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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 Rggx = B(E2;4] ¥ 27)=B(E2;2{ ¥ 0)).
This work presents energy and lifetime measurements of excited states in '38Zn from an experiment
at the RIBF employing a HPGe tracking array. A B(E2;4* ¥ 2%) value of 153*%? e2fm* is measured
in 80Zn, leading to an Rgg, value of 1:05 +8§%(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 simpli ed models are required to describe nuclear properties. A common simpli cation

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 M th20 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 rst
looks at the analysis of excited states'$¥%Zn. 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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1.2 ’8Nj Shell Closure

The nucleug®Ni lies on the standard shell model closufes 28 andN = 50. It is naively expected

that the closures are preserved in this regb(2; ) systematics would suggest the shell closure is
maintained; however, evidence for shape coexistence is presented [9]. Zndies3& two protons

more than Ni, meaning it can be used as a probe of the shell model closure. Shape coexistence has
been directly observed iffZn and has been suggested to be due to intruder states across @

shell closure, as a result of shell evolution [10]. This work look€&fZn to draw conclusions about

the persistence of the = 50 shell closure and look for evidence of shape coexistence. Of particular
interest is?%Zn due to its lying on thé&l = 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’®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 if®Zn have been measured to a high precision via decay spectroscopy [12, 13,
14, 15, 16]. TheB(E2;2Z !0 7) 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 B¢E2;2; ! 0 ) via lifetime measurements and
has measured several higher energy transitions that are as yet unreported.

The energy an®(E2) of the 2] state in8Zn have been measured by low and high energy
Coulomb excitation [17, 18, 20]. Higher-lying states have been observed by knockout reactions,
where theB(E2;4; ! 2 7) was assessed by lifetime measurements with a signi cant uncertainty [19].
This work reports th&(E2;4; ! 2 7), to improve on the uncertainty of the previous values. This
allows for conclusions about the nuclear structur€®@h 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 50 shell closure in the region are drawn. In addition,

evidence of shape coexistencéfdn will be presented, which is interpreted as intruder con gurations
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HR-GAGG(Ce) CeBt LaBr3(Ce) Nal(Tl)
Energy resolution/% 5 4 3 6
Decay time/ns 90-170 17 35 230
Density/gcn? 6.3 5.2 5.08 3.67
Hygroscopic 5 X X X
Internal activity 5 5 138 5 5

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 thél =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 closupé€an

[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 ef ciency [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 ef ciency 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(Tl)
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 LaBnd 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 signi cant internal activity [34], making it unsuitable for low count rate experiments. £J8B}
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{ b8t

has the advantage of a higher density and being non-hygroscopic, allowing for higher ef ciencies.

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 CeBscintillators in a hybrid
con guration [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-ef ciency forward wall. Thg CeBr
will be arranged into a barrel con guration at higher angles to exploit the excellent energy and time
resolution of CeBy.

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 rst

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



Chapter 2

Nuclear Structure Theory and The Shell

Evolution In the Region of "N

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

more nucleons are added, simpli cations are needed.

2.1 The Nuclear Shell Model

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

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

A p? A
H=3d -+ & V& 2.1
i?i 2m i;gl (“FI ‘fj) ( )

j>i

wherep; is the momentum operatam is the mass of the nucleoA is the number of nucleons

andV (+;¥j) 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 labelle aderen is the shell numbet,
is the orbital angular momentum, and j is the total angular momentum.
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nucleon-nucleon interaction is reduced to a mean- eld and residual term by

;0 1
& p? 8 . & 8
H= 8 L+AVe) +©a Veur) avek (2.2)
=1 M iz ij=1 i=1
i
H=Hmr+HRes (2.3)
& p2 8
Hur= & o+ a V(# 2.4
MF E.l 2m Ell (+) (2.4)
8 &
Hres= aQ V@if) a V) (2.5)
ij=1 i=1

j>i

whereV (¥) is the mean- eld potentialHyr is the mean- eld Hamiltonian anHggsis the residual
Hamiltonian [2]. Typically, the mean- eld 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

