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Abstract

The main scientific goal of Radioactive ion Beam Facilities is to enable studies of exotic

nuclei and thus quantify changes in nuclear structure in the short-lived nuclei with unusual

numbers of protons and neutrons. Advanced detection systems are implemented to maximize

detection efficiency and energy resolution to capitalize on the development of exotic isotope

beams. The US Facility for Rare Isotope Beams (FRIB, East Lansing, Michigan) became

operational in 2022. The first experiments at FRIB used the FRIB Decay Station Initiator

(FDSi), a multi-detector system developed for measurements of exotic radioactive nuclei.

FDSI combines advanced individual detectors from multiple institutions to comprehensively

study decay observables.

This work is based on results from one of the earliest FDSi experiments, which enabled a

complete decay spectroscopic study of the β decay of chlorine isotopes with neutron number

≈ 28. These nuclei are in a transitional region between the spherical Calcium-48 and the

deformed Silicon-42, known to be located in the second island of inversion. Complementary

to the previous reaction measurements, the experimental studies of Chlorine decay provide

a benchmark for theoretical models as one increases the neutron-to-proton ratio.
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Chapter 1

Introduction

Nearly the entire mass of the atom is located in the nucleus, consisting of protons

and neutrons. Combinations of protons and neutrons create different nuclei, where the

overwhelming majority of known nuclei undergo radioactive decay. The decay properties of

all radioactive nuclei are dependent on interactions between nucleons. Critical questions,

such as how elements heavier than iron were created and what happens in nuclear reactors

after fission, are directly related to the decay properties of radioactive nuclei and thus

how nucleons arrange themselves and interact in the nucleus. R-process nuclei and fission

products are both known for their large neutron excess leading to the possibility of β− decay

followed by neutron emission if sufficiently neutron-rich, but the study of these nuclei is

exceedingly difficult due to their short lifetimes and difficulty to synthesize in a laboratory.

Yet still, the study of radioactive decays of those nuclei has progressed greatly due to

the improved capabilities of radioactive ion (RI) beam facilities which have pushed the

discovery limits of known nuclei providing insight into many nuclear and decay properties

of nuclei along with the limits at which nuclei can be created. These new generation

facilities include the Facility for Rare Isotope Beams (FRIB) at Michigan State University,

the New Californium Rare Isotope Breeder Upgrade (nuCaribu) at the Argonne Tandem

Linac Accelerator System (ATLAS), TRIUMF, Spiral-2 at GANIL, the ISOLDE Radioactive

Ion Beam Facility at CERN, the Radioactive Ion Beam Factory (RIBF) at RIKEN, and

the Facility for Antiproton and Ion Research (FAIR) at GSI, all of which are pushing to

measure nuclei far from stability to the point where neutrons cannot be added or where
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neutrons cannot be removed, known as the neutron and proton drip lines, respectively.

Many of the facilities employ different methods for producing rare isotopes, but each has

dedicated detector systems focused on radioactive decay spectroscopy. The FRIB Decay

Station Initiator (FDSi), located at FRIB, combines detectors from numerous institutions

across the United States to comprehensively measure exotic nuclei with high sensitivity [1].

Complete β-decay spectroscopy occurs when one can measure fundamental decay

properties for a single nucleus, including the half-life, neutron branching ratio, and the

β-decay strength distribution for a wide, continuous range of the entire β-decay window,

Qβ. The FDSi aims to achieve that by utilizing two separate implantation locations and

combining high-resolution instruments with total absorption spectroscopy, capable of energy

calorimetry measurements. Individual transitions can be measured via semiconductor (high-

purity germanium) or scintillator (LaBr3) γ-ray detectors and neutron time-of-flight detectors

in the first focal plane. In the second focal plane, total absorption spectroscopy utilizes a very

high γ-ray efficiency to measure many different γ-ray transitions from each state, resulting

in β-decay feeding intensity measurements with high precision [2].

When moving away from stability, the decay energy grows such that complete decay

spectroscopy becomes an invaluable tool to probe nuclear structure properties in both the

parent and daughter nuclei. The most fundamental property of β-decay, the half-life, is

entirely dependent on the so-called β-decay strength distribution, where effects such as

competition between allowed and forbidden transitions determine the transition rates. In

very neutron-rich nuclei, the protons and neutrons begin to fill asymmetric single particle

orbitals, impacting the β-decay strength distribution. For example, reduced population of

the ground states in the so-called allowed decays. In consequence, delineating the region of

allowed transitions becomes paramount for being able to accurately calculate the half-life

and neutron branching ratio for a β-decaying nucleus.

This work will demonstrate the value of complete decay spectroscopy for neutron-rich

nuclei, specifically by measuring the decay of chlorine isotopes. In doing so, the evolution

from spherical to deformed nuclei can be tracked. This chapter will outline the relevant

physics models that are being used, specifically, the nuclear shell model and how it is used

to study the β decays of deformed nuclei (1.1) and the mechanism of β-delayed neutron
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emission (1.2). Chapter 2 details the specific physics cases for the nuclei to be studied in

this work, including the impact of shell evolution and the effects of increased deformation

when moving away from magic nuclei. A description of the previous results of investigated

nuclei in the region will be provided. Chapter 3 elaborates on the FDSi experimental setup

used, including all of the detector systems that were included. The analysis procedure

is described in Chapter 4 for each FDSi detector used in the experiment, including the

particle identification , ion-implantation, γ, and neutron detectors. Experimental results

are presented in Chapter 5 for chlorine isotopes, along with a discussion of the results and

comparisons to shell model calculations presented in Chapter 6.

1.1 Emergence of the shell effects in atomic nuclei

Similar to electrons in atoms, it was found that specific numbers of nucleons generate local

discontinuities in nuclear binding energies at specific proton and neutron numbers. These

numbers, first postulated by Elsasser, were coined as “magic” numbers, occurring at 2, 8, 20,

28, 50, 82, and 126 [3, 4]. One can implement a harmonic oscillator potential for nucleons

to try to predict different excited states for the nucleons. Major shells, N , are then created

on the basis N = 2(n − 1) + l, where n = 1, 2, 3, ... is the principal quantum number and

l = 0, 1, 2, 3, 4, ... is the orbital angular momentum quantum number [5, 6]. The number

of degenerate protons (or neutrons) in an orbital would then be determined by 2(2l + 1),

replicating some smaller magic numbers, specifically 2, 8, and 20. Maria Goeppert Mayer,

and independently Haxel, Jensen, and Suess, built upon this by adding a spin-orbit coupling

term, l⃗ · s⃗, related to the spin quantum number s = ±1/2, reproducing gaps in the energy

levels that replicate the magic numbers not initially seen from just the harmonic oscillator

potential[7, 8]. Combining these terms, one has the total angular momentum, j = l + s.

With this, the degeneracy of each state can then be found by, d = 2j + 1. A prime example

of spin-orbit splitting creating magic nuclei is 48Ca, which has Z = 20 and N = 28. The

nucleus is nearly stable, with a half-life of 2.5 × 1019 years [9], and is one of the lightest

doubly-magic nuclei resulting from spin-orbit splitting. Figure 1.1 shows the consequences

of the spin-orbit splitting, with a large spacing between the 0f7/2 and 1p3/2 orbitals known
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Figure 1.1: Orbitals for 48Ca, where the protons (π) fill up the sd-shell shown as the red
block consisting of the d5/2, d3/2, and s1/2 orbitals and the neutrons (ν) occupy up to the
f7/2 orbital, shown as the blue block on the right.

as the N = 28 shell gap. The separation between the f7/2 orbital and the d3/2 or s1/2 orbitals

forms the Z = 20 shell gap and is a result of using the Woods-Saxon potential and spin-orbit

interaction for nucleons. Magic nuclei, and those nearby, have a simple structure; therefore

they make the ideal cases for testing theoretical models.

