where the 6 was
determined from the detector’s position. The velocity was calculated using the Bp measurement from
F5-F7 and F8-F9 on an event-by-event basis. The Bp values calculated two velocities Brs7, and Brso.

The Doppler correction velocity is then calculated according to

_ Brs7 + Brso

P 2

+ Bosy (7.13)

where B is the velocity for the Doppler correction whilst 3,7 is an offset calculated using LISE++.
For the Doppler correction, B,¢f = —0.002 was used in the analysis.

The main purpose of the experiment was to perform Coulomb excitation measurements on neutron-
rich Ca isotopes. For this, several targets and beam settings were used. For the analysis of the detector
performance, only one case was analysed, where the spectrometers were centred on °*!Ca and a
5 mm C target was located at the DALI2 centre at the F8 focal plane. The 3!'Ca(C, X)’Ca channel
was examined due to its high statistics for the 2] — 0] transition. The analysis was gated on SlCain
BigRIPS and *°Ca in ZeroDegree, and the Doppler-corrected spectra were produced, separated by
detector group.

Figure 7.40 shows the spectra with add back of GAGG clusters 1 and 3 and one DALI detector
in layer 8, gated on the °'Ca(C, X)>°Ca channel. One peak is observed for the ZT — OT transition,
which has previously been observed to have a lifetime of T =96(3) ps [189]. Due to the long lifetime
and online Doppler correction, comparing the resolutions for this peak is not representative of the
detector performance. The peaks in the different detectors were fitted with a Gaussian plus a linear
background in order to obtain the peak height and energy resolution. The obtained values are: 57(6)
and 8.1(7) % for DALI-119, 88(8) and 6.3(5) % for cluster 1, and 92(7) and 7.4(5) % for cluster 3.
The peak height and energy resolution are clearly improved for the GAGG detectors compared to the

Nal detectors with a similar opening angle.
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Fig. 7.40 Doppler corrected spectra for events gated on the 3!Ca(C,X)>°Ca reaction channels for
HYPATIA and DALI2+ detectors. The 2 — 0] transition is fitted using a Gaussian plus a linear
background.

7.5 Conclusion

In order to access unobserved physics, detector developments are required. This is being pursued in
the HYPATIA project. To evaluate the expected performance of the array, Geant4 [74] simulations
were performed. The results of the simulations show an improvement in energy resolution and full-
energy peak efficiency in comparison to the current array, DALI2+ [24, 84]. In addition, preliminary
simulations suggest the array is capable of performing the first spectroscopy of "°Ni, providing a full
understanding of the N = 50 shell closure in the region of 78Ni.

Secondly, several HR-GAGG samples were tested for energy resolution using the S13 SiPMs
from Hamamatsu [97]. From these tests, energy resolutions of 5-6 % were achieved for the 1¥’Cs
peak for several samples. The best energy resolution was achieved by Kinheng 1, achieving 5.1(2) %
at 662 keV. However, degradation of the energy resolution is observed when illuminating the length
of the crystal as opposed to the smaller face, indicating some non-uniformity across the crystal.
In addition, a dependence on the face to which the SiPM is attached is observed, indicating some
non-uniformity in the crystals. This non-uniformity is most apparent in CETC 2, which shows a shift
of the full-energy peak position across the length of the crystal equivalent to ~ 200 keV. From these

results, it can be concluded that HR-GAGG is appropriate for use in the HYPATIA array, but careful
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tests of the crystals are required to verify the performance of the crystal and to optimise the readout of
the crystal.

The detectors were clustered into prototype modules, which were used in an in-beam experiment
at the RIBF. Several issues were identified, and steps have been taken to mitigate them. The same
modules were tested for their response to high-energy gamma rays produced via (p,y) reactions. The
detectors successfully observed a 10.8 MeV gamma ray, indicating they are capable of achieving the
desired dynamic range for HYPATIA. The modules were also tested for their response to neutrons
from a 232Cf source. From TOF analysis, a clear neutron band is observed in the GAGG detectors,
indicating their sensitivity to neutrons. Standard PSD methods were attempted for the detectors, but
no clear distinction was seen in the PSD between neutrons and gammas. Previous measurements have
shown an improvement in the PSD sensitivity for higher-energy neutrons [171]; future tests with the
detectors will allow for a better understanding of the GAGG neutron sensitivity.