Vs = }22a(~r)‘r 3 (2.6)
wherea(¥) is the potential strengtff,is the orbital angular momentum operator a&id the spin
operator. In the mean- eld limitres O ), 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, sti®easrhe 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@;f)=Ro 1+ & am Ym (a;:f) (2.7)

m;l
whereR(q;f) is the nuclear radiu®}y anda,,; are constants ant,, are spherical harmonics [49].
The most important component of deformation is thes 2 component corresponding to quadrupole

deformation. The constants can be converted to deformation parameters b and g

axo=bcosg (2.8)
agp = pl—2b sing (2.9)

whereb describes the magnitude of the deformation gide type of deformation [49]. This can be

seen in Figure 2.2.
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Fig. 2.3 Energy of orbitals in the N=2 major harmonic oscillator shell varying with deformation
parameted. The states are labelled according¥®[NnsL], 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,

2
H= ;Tf %M(wlzx§+w22x§+w§x§) 2w okT's Jw okmi? (2.10)
Wi=Wo=w3 l+§d (2.11)
- 2 4
4 , 16 4 O
wo(d) =wo(0) 1 éol2 27& (2.13)

wherew; are the potential constants along the different axgss the energy valuéyl is the nucleons
mass, k is a constant and d is a deformation parameter where d 0:95b [43, 3].

This deformation parameter leads to a reordering of single-particle orbitals. This reordering
can be seen in Figure 2.3 for the= 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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WP[NngL], whereWis the projection of the total angular momentum along the deformationuiss,
the parity,N is the oscillator shellns is the oscillator level along the deformation axis &ni 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

}2
Eror= 57-1(1+1) (2.14)

whereJ is the moment of inertia anidis the angular momentum [43]. This leads to a noticeable

signature for a rigid rotor of
E(41)
E(27)

=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

|
RO=Rat+ & & am®Yim(@:f) (2.16)
11 m=lI
whereR,y is the average radius amg,, (t) are the vibration amplitudes [44]. The enerByy(n), of
the systems are given by

Eiin(n) = (n+1=2)}w (2.17)

wheren is the number of phonons amdis the oscillation frequency. This model leads to a distinct

signature in the excitation energies of
E4})
== =2 (2.18)
E(2;)

from which nuclear vibrations can be identi ed [44].
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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 1 1=2. Reproduced from [5].

2.3 Shell Evolution and Shape Coexistence

It is naively expected that the magic numbers are xed 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 tie= 20 island of inversion aroun&Mg, in which

the weakening of th&l = 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 con gurations [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 | 1=2 .
Neutrons in thg2 orbit attract thej< 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 | being the shell evolution across various
isotopes and type Il 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 con gurations across shell gaps
has been suggested as the cause of shape coexistence [52]. This can b&%éenitin a spherical
0] state, a mildly oblate-deformed Gtate and a strongly prolate-deformed€iate [8]. Figure 2.6
shows the occupation numbers for the different excited stat®¥in The increase in occupation
of thenOgy-, in the 0; and0j states leads to the energy of th@f;-, increasing and thpOfs-,

decreasing, allowing for intruder con gurations acrossZhe 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 | shell evolution. (b) shows the shift due to two neutrons ijf tekell and (c)
shows the shift due to four neutrons in teshell. (d) and (e) show type Il shell evolution. Where

(d) shows the shift due tap 2h excitations and (e) shows the shift duedtp 4h excitations.
Reproduced from [8].

Fig. 2.6 Theoretically predicted occupation numbersdorstates inf®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 Il shell evolution producing shape coexistence.
Type | shell evolution is also proposed as a mechanism for shape coexistence in some nuclei, for

example, deformed states3fMg are interpreted as neutrgn h excitations across the = 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 xed
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 con gurations.
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 nuéféoln

the model predicts B(E2;2, !0 1) of 1512e*fm* in agreement with the experimental value of
1740280 efm* [55]. The method has been shown to be capable of predicting shape coexistence, as is

the case if%Cr [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 thedecay of'3’Cs, which primarily decays to an excited statéifBa,
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 nal state f is given by

T = &l @+ 2 Jo Xt MM gt Jxidimy (2.19)
sh - 1 o —sim

TOD - 8 T (2.20)
i 23+1 o i

wherelm is the multipolarity of the transitiors is the type of transitionE, is the energy of the

gamma rayM s, is the operator associated with the radiation dgdme andxy are the total
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angular momentum, the axis projection of the angular momentum and an arbitrary quantum number,

(sIm) _sI)
i

respectively for statk. T, is the partial transition rate aﬁ is the summed transition rate [2].