The classic shell model assumed that nuclei are spherical, but it was observed that

straying further from the magic numbers allows for nuclei to become deformed. Taking

a different approach, A. Bohr, B. Mottelson, and later S. Nilsson aimed to describe the

rotational aspects of nuclei, including how nucleons can act collectively, which can, for

example, shorten the lifetimes of excited states [10]. This led to the formulation of

the deformed shell model, enabling calculations of single particle energies in deformed

potentials with cylindrical symmetry for certain nuclei [11]. All nuclei are described by

a deformation parameter, δ described by Equation 1.1, such that increased deformation
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can cause nuclear vibrations specific to symmetry axes, given as ω⊥ and ωz are oscillator

frequencies perpendicular to and along the z-axis, respectively, and ω0 is the frequency

along the axis of symmetry [11]. From this, δ > 0 represents prolate deformations, and δ < 0

represents oblate deformations.

δ =
ω⊥ − ωz

ω0

(1.1)

For the deformed shell model states, the degeneracy due to angular momentum, l, changes

into degeneracy based on the projection of the angular momentum onto the z-axis, ml [11].

In this formalism, a d5/2 level, which can be occupied by 6 nucleons, would split into 3

different states with spins I = 1/2, 3/2, or 5/2. Depending on the deformation, oblate or

prolate, the energy of these states can switch, where for oblate nuclei the high-spin states

are at lower excitation energies, while the opposite is true for prolate deformations. An

example of this effect can be seen in Figure 1.2, not only for d5/2 orbitals but other nearby

levels as well. In the figure, gaps in energy levels lower, and for sufficiently deformed nuclei,

become nonexistent, eliminating the magicity of that particular shell closure. For large

deformations, new gaps form between energy levels, creating subshell closures or new magic

numbers [12, 13, 14].

The quadrupole deformation parameter is reported as β2. The shape of nuclear ground-

state expressed in a spherical-harmonics expansion is shown in Equation 1.2[15]. In the

equation, Y m
l is the spherical harmonics, and r(θ, ϕ) is the radius vector.

βlm =
√

4π

∫
r(θ, ϕ)Y m

l (θ, ϕ)dΩ∫
r(θ, ϕ)Y 0

0 (θ, ϕ)dΩ
(1.2)

While deformed nuclei are thought to prefer cylindrical shapes, such as oblate and prolate,

triaxial deformation can also occur. In triaxial deformation, the ellipsoidal deformation

parameter and the non-axiality angle, β and γ, respectively, are used. In both representations

of the deformation, larger β values indicate more deformed nuclei, but when γ approaches

60◦, then the nucleus is oblate, whereas when γ ≈ 0◦ the nucleus is prolate, and in-between

the nucleus is considered to be triaxial. If γ is not reported, then the sign of β2 is used to

determine the shape, just like with δ.
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Figure 1.2: An example of Nilsson diagrams for protons and neutrons for 42Si, from
Ref. [15].
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Electromagnetic transitions can connect excited states within a nucleus by either emitting

a γ-ray or an electron [10]. Due to the electromagnetic multipole operators being spherical

tensors, zero-coupled products can be formed that are rotationally invariant [16]. In

the case of E2 electromagnetic transitions, the reduced E2 matrix elements within the

electric quadrupole operator, M(E2), connect two states, Ir and Is, ⟨Is||M(E2)||Ir⟩ =

⟨Is||E2||Ir⟩ [17, 16]. The triaxial deformation parameters (β, γ) can then be calculated

by obtaining the rotationally invariant products of the quadrupole operators [17, 16].

Equation 1.3 shows how to calculate the deformation parameters, where Z is the number of

protons in the nucleus, ri is the position of the ith proton, and R is the nuclear radius in fm.

M(El,m) =
Z∑
i=1

rliY
m
l (θi, ϕi)

Q2 =
√

5[M(E2) ×M(E2)]0

Q3 cos 3δ = −
√

35

2
[[M(E2) ×M(E2)]2 ×M(E2)]0

q0 =
3

4π
ZR2

β =

√
Q2

q0

γ = arccos(Q3 cos 3δ)
180◦

3π

(1.3)

1.2 β Decay

The most common form of decay for unstable nuclei is β decay, which was first discovered by

Ernest Rutherford in 1899 [18]. Yet further development of β-decay theory would not come

until 1934, when Enrico Fermi introduced a four-fermion interaction, including the postulate

of the existence of the neutrino [19]. On the neutron-rich side of the chart of nuclides,

Figure 1.3, β− decay is the dominant decay. Historically, the Fermi model postulated the

interaction to occur at a point. Later within the Standard Model, the weak interactions,

such as in β-decays, are explained as being mediated by intermediate vector bosons [20],

specifically the W± and Z0 bosons with masses 80.4 GeV and 91.2 GeV, respectively.

Constrained by the uncertainty principle, the heavy bosons make the interaction distance

very small, ≈ 10−16 cm [20], justifying a point-like approximation for the transition. In β−
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decay, the W− boson is used to transform an up quark into a down quark, while emitting

an election (β particle) and an anti-neutrino. On the scale of nuclei, this means turning a

neutron into a proton with the same byproducts. For a nucleus with mass A, protons Z, and

neutrons N, the transition would be,

A(N,Z) → A(N − 1, Z + 1) + e− + νe (1.4)

Here νe is the electron anti-neutrino, conserving energy, spin, and lepton number in the decay.

The energy of the decay is described as Qβ, and can be calculated as the mass difference

between the two involved nuclei,

Qβ− = [M(Z,N) −M(Z + 1, N − 1)]c2 (1.5)

Figure 1.3: The chart of nuclides showing decay mode, with most neutron rich nuclei
decaying via β− decay [21].
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1.2.1 Weak Interaction Transitions

In weak interactions, the two most probable transitions are Fermi and Gamow-Teller (GT),

forming the so-called allowed decays. The Fermi operator is given as,

F (±) =
∑
a

τ±,a, τ− =

0 0

1 0

 and τ+ =

0 1

0 0

 (1.6)

and the Gamow-Teller operator is,

(GT )
(±)
i =

∑
a

σi,aτ±,a. (1.7)

Where τ is the isospin operator and σ is the Pauli spin operators. Allowed β-decays are

characterized by the emission of l = 0 leptons relative to the nucleus [22]. Fermi transitions

are defined by having no change in the angular momentum, whereas GT transitions can have

a spin change of ∆j = 0,±1, except for J = 0 → J = 0 transitions that would violate angular

momentum conservation rules[20]. Decays with leptons emitted with l > 0 are classified as

forbidden. First forbidden (FF) decays occur with an angular momentum change of L = 1,

then L = 2 for second forbidden decays, etc. For odd forbidden decays, L = 1, 3, ..., there is

also parity change, ∆π = 1 [20].