The newer S14 generation Hamamatsu SiPMs were tested to see if the improvement in quantum
efficiency would provide an improvement over the S13 SiPMs [97, 92]. Due to the higher terminal
capacitance of the S14 SiPMs [97, 92], it was found that the timing performance was degraded
compared to the S13 when using the same readout method as the S13s. Therefore, a novel readout
board was designed, simulated and produced to reduce the impact of the S14’s higher capacitance.
The tests show an improvement in the energy resolution for the S14 compared to the S13 SiPM. In
addition, an improvement in the time resolution is seen when using a sum-amplifier readout compared
to a simple readout. Using the sum-amplifier board for the S13 SiPM may provide an even greater
improvement in time resolution, which will need to be tested. The time resolution of the board was
measured using a fast reference detector and a fast digitiser, measuring a value of 520(20) ps at
1.3 MeV, proving that GAGG is suitable for use in the HYPATIA array.

Finally, the S14 sum-amplifier board was used to construct four GAGG quad clusters, which
were placed into the DALI2 array. The clusters were used in a Coulomb excitation experiment of
neutron-rich Ca isotopes. The ! Ca(C, X)>°Ca reaction was analysed, and the GAGG clusters were
compared to a DALI2 crystal in the same layer of the array. From the analysis, GAGG detectors
provide a better energy resolution and efficiency in comparison to Nal, which indicates HR-GAGG

detectors are appropriate and ready for use in the HYPATIA array.






Chapter 8

Conclusion

8.1 Neutron Rich Zn Isotopes

Knockout reactions have been used at the RIBF to study the excited states in 7339Zn. In-beam
gamma-ray spectroscopy with HPGe was performed, and energies and half-lives of excited states in
78:807Zn have been measured.

In 78Zn, the 2 energy and half-life was measured to be 731(1)(1) keV, and 13(1)*2 ps. The
energy is in agreement to within 10 with the literature value of 730.2(4) keV [64], and the half-life is
in agreement with the literature value of 18(4) ps [64] to within 26. These results correspond to a
B(E2,2{ — 0]) =206"18 e*fm*. Several transitions above 1 MeV have been measured, and upper
limits for the half-lives have been measured where possible, but these transitions could not be placed
in the level scheme. Future experiments with high-efficiency arrays may be able to determine the
origin of these transitions.

In 8Zn, the 2| energy and an upper-limit for the half-life were measured to be 1495(2){2} keV,
and < 3 ps. The energy is in agreement with literature to within 20, and the half-life upper limit
is consistent with previous measurements [17, 18, 20]. The 4;’ state energy and half-life have been
measured to be 1980(2){3} keV, and 138(13)"12 ps, both within 10 of the previous measurement
[19, 20], but with the half-life uncertainty significantly reduced. Additionally, the energies of two
feeding states were remeasured in agreement with literature [19], and their half-lives have been
measured for the first time. Finally, a state feeding directly into the ground state at 2562(5){9} keV
has been measured, with an upper limit on the half-life of < 2 ps. The energy is within 20 of the

previous value [19] while the half-life was previously unmeasured. These results correspond to a
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B(E 2,4;r — 2?) = 1531”%2 e2fm*. Leading to an Rggy = 1.05J_r8:%(7) inconsistent with the expectations
of a pure collective state [58].