The reduced transition probabilities are calculated using

1 o ) .
B(sl;Ji!J )= 23+1 a  XedrmgM g JXidimy
. mmm (2.21)
= 23+1 JiM ) JjJi

whereB is the reduced transition probability andtjjM g, jjJi is the reduced matrix element [2, 43].
There are two types of transitions, either electric or magnetic, defotadv, respectively, with

angular momenturh, with L having integer values greater than or equal to 1. The change in parity,

Dp, is given by 3
D —2(1) L =t 2.22
P=> L+1 (2.22)
“ (1) 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 in uenced
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)
1=2— Tf(lEz) (223)
5
BE2:J1J )=75eg ' N (2.24)

wheret; -, is the half-life of the state, assuming that 2 decay is dominant [2]. The ratio of the
B(E2;4; '2 1) and theB(E2;2 !0 ) can be used to determine the nuclear structure. For the
harmonic oscillator, aRge»> = 2 is expected, for a rotor, a value of 1.43 is expected, whilst single

particle transitions typically lead to value$ [58, 59]. Weisskopf estimates of reduced transition
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(@) (b)

Fig. 2.7 Evolution of excited states approachifilyi, indicating the shifting of single particle energies.

(a) shows the low-lying excited states in tNe= 51 isotones. Data are taken from [60]. The grey
area shows missing data. The lowering of @¥@" state suggests a weakening of the 50 shell
closure. (b) shows the evolution of excited states in £ 29) isotopes. Data are taken from [60,

61]. The crossing of thp1p;-, andpO fs, States is observed &Cu. The arrows show the trend of

the evolution and the levels that are the origin of the states. The insets show the expected con guration
of the ground states. The lines are only for indicating the shell effects and are not trend lines.

probabilities are given as

_@2* 3 % a, o

B(EL) = i [+3 AT fn? (2.25)
_ 10, L2 3 % az e} ? 2L 2

B(ML) = : (1:2) i3 AT oy (fm) (2.26)

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

2.6 "®Ni Region

8Ni lies on the conventional shell closurids= 50 andZ = 28. ®Ni lies 14 neutrons from the nearest
stable isotope?*Ni, making it dif cult 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
the9=2", 1=2" and5=2" states in even-odiN = 51 isotones. As can be seen, the lowering of the
1=2" and9=2" states as the number of protons decreases indicates the weakeninfjlof Bshell
closure approachin@Ni.

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

of thep0fs, relative to thep1ps-, State is observed, and the levels cros®@u. This is predicted
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Fig. 2.8 Experimentally determined excited state$®Ni. 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 ilig, -, is not reproduced [5]. In
addition, the weakening of the Z = 28 shell gap is also predicted [5].

The rst measurement of spectroscopic information’&xi was from the RIBF [9]. The exper-
iment used DALIZ2 [24] array alongside the MINOS (quasi acronym: nuclear Maglc Numbers Off
Stability) [62] hydrogen target to perform in-beam gamma-ray spectroscoffilofrom (p; 2p) and
(p; 3p) reactions [9]. The level scheme obtained from the experiment is shown in Figure 2.8. The
energy of the?] state suggests the persistence ofZre28 andN = 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 con gurations across bhe 50 shell closure, suggesting competition
between spherical shell stability and deformation correlations [52, 9, 22]. Shape coexistence has been
suggested in 4=2" isomer state of°Zn using laser spectroscopy [10, 22]. The shape coexistence
is interpreted as intruder con gurations acrosslthe 50 shell gap, indicating the weakness of the
N =50 shell gap in this region.

It still is not clear if theN = 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 th& = 28 andN =50 shell closures. This work will focus on the isotopes
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88070, 807n is particularly interesting as it lies directly on tNe= 50 shell closure, allowing for

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

2.6.1 7880z7n Experimental Measurements

The rst spectroscopic information fdfZn was obtained at the Grand Accélérateur National d'lons
Lourds (GANIL) facility using isomer spectroscopy with HPGe detectors [12]. The decay chain
allowed for the measurement of the energies ofZhe4; , 6; and8] 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 if®Zn. The same transitions were observed at the RIBF measurement as in the
GANIL measurement [14].

The nucleug®zn has also been measured usingndb n decay at the Isotope Separator On-Line
Device (ISOLDE) facility, the Holi eld Radioactive lon Beam Facility (HRIBF) and the RIBF [16, 15,

13]. The ISOLDE measurement implant&€Cu into the setup and used HPGe to measure the gamma
rays aftetb decay. Transitions corresponding to #jeand(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. Pheand4; 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 rst spectroscopic information di¥Zn was measured at ISOLDE [17, 18] performing low
energy Coulomb excitation of even-evélY%78:8%n isotopes. The cross section for the excitation to
the2] states was measured using the Miniball array [23]. The experiment successfully measured the
2] excitation energies and tlB{E2;2 !0 ;) values of’®8%Zn. Inelastic scattering 3°Zn has also
been performed at the RIBF with the MINOS hydrogen target and the DALI2 array [24], extracting
the B(E2;d !2 7) via cross-section measurements [20].