The total decay half-life can be given as a sum of all partial half-lives in a decay,

1

t1/2
=
∑
k

1

t
(k)
1/2

. (1.8)

Where each partial half-life represents the transition from an initial state, i, in the parent

nucleus to the final state, f , in the daughter nucleus, and can be experimentally measured

through the β-decay feeding intensity Iβ to a particular state,

t
(k)
1/2 =

t1/2

I
(k)
β

. (1.9)
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The partial half-life is then related to the β-decay strength, Sβ,

Sβ =
1

ft
(k)
1/2

≈
d
∑

j |Mβ(Ej)|2

dE
D−1s−1MeV−1. (1.10)

Here, Mβ(Ej) represents the allowed and forbidden β matrix elements near the final energy

E of the daughter nucleus [23], D = 6163.4 ± 3.8 s is the vector coupling constant, and f is

the Fermi integral [22, 19] and can be written for allowed transitions as,

f =

∫ E0

1

F (Z, ε)
√
ε2 − 1ε(E0 − ε)2dε, ε =

Ee

mec2
, E0 =

Ei − Ef

mec2
(1.11)

Ee is the total energy of the emitted lepton, Ei and Ef are the energies of the initial and final

nuclear states, respectively. Lastly, the total half-life can be calculated using equation 1.12

[24]. Where the axial-vector coupling constant gA = 1.26, vector coupling constant gV = 1,

and Ei is the β decay transition energy. Lastly, γ is the width of individual excitation and κ

is related to the forbiddenness of the decay, such that ⟨κJ=0,1⟩ = 1 for GT and non-unique F

decays and ⟨κJ=2⟩ = f1/f for unique FF decays and f1 is calculated as in Ref. [22] Equation

7.160.
1

t1/2
= D−1(

gA
gV

)2
∫ Qβ

0

f(Z + 1, Ei)
∑
n

⟨κJ⟩S(Ei, γ)dEi (1.12)

The β matrix elements allow for a direct connection between the decay strength

distribution and the initial parent state and final daughter states. Thus, the selective

nature of GT transitions allow for a unique probe of nuclear wavefunctions using the β-

decay strength distribution.

1.2.2 β-Delayed Neutron Emission

In exotic neutron-rich nuclei, large asymmetries in the neutron-to-proton ratio are followed

by large Qβ windows and a reduction of the neutron separation energy, Sn. Following β−

decay, delayed neutron emission can become energetically available when the resulting excited

state lies above the neutron separation energy. The probability of neutron emission, Pn, is

given in Equation 1.13 from [24], with Bn being the neutron separation, S being the strength
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function, and Pif (jπi,f , En) being the neutron emission probability between two states.

Pn = t1/2D
−1(

gA
gV

)2
∫ Qβ

Bn(Z+1)

dEif(Z + 1, Ei)
∑
n

⟨κJ⟩S(Ei, γ)Pif (jπi,f , En) (1.13)

When the neutron separation energy is very large, there are fewer neutron unbound states for

the β-decay to feed, leading to a lower probability of neutron emission. In the opposite case,

when the neutron separation energy is very small, there is a possibility to feed states in the

daughter which are above the neutron separation energy of the granddaughter, leading to the

possibility of two-neutron emission. It is predicted that as one extends farther from stable

nuclei, 3 and 4 neutron emission becomes possible. Eventually, one would reach the point

where the neutron separation energy is so low that the nucleus is not bound. This is known as

the neutron drip-line and is the limit of neutron-rich nuclei which can be studied. Figure 1.4,

shows a general schematic for the β− decay of a very neutron-rich nucleus. Due to various

factors, such as selection rules and level density, a neutron unbound state in the emitter has

the ability to emit a γ-ray, leading to neutron-γ competition. Also, for β-delayed emission

of two neutrons, the deexcitation of high lying two neutron unbound states can proceed via

the emission of one or two neutrons. These types of competition are generally described well

by the statistical model [25], and are not the focus of this work.
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Figure 1.4: Schematic of β-delayed neutron emission, with the possibility of 2 neutron
emission, with Sn being the 1 neutron separation energy and S2n being the two neutron
separation energy. Qβ− represents the entire decay window for the precursor, which
transitions to states with (J − 1, J, J + 1)π in a Gamow-Teller transition.
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Chapter 2

Motivation For Studying Chlorine

Decays

New heavy-ion fragmentation facilities, such as FRIB at Michigan State University, FAIR

at GSI, and RIBF at RIKEN, have been able to produce very exotic nuclei. Robust models

are needed to be able to predict the behavior of nuclei near the drip lines, created in stellar

evolution, and created during fission. Accurate models are needed to understand the origin of

the universe and how to safely control nuclear reactors. This work studies neutron-rich nuclei

in a transitional region from spherical nuclei to deformed nuclei, while removing protons for

nuclei with 28 neutrons. Specifically, the chlorine isotopes, with 45Cl shown as the green star

in Figure 2.1, can provide insight into how nuclear structure changes when nuclei become

more deformed as they are situated equidistant from the spherical 48Ca and the deformed

42Si.

The region around 42Si is called the “second island of inversion,” based on the observation

of 3/2− ground states attributed to the occupation of neutrons in the 1p3/2 orbital occurring

at a lower energy than the expected 7/2− states from the 0f7/2 orbital neutrons [26]. Thus,

the original orbital picture determined at 48Ca for spherical nuclei, shown in Figure 1.1,

is inverted for the p3/2 and f7/2 orbitals in 42Si. Islands of Inversion and how they impact

nuclear shell structure are discussed more in Section 2.1. Along with the structure changes for

neutrons below 48Ca, there are also changes in the proton orbitals when filling the neutron

f7/2 orbital between N = 20 and N = 28 nuclei. Changes in the proton shell structure
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Figure 2.1: The predicted deformation, β2, for nuclei with Z ≤ 20 according to Finite
Range Droplet Model (FRDM) calculations [15]. Here, the darker blue squares correspond
to more oblate deformed nuclei, while red squares are prolate deformed nuclei. The green star
represents the location of 45Cl, and the pink lines highlight the traditional magic numbers
of Z,N = 20 and N = 28.

resulting from the tensor force are discussed further in Section 2.2. To gain a full insight

into what is happening in this region, the SDPF-MU shell model interaction [27, 28] is

employed to calculate nuclear properties and allow for insight into the wavefunctions for

specific nuclear states. This allows for a more complete understanding of how and why

nuclear orbitals shift when changing the number of protons or neutrons for non-spherical

nuclei while being able to make predictions for nuclear properties that have not yet been

measured.

2.1 Islands of Inversion

When transitioning throughout the chart of nuclides, nucleon interactions affect the location

of orbitals, leading to the changing or the disappearance of magic numbers. One early

example of this follows the N = 20 shell gap, created in the nuclear potential and separating

the d3/2 neutrons from the f7/2 neutrons [6], away from doubly-magic 40Ca into lighter, more
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neutron-rich isotones. Mass measurements of sodium isotopes showed an increase in S2n

near N = 20 [29], while β-decay measurements of sodium isotopes were able to identify a

reduced 2+ state in magnesium isotopes near N = 20 [30]. These nuclear properties helped

identify the region of deformation near N = 20, which was unable to be captured using

simple shell model calculations limited to the sd orbitals. Watt et al. were able to expand

shell model calculations to include the f7/2 orbitals to better predict the binding energies of

neutron-rich nuclei [31]. Later, Poves and Retamosa [32], followed by Warburton, Becker,

and Brown [33], were able to show that the N = 20 region of deformation was dominated

by ground-state configurations with 2 neutrons in the f7/2 orbital, leading to an inversion of

the intruder, 2p − 2h, configurations with 0p − 0h configurations, and thus the region was

termed the Island of Inversion. Further work has been done to establish the evolution of

neutron orbitals for N = 20 isotones [34, 35, 36].