The 3°Zn measurements were compared to shell model calculations to better understand the
observations. Several simple models were applied as part of this thesis work: SDI, SDI+QQ, jun45
[46], and jj44pna [147] interactions, but none reproduced the observations well. State-of-the-art
DNO-SM calculations for 8Zn have been performed [21, 22], the prediction of the 2?, and 41+
energies matches the results well. However, the Rpg» is underpredicted compared to the measured
value, suggesting the necessity for collective effects, indicating that the N = 50 shell closure is weaker
than expected. In addition, the prediction of a deformed 22+ state is consistent with the observations
of a 2562(5){9} keV state, suggesting the presence of shape coexistence in this nucleus. The shape
coexistence is predicted to emerge from intruder configurations across the N = 50 shell gap, further
indicating the weakening of the shell gap. From these observations and comparison with state-of-the-
art theoretical calculations, it is clear that more information is necessary to fully understand the shell

evolution around N = 50. This is being pursued in the HYPATIA project.

8.2 HYPATIA Array

The HYPATIA array will allow for the study of nuclei that are currently not accessible [39]. This work
has focused on the development of the GAGG detectors for this array. Several samples were tested
to find the best manufacturer for the array. The best energy resolution was achieved with Sample
Kinheng 1 with 5.1(2) % (FWHM at 662 keV), with similar resolutions being achieved with Kinheng
2 and the Epic samples. The detector time resolutions were measured, and it is clear that the C&A
samples have a worse time resolution than the other samples. Based on the present analysis employing
a limited number of crystals, it appears that Kinheng or Epic crystals would perform better for the
requirements of the HYPATIA array. Several full-length GAGG samples (25x25x100 mm?) from
EPIC were tested, the best energy resolution being achieved with IBS 3, which delivered an energy
resolution of 5.6(2) % (FWHM at 662 keV), still within the acceptable range.

The first generation of GAGG prototypes used the S13 SiPMs in a 3D printed housing. These
clusters were used successfully in an in-beam experiment, but several issues were identified, and
improvements were implemented for future campaigns. In addition, the clusters were used to test

the high-energy performance of the detectors using (p, y) reactions. A 10.8 MeV gamma ray was
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successfully observed, and resolved from its escape peaks, achieving an energy resolution of 1.4(1) %
following the non-linearity correction. The neutron response was tested with a 232Cf source; the
gamma rays and neutrons could clearly be separated with TOF measurements. PSD was attempted,
but no clear separation was observed. In the future, the response will be tested with high-energy
neutrons to check for PSD separation at RIBF energies.

S14 SiPMs [92] have a higher quantum efficiency for the GAGG emission spectrum than the S13
SiPMs [97]; this is produced at the expense of higher capacitance. It was necessary to test whether
this extra quantum efficiency improves the energy resolution and whether the extra capacitance
causes issues with the signal length. For this, two boards were developed: one using the pixels
connected in parallel to an inverting amplifier, and the second using a sum-amplifier configuration.
The boards were tested with the CETC 1 crystal. An improved energy resolution was obtained with
the S14 compared to the S13 SiPMs. The CTR was measured and indicated some improvement in
the time resolution, as well. An optimised time resolution measurement was performed, achieving
a time resolution of 520(20) ps at 1.3 MeV, indicating that GAGG coupled to S14 SiPMs and
these dedicated readout boards will provide an excellent timing performance for the array. Finally,
using the sum-amplifier board, four quad clusters were constructed. The improved clusters were
successfully used in an in-beam experiment. The expected improvements of the HYPATIA array were
demonstrated in the improved energy resolution and detection efficiency under realistic conditions at

the BigRIPS-ZeroDegree setup integrated into the DALI2+ array.

8.2.1 Outlook

In 2030 (expected), the completed HYPATTA array will expand the region of observability, allowing
for the exploration of unexplored areas of the nuclear chart. In the region of "3Ni, several prime
candidates for investigation exist in the first spectroscopy of "°Ni, and the Coulomb excitation of 78Ni.
The array will not only provide improvements in energy resolution and detection efficiency, but also
the improved time resolution will allow for improvements in the peak-to-background ratio, and open
up the possibility for direct lifetime measurements of excited states. These measurements will allow

for a better understanding of the N = 50 shell closure in the region of "8Ni.
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