Further spectroscopic information 8% n has been obtained at the RIBF using knockout reactions
on a Be target using the DALI2 array [19]. The chaniféBa(Be; X)?°Zn and®zn(Be; X)8zn were
analysed, observing for the rst time four new states includinghstate. In addition, the lifetime of

the4; 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 ii®Zn following its production through th&Ga(Be; X)’8Zn reaction

channel [19].

ENSDF | GANIL |HRIBF[ISOLDE RIBF

| b/bn | b CX K b |

;3P [64] |[12,60]| [15] | [16] [17,18] [19] [13] [14]
25,0 730.2(4)|729.6(5) 730.2 | 730.4(3) 730 | 740(11) 730 730.0
(4*);2" | 890.5(4)|889.9(5) 890.5|890.7(3) 891 | 902(14) 890 890.5
(67):(47) | 908.3(6)|908.3(5) 908.3| - - - 909 909.1
(81):(6) |144.7(10)144.7(5) - - - - - 1457

(45:85):(67)| 576(1) - 576 - - 580(9) 576 -

- - - - - - |1271009) - -

Table 2.1 Energies (keV) of gamma-rays fré#&n excited states from literature. | 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’ andJ? indicate the initial and nal 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
;0P | [60] | CX[17,18]| CX[20] K [19]
25,07 | 1492(1)| 1492(1) | 1487(8) 1497(22)
4t:2t - - 487(3)  482(7)
X; 4t - - - 841(13)
X0 4* - - - 1195(18)
X090¢ - - - 2627(39)

- - - 3280(20) -

- - - 3690(30) -

Table 2.2 Energies (keV) of gamma-rays fr8fZn excited states from literature. CX indicates
Coulomb excitation, and K indicates knockodft.andJP indicate the initial and nal state angular
momentum and parity, respectivel.is used in cases where thi& is unreported, and the space is

left empty when the initial and nal 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 emittédzsy The2; !0 ] transition
energy is determined with high precision from low-energy Coulomb excitation at ISOLDE [17,

18]. The4] ! 2 7 transition has been observed twice at the RIBF with energies of 482(7) [19] and



2.68Ni Region | 53

782n SOZn
2 2 4

B(E2 #)/€fm* t—Jps | B(E2#)/éfm* ti—Jps B(E2#)/&m* t;—Jps
[17,18]| 154(38) 18(4)|  144(29) 0.53(11) - -

[20] ; . 146(18) . ; -
[19] - - - - 1607:° 1367
Table 2.3B(E2 #) andt; -, values for’88%Zn from literature. A hyphen indicates the values are not
present in the corresponding publications.

487(3) keV [20], both in agreement withits . 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 literatuB(E 2) andt;-, values. In’8Zn, only theB(E2;2 !0 ;) value has
been reported; measuring tB¢E2;4; ! 2 1) is dif cult due to the4; !2 ] gamma-ray lying close
in energy to thes] !4 7 energy [64]. Inf%Zn theB(E2;2; !0 ;) has been extracted using low and
intermediate energy Coulomb excitation [17, 18, 20]. B{E2;4; !2 ) has been measured with a
large uncertainty through lifetime measurements [19].

Figure 2.9 shows the level schemes f8f%n. Figure 2.9a was compiled from the ENSDF
evaluation [60]. Figure 2.9b was compiled using #jefrom low-energy Coulomb excitation [17,

18], the4; 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 the2istand4; states in the Zn isotopes in the
region of ®Ni. There is a dramatic rise in tt& energy atN = 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 e in 8Zn. The lower plot in Figure 2.10a shows the
ratio of the4; to 2] excitation energies. Other thanit= 50 shell closure, all the isotopes have a
ratio close to the value expected for harmonic oscillators. Whilst%am the value falls below the
harmonic oscillator value, suggesting that the low-lying states are due to single-particle excitations.

Figure 2.10b shows thB(E 2) values for the Zn isotopes. TI{E2;4; ! 2 7) value for’8zn
is not yet measured. In addition, tB§E2;4; !2 7) for the 80zn is measured with a signi cant

uncertainty [19], limiting the conclusions that can be drawn from the measurements. The lower plot
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(@) (b)

Fig. 2.9 Literature level schemes 6Zn (a) and®°Zn (b) compiled from literature [60, 17, 18, 19,
20].