A similar loss of magicity started to be seen along the N = 28 isotones below 48Ca, with

an isomer in 43S resulting from the 3/2− state being below the 7/2− state [26], followed

by a measured reduction of the neutron f orbital spin-orbit splitting [37]. The N = 28

shell gap was found to be collapsed in 42Si, with the 2+ state being at 770 keV [38]. Large

Scale Shell Model (LSSM) calculations have since been employed to explain the reduction

of the neutron p3/2 orbital relative to the neutron f7/2 orbital. For this, the SDPF-MU

interaction was developed to use the monopole component of the VMU interaction [39] for

the sd and pf orbitals [27]. Utsuno et al. were then able to show that the inclusion of the

tensor force is required to accurately reproduce 48Ca spectroscopic factors, along with correct

energy levels and B(E2) values for neutron-rich sulfur and silicon isotopes [27]. Along with

this, it was found that silicon isotopes can be susceptible to mixing between the 0d5/2 and

1s1/2 orbitals of the same magnetic moment, m = ±1/2 when increasing deformation [27].

Thus, the deformation along N = 28 is a result of mixing between the proton 0s1/2 and

1d5/2, and similarly neutron 0f7/2 and 1p3/2, orbitals causing degeneracy due to the tensor

force [27]. This effect is called a Jahn-Teller-type effect since the deformation is due to the

degeneracy of nuclear levels [40]. Using the formalism described earlier in Equation 1.3, the

deformation for N = 28 isotones is calculated using the SDPF-MU interaction and shown

in Figure 2.2. Overall, as the number of protons is reduced, the deformation β2 increases
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Figure 2.2: Calculated deformation parameters using the SDPF-MU interaction for N = 28
isotones from spherical 48Ca to deformed 42Si. The ground states are shown as the solid
circles, while the first excited states are shown as the open circles.

to the point where 42Si is deformed and strongly oblate, γ ≈ 60◦, as would be expected

due to the protons occupying states of m = ±5/2,±3/2 and neutrons occupying states of

m = ±7/2. 44S on the other hand, exhibits tri-axiality, γ ≈ 30◦, in agreement with the two

regions of minima in the potential-energy surfaces for 44S, where one is triaxial and the other

is prolate deformed [27]. While the SDPF-MU interaction does well to describe some of the

nuclear properties seen at the N = 28 island of inversion, more experimental data is needed

to further probe the interaction.

2.2 Protons in the sd Shell

Calcium (Z = 20) is a special element, in that has two isotopes that are considered to be

“doubly-magic,” 40Ca20 and 48Ca28, yet the increase in the number of neutrons from N = 20

to N = 28 creates large differences in the shell structure for these two isotopes. One specific
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difference is the change in separation between the 2s1/2 and 1d3/2 orbitals, which can be

observed by measuring the corresponding 1/2+ and 3/2+ states in calcium and potassium

(Z = 19) nuclei. Yntema and Satchler performed the 40Ca(d,3 He)39K reactions and identified

positive parity states, attributed to holes in the s1/2 or d3/2 orbitals [41]. Following the

(d,3 He) experiments, Bansal and French were able to identify the need for a term that

captures the interaction between positive parity holes and the f7/2 orbital [42]. Using this

new term, they were able to calculate the excitation of d3/2 hole states in titanium isotopes

between N = 20 and N = 28 [42]. Later, experiments by Doll et al. [43] and Yntema [44]

finished measuring the 1/2+ and 3/2+ states in odd-mass potassium isotopes from reactions

on calcium isotopes. Using the known levels, Pellegrini was able to establish the trend of a

decrease in spacing between the 1/2+ and 3/2+ levels, culminating in the 1/2+ state being

lower than the 3/2+ state in 47K [45].

Otsuka et al. progressed the theory further with the addition of a tensor force resulting

from meson exchange processes, and coined the term shell evolution to be generalized for all

nuclei [46]. As nucleons are added into an orbital, the single particle energy of other orbitals

can then be affected. The effect, including the monopole effect, is termed the effective single-

particle energy (ESPE) and represents mean effects from the other nucleons on a nucleon

in a specified single-particle orbit [47]. Specifically, in the case of neutrons in an orbital

l′, with j′> = l′ + 1/2, an attraction is seen with protons of j< = l − 1/2 and a repulsion

of j> protons [46]. Applying this to calcium isotopes with N > 20, as done in Ref. [46],

the monopole interaction between d3/2 protons and f7/2 neutrons is attractive, while d5/2

protons are repelled by f7/2 neutrons. Due to s1/2 orbitals being unaffected by the tensor

force [46], it is useful to plot the d5/2 and d3/2 orbitals relative to the s1/2 orbital for a specific

nucleus, as shown in Figure 2.3 for potassium (solid markers and lines) and chlorine (open

markers and dashed lines) isotopes. As the f7/2 orbital is filled, the d3/2 orbital goes down

and the d5/2 orbital goes up. This in turn shrinks the gap between the d3/2 orbital and the

s1/2 orbital to the point where at N = 28 they are degenerate. A good example of this is

the measurement of the ground state of odd potassium (Z = 19) isotopes from N = 20 to

N = 28, which is 3/2+ up until 47K which instead has a 1/2+ ground state [48, 49]. Up until

the N = 28 isotope, the d3/2 proton hole dominates as the ground state, but, as predicted
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by Otsuka, the d3/2 and s1/2 orbitals become degenerate to the point where s1/2 holes are

favored for the ground state of 47K. The 1/2+ ground state persists for 49K, but in 51K the

ground state reverts to 3/2+. When looking at the ESPEs from the SDPF-MU interaction,

Figure 2.3, for the proton d3/2 and d5/2 orbitals relative to the s1/2 orbital, there is a clear

effect from the tensor force to the point that the d3/2 orbital decreases below the s1/2 orbital

in potassium. While the trend agrees with the ground and excited state measurements of

potassium isotopes, ESPEs do not directly correspond to the location of states in specific

nuclei. Instead, entire collectivity must be included to properly calculate states. This is

exemplified in the ESPEs for chlorine isotopes, Figure 2.3, where the d3/2 orbitals do not

quite reach the s1/2 orbitals like the potassium isotopes. Still, the competition between the

3/2+ and 1/2+ states in chlorine isotopes highlights the impact of the tensor force. It can

also be noted that relative to the s1/2 proton orbitals, the d5/2 remains unchanged when

comparing potassium and chlorine isotopes due to the d5/2 orbital being full for both Z = 19

and Z = 17, thus the same tensor force is applied to the d5/2 orbital when filling the f7/2
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neutron orbital. The d3/2 orbital, on the other hand, has fewer protons in chlorine than in

potassium, resulting in a smaller tensor force predicted by the interaction.

Chlorine isotopes differ from potassium in that the ground state becomes 1/2+ earlier at

N = 24 before reverting to 3/2+ at N = 28. This is shown by the recently measured decay

of 45Cl, where the β-decay feeding is better characterized by a 3/2+ ground state for 45Cl

compared to the prediction of 1/2+ [50]. The 3/2+ and 1/2+ states are nearly degenerate,

with only 127 keV separation [51], yet predictions from the shell model are less accurate

with the 3/2+ state being > 300 keV above the 1/2+ state, compared to 127 keV below it.