(@) (b)

Fig. 2.10 (a) shows excitation energy systematics for the2fsand4; states in the Zn isotopes
values from literature. Literature values are taken from [60, 64, 20, 17, 18]. The lower plot shows
the Ry, = E(47)=E(2]) systematics. (b) shows tH¥E2) systematics for the Zn isotopes. The
literature values are from [65, 17, 18, 20, 19]. The bottom plots showBghe= B(E2;4] !
27)=B(E2;2 !0 7) systematics.
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Fig. 2.11 VS-DMRG calculations dfl = 50 nuclei. The top plot shows the ratio of td to 2]
energies compared with previous calculations [66]. The middle plot shows the structurepf the
and4; states and thB(E 2) values for transitions between the states in unittrh®. The bottom

plot shows the contribution to the ground state wave function of the Op-Oh con guration in the orange
fraction. Reproduced from [67].

in Figure 2.10b shows the ratio of tige,=B(E2;4; 12 7)=B(E2;Z !0 7) for the Zn isotopes.
From the value fof°Zn, it is clear that no clear conclusion from this number can be drawn due to the
large uncertainty of thB(E2;4; ! 2 1) 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
Ree2 would allow for a conclusion to be drawn about the origin of low-lying staté8Zm, providing

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

2.6.2 7880zn 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 &f = 50 nuclei [67]. The predictions of this model can be seen in
Figure 2.11. The model overpredicts tieand4; energy and underpredicts tB¢E2;2 10 )

and B(E2;4 ! 2 7) values, suggesting additional effects are necessary to de$8tribe
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Fig. 2.12 Calculated potential energy surfaces from DNO-SM [21]98n and®Zn whereb andg

are de ned previously. The basis states' deformation parameters are indicated by the red circles, and
the size indicates the magnitude of their contribution to the wave functiof¥Zm the non-deformed

9=2" ground state is shown in the top left plot, the2" deformed isomer observed in [10, 22] is
shown in the top middle plot, and%=2" deformed state is shown in the top right plot.8fn, a
sphericalD] ground state is predicted, shown in the bottom left plot, whilst a defo@)esd 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 ffeand0} states ifN = 50 isotones predicted by MCSM
[68]. Qo shows theayg deformation and), shows theay, deformation. The basis states, and the
circles show their contribution to the wave function. Reproduced from [69].

A method that could properly descriB®&n is DNO-SM [21]. Calculations of*:8%Zn have been
performed in [22]. The potential energy surfaces are shown in Figure 2.12. The model predicts the
observed deformeti=2" isomer at 830 keV [10, 22], in reasonable agreement with the experimental
value of 943(3) keV [22]. The calculation f8#Zn predicted a spherical ground state and a deformed
0, state at 2.16 MeV [22]. The state at 2.6 MeV observed in [19] may be a can@igatate in a
deformed band, associated with this deforrdédand state decaying predominantly to the ground
state driven by the energy term in the transition rate, in line with what is predict@if].

Another suitable method is the Monte-Carlo shell model (MCSM) [68]. This has been performed
in theN = 50 isotones arounéNi. The model predicts a deform@j state inf%n at 2.59 MeV [69)].

The shapes of N = 50 isotones in the region/@li predicted by MCSM can be seen in Figure 2.13.
MCSM and DNO-SM predict a similar deformation for thi State in%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
8Nii, where observations of shape coexistence and shell evolution suggest weakeniny ef5be

shell closure. Further information is necessary to understand this region. For this work, the Zn
isotopes’®8%n will be examined, looking to measuB¢E 2) values and extract information on the
persistence of thBl = 50 andZ = 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 Rl 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

Zn

£ (3.1)
EZS

tu

59
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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 stateHgli$]the gamma ray
energy and Eis the ionisation energy of the electron

Fig. 3.2 Schematic diagram of Compton scattering [g0% the incoming photorg®is the scattered
photon, and e is the scattered electrorg andf are the photon and electron scattering angles,
respectively.

wheret is the probability of absorption per atoi s the atomic number of the atorfg is the energy
of the gamma ray, andis an empirical value typically around 4-5 [70]. From this, it is clear that
to have a high ef ciency for photoabsorption, a high density and a Highaterial 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

=

1+ %(1 cosq)

0_
Eg=

(3.2)
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Fig. 3.3 Attenuation coef cient of GAGG [72] and the contributions of the different interactions.
Data is from the NIST photon cross-sections database [73]. The attenuation coefaigives the
probability of interactiond p, in a short length of materiadlx, by the equatiom p = mrdx, wherer

is the density of the material.

whereEg is the scattered photon energy, is the initial energyme is the electron mass,is the speed
of light, andq 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 nal process is pair production, where a gamma ray with enetg§22 MeV, produces
an electron-positron pair in the electric eld of a nucleus [70]. The electron deposits energy via
interactions with the electrons in the material, whilst the positron loses energy and nally annihilates
to produce two 511 keV photons.

Figure 3.3 shows the attenuation coef cient for GAGG [72], illustrating both the total attenuation
coef cient 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] fora 2.5 2.5 7.5 cn? 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 ofg =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 &ddOto
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() (b)

Fig. 3.4 Monte-Carlo simulations [74] of a Nal(TI) detector for different energy gamma rays. (a)
shows the response for a 662 keV gamma ray. The Compton edge is se&dlateV, 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 rst 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 danel¥ {§6].

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 ow. 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 bgaglandEg, show the Fermi energy for the p

and n regions, respectivel,; 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

region is described by r
_ 2e\pNa+Ng
e NaNg

(3.3)

whereV, is the reverse-bias voltage,is the width of the depletion regios,is the dielectric constant
of the materialg is the electron charge, amd, andNy4 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.

lonising radiation interacting in the depletion region will produce electron-hole pairs, allowing
for the detection of radiation with semiconductors. The numbehgfairs 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

DQc=q(f «(2) f (1)) (3.4)

whereD( is the charge induced on electrokldlue to a charge carrier of charganoving from
point 1 to point 2 withf «(j) being the weighting potential of electrodl@t positionj [76, 70]. The
weighting potential is calculated by setting the potential on electkddel V and setting all other
electrodes to 0 V and solving the Poisson equatifi, = 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
0.30 0.19 mn? 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
solvingN?f =0 for the given boundary conditions. Using this, the trajectories of electrons and holes

were calculated according to the drift velocity

vy = mE (3.5)

whereyy is the drift velocity of the charge carri€g, is the electric eld calculated using the potential,

and mis a constant which is 0.145, and 0.045\nt s® for electrons and holes, respectively

[77]. The resultant trajectories for events involving a single poirhgbair 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 preampli er to produce a measurable voltage signal [79].
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(@) (b)

(©

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 0 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]. Itis assumed that0 © 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 con guration of a scintillator detector. The scintillating material
is shown in yellow, the photo sensor is shown in black, and the re ector 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 preampli er 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 re ective material with a

photosensor attached.
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Fig. 3.8 Monte Carlo simulation [74] of a 2.2.5 7.5 cn? 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- ight (TOF)
detectors for magnetic spectrometers [63]. In plastic form, organic scintillators typically have densities
around 1 gcni [81].

Due to the lowZ of organic scintillators, they have a low ef ciency 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 arifl inorganic scintillators present a high-ef ciency 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 ef ciency. Traps show low-lying electron traps, which also reduce the
scintillation ef ciency. 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 ef ciency.
Metastable states called traps can prevent recombination and lead to a loss of scintillation ef ciency
[80]. Inorganic scintillators are typically slower than organic scintillators with decay times around
50-500 ns [70]. However, they are generally made out of highelements, increasing the probability
of photoelectric absorption and typically have densities of >3 §ciig0].

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 higherZ 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 f&#Al,O1> wherex+y =5 and is doped with
Ce with the scintillation light emerging from thsl 4 f transition in Ce [72]. Standard GAGG uses
y =3, andx = 2, but it has been shown that the Ga:Al ratio has a signi cant effect on the properties
of the scintillator [72, 38, 85].