Figure 2.4 shows the difference between the first 3/2+ and 1/2+ states in potassium (black)

and chlorine (red) isotopes, with the experimental values from Refs. [52, 53, 54, 55, 56, 57,

51, 58, 59, 60, 61, 62] as the solid points and SDPF-MU predictions as the dashed lines. The

overall experimental trend of inversion between the 3/2+ and 1/2+ states in both potassium

and chlorine is replicated well by the SDPF-MU calculations, even though the location of

the exact nucleus can be wrong. This is most notably seen in the gap between the measured

and calculated difference between the 3/2+ and 1/2+ states in 45Cl.
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Figure 2.4: The difference between the first 3/2+ and 1/2+ states in potassium (black) and
chlorine (red) isotopes with neutron numbers 20 ≤ N ≤ 34. The dashed lines correspond to
differences calculated by the SDPF-MU interaction.
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2.3 Evolution of the Z = 20 Shell Gap

In the SDPF-MU interaction, the N,Z = 20 shell gaps are maintained or modified by the

monopole interaction, Vmu [27]. SDPF-MU merges the USD interaction [63] for the sd shell

to the GXPF1B interaction [64] for the pf shell. Spectroscopic factors for sd proton hole

states in 47K were used to demonstrate the need for the tensor force and benchmark the

SDPF-MU interaction for proton shell gaps [27]. Yet as one moves south of calcium isotopes

by removing protons, states which have protons in the pf shell are pushed higher up, thus

becoming more difficult to access. The Z = 20 shell gap is thus more difficult to probe and

less benchmarked in neutron-rich nuclei. β− decay provides the unique ability to access these

excited states, as pf neutrons can transition to pf protons via the Gamow-Teller transitions.

By studying the high-lying excited states in the daughter nucleus, one can gain information

about the location of the pf orbitals based on the decay strength to relevant states.

Theoretically, the evolution of the Z = 20 shell gap along N = 28 nuclei can be viewed

through the ESPEs, similarly to what was done earlier for the d3/2 and s1/2 orbitals in the

sd shell. Figure 2.5 shows the prediction for the Z = 20 shell gap when moving to more

neutron-rich nuclei along N = 28, south of 48Ca. As one moves to lower Z nuclei, the

interplay between the πd3/2 and πs1/2 orbitals becomes increasingly volatile, shown by their

crossings at Z = 18 and again below Z = 15. As mentioned earlier, this is largely due to the

interactions between d3/2 protons and f7/2 neutrons. Higher up, the πf7/2 orbitals remain

relatively constant with respect to the sd orbitals, and thus the Z = 20 shell gap is constant,

yet after the second crossing of the πd3/2 and πs1/2 orbitals below Z = 15, the shell gap

shrinks before steadying. Furthermore, the highest lying p1/2, p3/2, and f5/2 orbitals begin

to fall relative to the sd before flattening at Z = 16. The true nature of the movement

of these particles relative to each other remains unknown until more measurements can be

performed.
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N = 28 nuclei with 20 or less protons, demonstrating the evolution of the Z = 20 shell gap
below 48Ca. All ESPEs here are relative to the lowest orbital in the pf + s1/2 + d3/2 model
space.

2.4 Previous Measurements of Argon Isotopes

The N ≈ 28 argon isotopes have been studied extensively. First measurements of 44,45,46Ar

were performed by Sorlin et al. at GANIL, where β events of 44,45,46Cl were measured

in coincidence with neutrons to measure the half-lives and neutron branching ratios were

extracted [65, 66]. The β-decay half-lives of 46,47Cl were later reported by Grevy et al. [67, 68],

with the first γ-rays in 44,45Ar from the β-decays of 44,45Cl, respectively, being reported in

Refs. [67, 69] and the resulting levels shown in Figure 2.6. In their work, Mrázek et al.

were able to identify states in 44Ar up to 5.6 MeV populated in the β-decay of 44Cl or the

β-delayed neutron emission of 45Cl, along with states in 45Ar populated by the β-decay of

45Cl up to 4.3 MeV and neutron bound states in 46Ar populated by the β-decay of 46Ar up

to 8 MeV alongside 4 neutron unbound states as far as 2 MeV above the neutron separation

energy [69]. These early β-decay measurements were crucial in being able to identify a

large amount of excited states in argon isotopes which can be connected to the β-decaying

ground states of chlorine isotopes. Around the same time, an experiment was performed
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Figure 2.6: Known level schemes for argon isotopes with N = 26 − 29 measured across
many experiments that are discussed in the text. The dashed line in 47Ar represents the
1130 keV state observed by Gaudefroy, et al., but not by following experiments.

by Dombrádi et al. using fragmentation of 48Ca to identify low-lying states in the argon

nucleus, some of which agreed with states identified in β-decay and others which has not

previously been identified [70]. States that had not been seen in β-decay were then able to

be distinguished as having negative-parity and higher spins. Along with this, the 542 keV

transition was identified as an E2 γ-transition connecting the 7/2− ground state to the 3/2−

state with a lifetime of 340+320
−150 ps [70]. A higher energy neutron removal reaction from 46Ar

allowed for the confirmation of the spin-parties for the ground and first excited state to be

7/2− and 3/2−, respectively [71]. Transfer reactions by Gaudefroy et al. and Lu et al. cross-

examined 45Ar through the 44Ar(d, p)45Ar and 46Ar(p, d)45Ar reactions, respectively. The

(d, p) reaction was able to provide spectroscopic factors to negative parity states in 45Ar and

corresponding angular momentum values [72]. Along with this, shell model calculations for

states in 45Ar were found to be significantly more fragmented than corresponding negative

parity hole states in 47Ca [72]. The increase in particle-hole excitations as part of the
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wave-functions for low-lying states helped to confirm the loss of the N = 28 magicity that

was also seen using the 46Ar(d, p)47Ar reaction to probe single-particle energies above the

N = 28 shell gap [37]. The (p, d) reaction, on the other hand, measured positive parity states

in 45Ar which were created through deeper neutron hole configurations [73]. Specifically, the

degenerate 1.7 MeV states were identified to be positive parity states coming from neutron

holes in the s1/2 and d3/2 orbitals, resulting in a 1/2+ and 3/2+ state with a significant

spectroscopic factors [73]. The 3.3 MeV state was also seen in the reaction but did not have

a large spectroscopic overlap with the ground state of 46Ar, even though it was strongly

fed in the β-decay measurements of 45Cl. The β-decay of 45Cl was most recently measured

by Bhattacharya et al. [50], where a longer half-life was measured along with excited states

agreeing with Mrazek. It was found that the most intense γ-ray transitions were a result of

feeding to the 3.3 MeV state, leading to the deduction of 45Cl having a 3/2+ ground state.

This was validated using γ-ray intensities compared with shell model calculations using the

FSU interaction [50].