It has been observed that a5 5 mn?® crystal withy = 3, x = 2, and an energy resolution
of 5.1(2) % at 662 keV, whilst a crystal of the same size with2:4, y = 2:6 produces an energy
resolution 0f3:7(2) % at 662 keV, both were measured using an avalanche photodiode [38]. Due to
the improved resolutior = 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 suf cient gain of the signal whilst maintaining a linear response in a wide dynamic
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Fig. 3.10 Quantum ef ciency (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 elds [91], and high quantum ef ciency [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 ef ciency. Figure 3.10 shows the quantum
ef ciencies of different photocathodes; as can be seen, the choice of photocathode has a large impact
on the quantum ef ciency. 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 elds 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 arotif@BL0

SiPM - Silicon Photo-Multiplier

An SiPM is a semiconductor photosensor made up of numerous avalanche photodiodes operated in
Geiger mode. The structure and electric eld 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- eld
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Fig. 3.11 Left shows a schematic diagram of an SiPM. The right shows the electric eld varying with
position across the SiPM. A depletion region is formed between'trenp i layers, causing any
electron that enters the region to cause an avalanche breakdown, creating a large gain. Reproduced
from [94].

depletion region between thé mnd g layers, which will cause an avalanche producing a gain of
around10P [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 in uence on the response
of the SiPM [92].

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

Once a pixel res 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 typicallylO ns [98]. Due to this and the nite number of pixels, SiPMs

exhibit non-linearity as the number of photons approaches the number of pixels. This can be described

by

NphQ
Nred =Nitotas 1 € Mo (3.6)
Nred is the number of pixels redNta is the total number of pixel$\ph is the number of photons, and
Qis the photon detection ef ciency (PDE) and is equivalent to the quantum ef ciency [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 ef ciency of Hamamatsu SiPMs varying with photon wavelength, two SiPMs are
shown corresponding to the S13 and S14 generation SiPMs. Data are from [96, 92].

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 ring, PDE only shows the case where only the quantum ef ciency
is considered, and PDE and Non-Linearity shows the case when the quantum ef ciency and the
limited number of pixels are considered. UsiNgle; = 229376, Q = 0:35 [97], andNpp = 54 kev1

[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 preampli er
if necessary, after which the signal is split. The rst stage is for measuring the energy, where the
signal is sent to a shaping ampli er 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 ef ciency.

In order to cover large areas, smaller SiPM arrays are connected to form larger arrays [96, 97,
92]. For instance, the S14160-6050HS is é6@nn¥ array of 14331 pixels, and 16 of these arrays
are then combined into a 4 grid to produce the S14161-6050HS-04 array covering an area of
25 25 mn? [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 ef ciency, 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 ow diagram of a typical DAQ utilising analogue electronics. The detector is
biased using a voltage supply. The signal may be passed through a pre-ampli er. The signal is then
split into two paths, one for determining the energy and one for determining the signal timing. The

energy path rst uses a shaping ampli er [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 preampli er [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 preampli ers to produce a measurable
signal [79]. A circuit diagram of a typical charge-sensitive preampli er is shown in Figure 3.15. The
circuit acts to integrate and amplify the charge produced in the detector. Typical pre-ampli er signals
have a decay time of O(100 ms) [102].

Shaping ampli ers are used to create a signal where the peak height correlates to the energy
deposited in the detector. Shaping ampli ers use RC integration and differentiation to shape the signal
into a near-Gaussian signal [103]. Several factors need to be optimised for the speci ¢ detector, in
particular, the integration timdRC) and the ampli er 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
x this, pole-zero correction is implemented [103]. The processed signal from the shaping ampli er
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 xed 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 de ned 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.

Fig. 3.18 Diagram of the trapezoidal lter. A sample waveform is shown in orange, the trapezoidal
Iter 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.



3.5 Radioactive Isotope Production and Identi cation | 77

Trapezoidal shaping is also a common algorithm used for digital pulse shape processing [104,

106]. The algorithm can be written as

d () =v(j) v(j k) v(j D+v( k1) (3.7)
p(n)=p(n 1)+d ¥(n) (3.8)
s(n)=s(n 1)+p(n)+d Xin)M (3.9)

wherev(j) is the input samplg, d€!(j) and p(n) is a parameter of the algorithm, as¢h) is the

output trapezoidal signal at point | andk are the shaping parameters of the trapezoid, where the

at top time is given ad k , and the rise time of the trapezoidkisM 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-ampli ers.

3.5 Radioactive Isotope Production and ldenti cation

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- ight 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- ight production involves accelerating a heavy ion beam and impinging the beam on a target,
and producing exotic nuclei by ssion or fragmentation reactions. This has the bene t 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- ight methods.
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An ion travelling through a dipole magnet will bend according to the equation

A Br

Q bcgm

(3.10)

where A is the mass of the nucleus in atomic mass umitsQ is the charge of the ion, B is the
magnetic eld strength of the dipold, is the velocity of the ion in units of, g = p% andr isthe

radius of curvature [110]. Dipole separators allow for a separation based de@dut are limited

and cannot distinguish two different nuclei with the safvw) but differentQ values. In addition, if

there is an energy spread among ions of the same isotop&=theeparation will be poor. A degrader

can be used to separate out different nuclei with the s&n@ but a differenZ, due to the energy

loss beingu Z 2. By using a wedge-shaped degrader, the separation can be done achromatically [111].