After the β-decay studies of 46Cl, states in 46Ar were measured through various reaction

techniques or Coulomb excitation, many of which were able to measure the first 2+ excited

state [74, 75, 76, 70, 77, 78]. During the early measurements, there was a discrepancy

observed in the location of the first excited states, where some measurements placed it at 1570

keV [76, 70, 79], while others centered around 1552 keV [69, 74, 75, 77, 78, 80, 81, 82]. Since

the majority of measurements, including decay studies, place the 2+ state at 1552 keV, it

will be referenced at the location throughout this work. Early measurements using Coloumb

excitation were able to measure the reduced transition strength for the first excited state to be

B(E2 ↑) = 193(39)e2fm4 [75] and B(E2 ↑) = 218(31)e2fm4 [78]. The lifetime of the 2+ state

in 46Ar was deduced to be t1/2 = 0.8+0.3
−0.4 ps, corresponding to a significantly larger B(E2 ↑

) = 570+335
−160e

2fm4 [80]. Calinescu et al. repeated the Coulomb excitation measurement

and found agreement with the earlier data, B(E2 ↑) = 216(22)e2fm4 [79]. Comparisons

with various shell model calculations show a prediction of a larger B(E2), in agreement

with Mengoni, but disagreeing with the Coulomb excitation measurements. Nowak et al.

relate the B(E2) measurements to time-dependent Hartree-Fock-Bogoliubov calculations,

which agree with the smaller B(E2) values pointing towards moderate deformation and
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collectivity in 46Ar, which is expected in a semi-magic nucleus [82]. Discrepancies such as

this highlight the shifting landscape transitioning away from a spherical region towards a

deformed region. The measurement of a possible second 0+ state in 46Ar and comparison

with DWBA calculations showed the excitations that are related to the deformation along

N = 28 [82].

The first excited state measurements of 47Ar were made by Gaudefroy, et al. at SPIRAL-

GANIL, using the reaction 46Ar(d, p)47Ar [37]. This measurement found 4 states below the

neutron separation energy and was able to assign angular momentum values to the states,

0 keV with l = 1, 1130 keV with l = 1, 1740 keV with l = 3, and 3335 keV with l = 3.

Comparisons with shell model calculations led to the Jπ assignments, 3/2−, 1/2−, 7/2−, and

5/2−, respectively [37]. The single neutron coupling to 46Ar allowed for the calculation of

single-particle energies for the neutron p3/2, p1/2, and f5/2 orbitals, with the conclusion that

the N = 28 shell gap is reduced by 330(90) keV compared with 49Ca, due to a reduction

in the spin-orbit splitting [37]. Shortly after this first measurement, 47Ar was studied using

deep inelastic scattering at GANIL, allowing for some different states to be populated [83].

Once again, the ground state was reported to be 3/2− and the first excited state to be 1/2−,

but the location of the first excited state is in slight disagreement. Instead, Bhattacharyya,

et al. reported the first excited state to be at 1200 keV, with a second excited state at

1234 keV and Jπ = 5/2− [83]. After this, the 7/2− state is in agreement at 1747 keV and

the last reported state at 2190 keV. Comparisons with shell model calculation illuminated

a large fraction of particle-hole excitations across the N = 28 shell gap, corresponding

to strong quadrupole interaction between protons in the sd shell and neutrons in the pf

shell [83]. Winkler et al. continue the investigation of the N = 28 shell gap using the

Coulomb excitation of 47Ar and measuring the mixed M1-E2 γ-transition between the 5/2−

and 3/2− states, yielding B(E2; 3/2− → 5/2−) = 137(17)e2fm4 [84]. Similar to 46Ar, the

B(E2) strength value measured through Coulomb excitation is lower than the shell-model

predictions [84]. The most recent measurement by Gade, et al., performed at the NSCL

used both 1-neutron pickup of 46Ar and 1-proton knockout of 48K [85]. The two different

production methods allowed for different states to be populated, where the neutron pickup

strongly favored higher-lying 5/2− states, shown by an increased spectroscopic factor to these
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states. The proton knockout instead favored the lower-lying states and 3/2− states, where

both reactions were in good agreement with SDPF-MU and SDPF-U calculations [85].

Even though there have been many measurements of argon isotopes near N = 28, one

unifying feature between all of the measurements is the lack of a β-feeding measurement.

This work focuses on filling the deficiency using the combined FDSi two-focal plane system

for both neutron-bound and unbound states. The results from the β-decay measurements

can then be compared alongside the plethora of other measurements to provide a complete

picture of the structure of argon isotopes near N = 28, and the shell evolution in the region.

Figure 2.7 shows the available Gamow-Teller (green) and First Forbidden (purple) transitions

for chlorine isotopes, connecting numerous different excited state configurations in an argon

isotope to the parent chlorine nucleus. Specifically, the dark green lines differentiate the

pf → pf GT transitions which would leave the residual argon isotope in a highly excited

state, compared to the light green sd → sd GT transitions populating lower excited states.

Due to a large fragmentation of the ground state wave functions for chlorine isotopes, it is

expected that the νp3/2 orbitals could contribute to the decay.
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Figure 2.7: Schematic for available Gamow-Teller (green) and First Forbidden (purple)
transitions for Chlorine isotopes. The lighter green lines demonstrate the possible sd → sd
transitions, while the darker green lines demonstrate the pf → pf transitions. The dashed
purple line shows the First Forbidden Unique transition for νf7/2 to πd3/2, which is rare.
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Chapter 3

Experiment

3.1 FRIB

The Facility for Rare Isotope Beams (FRIB) is located at Michigan State University in

East Lansing, Michigan. Previously the National Superconducting Cyclotron Laboratory

(NSCL), FRIB improved upon the Coupled Cyclotron Facility with a new superconducting

Radiofrequency Quadrupole (RFQ) linear accelerator (linac) for primary beams before

colliding with a target [86]. Primary ion beams begin at the Electron Cyclotron Resonance

(ECR) ion source, where the desired element is sent to the linac [86], shown on the right in

Figure 3.1. The facility is designed to reach a maximum beam power of 400 kW on target,

corresponding to beam energies > 200 MeV/nucleon for primary beams ranging from H to

238U allowing for the creation of thousands of new isotopes [86]. For experiment E21069, led

by W. J. Ong, the primary beam energy for 82Se was 165 and 215 MeV/nucleon for parts a

and b, respectively. These increases in beam energy corresponded to an upgrade from 1 kW

to 10 kW beam power between parts a and b.

Once accelerated by the linac, the beam of ions is delivered to the production target

system, shown as yellow in the middle of Figure 3.1. The target consists of 9Be disks, for

a total thickness of 3.811 mm, rotating in a heat sink, where a hole in the heat sink allows

for the beam to only interact with the target [88, 89]. After the projectile collides with

the target, many different nuclei are created via the fragmentation process and transported

through the multistage Advanced Rare Isotope Separator (ARIS) [89, 90]. Beginning with
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Figure 3.1: Schematic layout for the Facility for Rare Isotope Beams (FRIB) [87]. The red
star indicates the location of FDSi for the first FRIB experiments.

the pre-separator, the beam is bent vertically for the first stage of purification, while

imposing a momentum compression to better match the phase space acceptance properties

of the second and third stages [90]. The separator selects radioactive isotopes based on

their mass-to-charge ratio (A/Q) using various dipole (bending) magnets, wedges (to create

dispersion), and quadrupole (refocusing) magnets. Mass selection slits are placed throughout

the beamline for isotope purification. After the third ARIS stage, nuclei are transported to

desired experimental stations or the reaccelerator (REA). The red star in Figure 3.1 shows

the initial location of the FRIB Decay Station Initiator, situated in the transfer hall.

3.2 FDSi

The FRIB Decay Station Initiator (FDSi) uses a collection of detectors from various

institutions around the United States. These detectors can then be situated in different

arrangements around two different implantation locations for radioactive ions coming from

ARIS. The implantation location closest to the separator consists of detectors that are used

for discrete spectroscopy, such as germanium clover detectors for measuring gamma rays or

scintillator time of flight detectors for measuring neutrons. The setup is shown in Figure 3.2,
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Figure 3.2: A sliced drawing of the FDSi setup, showing both the first focal and second
focal planes, left and right respectively. Here the beam comes from the left to implant in
the various focal planes as desired.

where the gamma array utilizes the top hemisphere of the implantation location, and the

neutron array is situated in the bottom hemisphere of the first focal plane. Presently, the

second focal plane consists solely of the total absorption spectrometer, with the future ability

to alternatively use a 3He neutron counter.

3.2.1 First Focal Plane

The cocktail beam arrives at FDSi from the left, as shown by the solid red and dashed blue

lines, before reaching the first diagnostic cross which is used for particle identification, shown

on the far left of Figure 3.2. Inside the cross, the beam traverses through a plastic scintillator

followed by a rotating degrader and 2 silicon pin detectors. The plastic scintillator is used in

conjunction with an upstream scintillator for time of flight measurements which are related to

a nuclei’s mass-to-charge ratio through the Lorentz force [91]. The subsequent pin detectors

measure the energy loss of ions, which is proportional to the charge allowing for proper ion

identification based on the Bethe-Bloch formula [91]. After the ions are identified in the first

diagnostic cross they either implant into the first implant detector or continue to the second

29



focal plane which also has its own diagnostic cross also consisting of a plastic scintillator and

2 pin detectors.

Implant Detector

High-energy radioactive ion beams require an implant detector with a high effective-Z,

to stop the nuclei and subsequently measure their decay [92]. Cerium doped Yttrium

Orthosilicate, Y2SO5(Ce), was chosen for this experiment due to its effective-Z of 39, high

density (ρ = 4.5g/cm3), fast decay time (td = 50 − 70ns), and its non-hygroscopic nature,

allowing it to be segmented [93]. The 5 mm thick YSO consisted of an array of 48x48

1x1mm segments, allowing for millimeter position resolution [94]. The light produced by

the YSO scintillator is measured by a Hamamatsu H12700B-10 multi-anode photomultiplier

(MAPMT) [95]. When using the MAPMT, the light being measured must be spread across

multiple different anodes, allowing for the reconstruction of the initial location with high

position resolution. Due to a finite MAPMT size, light can escape to the side of the

MAPMT, remaining undetected, causing “edge effects” where the reconstructed location

is miscalculated to be closer to the center than the real location of light generation. To

counter edge effects, the YSO scintillator is coupled to a 24x24 segmented and tapered light

guide, forcing the image from the scintillator away from the edges for more efficient light

collection and thus avoiding edge effects. The entire detector assembly is wrapped in Teflon

and electrical tape to ensure no outside light can reach the MAPMT. The MAPMT consists

of an 8x8 array of PMTs, yielding a total of 64 anode signals along with 1 common dynode,

used for timing. The 64 anode channels are sent to a Vertilon Anger-Logic board which uses

a resistor network to reduce the 64 channels to 4 channels [96]. These 4 channels are then

used to calculate the position of the event using Equation 3.1.

xpos =
(V1 + V2) − (V3 + V4)∑4

i=0 Vi

ypos =
(V1 + V4) − (V3 + V2)∑4

i=0 Vi

(3.1)

Before being sent to the data acquisition (DAQ), the 5 signals from the implant detector

are split into two branches, low and high gain. The low gain branch is used for ion implant
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signals which occur with approximately 1 GeV of total energy deposited into the scintillator.

Therefore, these signals are very large and either are deposited straight into the DAQ or are

attenuated before the DAQ. Along with this, the DAQ channel is set to “low gain” for a

voltage input range of 0-4 volts. The high gain branch, on the other hand, is amplified by a

factor of 10 after being split and is then sent into a “high gain” channel in the DAQ. This

high gain channel takes in signals from 0-1 volts. This creates a total factor of 40 between the

high gain and low gain signals in the data analysis and is pivotal for being able to measure

implantations and β-decays, which occur in the ∼ MeV range.

Around the YSO implant detector are 2 plastic veto detectors, one in front of the YSO

(1 mm thick) and one in the rear of the implant detector box (5 mm thick). These detectors

have custom silicon photomultiplier readouts coupled to the scintillators with Norland UV

cure [97] on each side for possible left-right sensitivity. As shown in Figure 3.3, the front

veto is used to help track incoming heavy ions, while also being able to measure, and if

necessary reject, β-decays that leave the implant detector. The rear veto, on the other hand,

is used solely to reject ions that travel through the implant detector and create a signal in

the plastic so that the signals in the YSO are not mistaken for implantation events.

Figure 3.3: The implantation box, housing a 1 mm plastic front veto (left), followed by the
YSO implant detector (middle), and a 5 mm plastic rear veto (right) at the end of the box.
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Germanium Detectors

Semiconductor detectors, such as silicon detectors or high-purity germanium (HPGe)

detectors create electron-hole pairs when electrons are excited across the band gap of the

crystal due to charged particles or γ-radiation [98]. The electron and hole then traverse

the remainder of the crystal via an electric field allowing for the electrical current to be

measured [98]. Waiting for the electron-hole pairs to drift across the semiconductor material

creates a slower response, but provides excellent energy resolution. Therefore, when discrete

transitions between states in the same nucleus emit specific γ-rays, they can be precisely

identified by HPGe clover detectors consisting of 4 individual crystals. For this experiment,

11 such clover detectors were employed and situated in the DEcay Germanium Array initiator

(DEGAi) hemisphere around the first implant detector. Each clover consists of 4 HPGe

crystals, yielding a total of 44 detectors. The array of clovers is shown as green detectors on

the upper side of Focal Plane 1 in Figure 3.2.

LaBr3 Detectors

Excited states in nuclei have lifetimes that vary drastically. Following a decay, germanium

detectors are ideal for measuring longer lifetimes (> 10 ns), but for shorter lifetimes different

γ-ray detectors are needed. The LaBr3 scintillator is fast and has enough resolution to

measure discrete γ-ray transitions with lifetimes > 400 ps [99]. For the first two FRIB

experiments, 15 LaBr3 detectors were constructed by coupling a 2” (diameter and thickness)

cylindrical Saint-Gobain LaBr3(Ce) crystal to a Hamamatsu photomultiplier for the Hybrid

Array of Gamma Ray Detectors (HAGRiD) [100]. The detectors were mounted in DEGAi,

with 11 upstream from the implant detector and 4 situated below the implant detector,

shown as the grey detectors with orange mounts in Figure 3.2.

Neutron Detection

The NEXTi (NEutron detector array with Xn Tracking Initiator) system consists of 88

scintillating bar detectors in the medium VANDLE (Versatile Array of Neutron Detectors

at Low Energy) bar size [101, 102]. Each bar uses a 3× 6× 120cm3 EJ-200 scintillator [103]
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coupled to two Hamamatsu scintillators [95], one on each end of the bar. The 88 bars were

arranged into a double wall, where the first set of detectors was located 90 cm away from

the center of the implantation detector, and the second was located directly behind the first

with a radius of 96 cm. Each detector is run in a triple coincidence mode, requiring a signal

from both PMTs along with the β (start) detector.