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

L
TOF =~ (3.11)

where TOF is the time of ight, andl is the ight path length [110]. This allows for a measurement

of the patrticle's velocity. In addition, the energy loss in a material is given as

ZZ
DE i (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- ight 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 speci c

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 deisctor.

the velocity of the ion at the time of gamma-ray decay, anslthe 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 ight, the energy of the gamma ray

is Doppler shifted according to p
1b?

Eq

whereEg is the lab-frame energggois the rest frame energy, agdandb are de ned 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
s, the velocity uncertaintgb , 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 i primarily emerges from the nite 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, thevalue 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 anglehe lab-frame
[30] for Ego=1:0 MeV, Es(662 keV) =5 %, s, = 0:01, andsq = 0:025 rad. The individual
contributions to the resolution are included in the plot.

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 blueQ is assumed in the Doppler correction, whiitis 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 signi cant lifetime, the ion will move some distance before decaying. This
causes the assumed velocity and g 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 Rl beams, and nally, the gamma-ray detection system will be discussed.

4.1 Isotope Production and Separation

4.1.1 lonisation and Acceleration

A 238 primary beam was used for the experiment. The path of acceleratié?ftbcan be seen in

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

Fig. 4.1 Schematic diagram of ionisation and acceleration path¥taprimary beam at the RIBF.
Reproduced from [115].

83
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Fig. 4.2 Layout of the BigRIPS Zerodegree beam line at the RIBF. The nal 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].

lon-Source (SC ECRIS), producing thé® charge state [116, 117, 118]. These ions are accelerated
using RIKEN Linear Accelerator 2 (RILAC2) up to 670 keYu[119]. The accelerated ions are
accelerated further to 11 MeVu by the RIKEN Ring Cyclotron (RRC). The rst charge stripper is
designed to convert$* to U1*. The ions are then inputted into the xed-frequency Ring Cyclotron
(fRC), where they are accelerated to 51 Mé\VuThen the second charge stripper ring removes
further electrons, aiming to leave the ions in ti&Ucharge state. The ions are then passed to the
Intermediate-stage Ring Cyclotron (IRC), and the ions leave the IRCEnitli14 MeVu?! . Finally,

the ions are accelerated to 345 MeVwsing 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 ssion, 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 con guration. 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| bafier
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 degraden 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 materiblg, is the beam velocity after the element f8zn

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 speci ¢ reactions.

BigRIPS

BigRIPS extends from FO to F7 [111]. It is used to separate and identify the nuclei produced from the
primary target. The rst 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 TORBr -DE method is used [110]. The plastic scintillators are used as

time references to measure the TOF according to

TOF=tr7 t 3 (4.2)
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wheretg; is the time measured using the scintillators at the respective focal points. The energy loss
is measured in the MUSIC detector at F7. Finally, Brevalues 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. TwoBr values are calculatedBr 35, andBr 57 corresponding to thBr 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, 43 and b;;. Where the TOF is given as

L3ss Ls7
TOF= —35 4+ =57 4.2
basc  bs7C 42)

where l;j is the ight length between focal planes i and j. The A=Q values are given as

A B
oo 2 C (4.3)
Q 35 basgsmy
A B

for © (4.4)

Q o, bsgsrmy

by combining these measurements, A¥Qis determined, assuming no changeé\mQoccurs in the
degrader. Whereas the MUSIC [126] detectors measure the energy loss of the [i2&ieWjch is

then used to determine the charge using the relation

ZZ
DE Y5 (4.5)

where b is the determinedh Using the Z, and A=Q values, nuclei are identi ed [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 identi cation, the TOF is measured using the plastic scintillators at F8 and F11. The
Br between F9 and F11 is used and combined with the TOF to measuke@éd-inally, the MUSIC

at F11 is used for measuring the charge of the ion. This allows for the identi cation of the nal
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Device Material | Thickness/mm| Dbafter

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
F11PPAC 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 materiblg, is the beam velocity after the element f8zn

ions calculated using LISE++ [125].

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 PMTSs 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 nfmEach scintillator has two H1949-50 PMTs [124], one located
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