3.2.2 Second Focal Plane

The second focal plane of FDSi is the site of the Modular Total Absorption Spectrometer

(MTAS) [2]. This detector system consists of 24 NaI bars with a photomultiplier tube on each

end, for gamma and neutron detection. MTAS is specifically designed to have a very high

efficiency, allowing for the measurement of β-decay feeding to different excited states which

can de-excite in a multitude of paths. Oftentimes, the de-excitation of highly excited states

is fragmented, yielding many different γ-rays that can be missed using clover detectors with

good energy resolution. Accurately determining the feeding distribution is pivotal in being

able to properly reconstruct the full decay of a specific nucleus. This experiment employed a

new segmented central module, allowing for more discrimination between multiple low-energy

γ-ray transitions and a single higher-energy transition [104].

Implant Detector for MTAS

For the first MTAS experiment at a fragmentation facility, a new implant detector was

needed which could measure both high-energy implants after stopping them and low-energy

decay signals. While a traditional scintillator-based implant detector, such as the one used

in the first focal plane, is the simplest solution, the cylindrical center with a 2” diameter of

MTAS did not allow for a square 2” MAPMT to fit. Due to this geometrical constraint, a

new detector had to be designed and constructed. The scintillator-based design was kept,

but instead of a MAPMT, a Sensl J-series 8x8 silicon photomultiplier (SiPM) array [105]

was coupled to the scintillator. Similar to the first focal plane, a 48x48 segmented YSO

scintillator was used with a thickness of 5 mm. After the scintillator light diffusers spread

the light generated by the highly segmented scintillator before the coupled SiPM array. For

33



these square materials to fit inside the central module, the corners were removed. Cutting the

corners of the SiPM array led to a loss of 13 SiPMs, for an active total of 51 SiPM detectors

in the array. The signals were read out through a Vertilon SIB464-2208 interface board which

split each SiPM signal into a raw and 10x attenuated signal [96]. Additionally, to prevent

saturation of SiPMs due to the intense light output from the YSO during implantation

events, tinted foil was added to reduce the amount of light detected by the SiPM array. A

higher threshold for decay signals resulted from the tinting. The full detector is shown in

Figure 3.4, including it being mounted to a 3D-printed holder, which allows for insertion

into MTAS and extraction from inside MTAS.

Figure 3.4: A photo of the MTAS implant detector, with the YSO scintillator (silver)
coupled to a 2 mm tinted glass diffuser, and the diffuser coupled to the SiPM array. The
readout board is then connected to the back of the array and mounted on the orange 3D-
printed holder for insertion into and extraction from MTAS.
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Chapter 4

Analysis

4.1 Particle Identification

Particles received from the ARIS separator must be properly identified on an event-by-event

basis. The proton number (Z) of ions to be implanted is measured through the energy loss

in silicon detectors, while the mass-to-charge ratio (A/Q) is measured through the time of

flight of ions traveling through the separator. These two quantities allow for specific nuclei

to be separated, as shown in Figure 4.1 which includes an energy loss calibration from the

silicon detector. Initially, 54Sc was used to anchor the particle identification, as it can easily

be located through ion-γ coincidences due to the isomeric first excited state (Eγ = 110 keV

and t1/2 = 2.77µs).

Discrete shifts in the time-of-flight calculations were encountered on a run-by-run basis,

corrected, and aligned to a single time of flight for each ion. After this time-of-flight, t,

alignment, and calibration of the pin detector energy, Ep, allows for the extraction of the

atomic number for ions passing through the diagnostic cross. Equation 4.1 outlines the

process for calibrating the pin detector, where parameters ai and bi are dependent on the

separator settings.

Z ′ = a0 +
a1E

a2
p

a3 + a4t

Z = b2Z
′2 + b1Z

′ + b0

(4.1)
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Figure 4.1: The particle identification plot for the first part of the e21069 experiment
merged from multiple different beam settings. Z is determined from the energy loss in a pin
detector and the time of flight is determined from the time between an upstream scintillator
and a scintillator in the diagnostic cross before the pin detector.

Charged particles in a magnetic field move under the influence of the Lorentz force. Ions

traveling through the ARIS magnetic spectrometer behave relativistically due to their large

energies after fragmentation. The magnetic rigidity, Bρ, can then be related to the mass,

Am0 where m0 is the atomic mass unit, and charge, Q, of an ion traveling through the

magnetic field, as shown in Equation 4.2 [106]. Lighter ions, such as those studied in this

work, are fully stripped ions after fragmentation, giving Q = Z.

Bρ =
A

Q
m0cβγ, β =

S

tc
, γ =

1√
1 − β2

(4.2)

Rewriting, the mass-to-charge ratio can be written in relation to the time of flight, t for the

ion to travel the path of specified length, S.

A

Q
=

Bρ

m0c

√
t2c2 − S2

S
(4.3)
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4.1.1 LISE++ Simulations

To estimate the anticipated beam rate and implantation energies for various ions, the

LISE++ program [107] was used to calculate beam properties for desired ions. Properties of

interest include ion transmission, ion implantation rate, ion range in materials, and ion total

kinetic energy (TKE). Some of these attributes can be measured using the current FDSi

setup, such as ion transmission and implantation rate, whereas others are currently unable

to be directly measured. For instance, the implantation depth inside the YSO implant

detector is unknown, but ranging out measurements can be done to stop ions short of

implanting, or letting ions pass through the scintillator without implanting to help calibrate

LISE calculations for the ion implantation depth. Along with this, LISE++ predictions of

the ion TKE are used to determine the quenching factor due to the light creation in the

scintillation-based implant detector. This will be discussed later.

4.2 Implant-β Detector

As discussed earlier in subsection 3.2.1, the two-branch system for splitting signals from the

YSO detector is pivotal for being able to measure both high-energy ion implantations along

with subsequent decays, but this is not always enough. Additionally, the YSO scintillator

exhibits light quenching for heavy ions, where the light output created from heavy ion

implantations is not linearly proportional to the total kinetic energy of the ion as it is

implanting. Figure 4.2 demonstrates the light quenching from many different ions including

24O and a range from 45S to 58V, measured at FRIB in the span of 2 experiments. The

implantation energy is extracted linearly from the light yield of 60Co γ-rays and does not

match the simulated implantation energy calculated by LISE++ due to the light quenching.

To optimize the data acquisition before an experiment, the light quenching for desired

ions must be estimated. This can be done using Birk’s formula, Equations 4.4, such that the

stopping power, dE/dx, can be found through the Bethe-Bloch formula, Equation 4.5 [98,

108] or calculated at different energies for various materials using the Stopping and Range
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Figure 4.2: Comparison between the expected ion implantation energy vs the measured
ion energy, demonstrating the light quenching from the YSO scintillator.

of Ions in Materials (SRIM) [109].

dL

dx
=

S(dE/dx)

1 + kB(dE/dx)
(4.4)

−dE

dx
= 4πr20z

2mec
2

β2
NZ

(
ln

(
2mec

2

I

)
− ln(1 − β2) − β2

)
(4.5)

Koba et al. modified the original Birk’s formula into a new equation for the scintillation

efficiency, Equation 4.6, which can be used to extract the light yield for an ion of a specific

energy, assuming the correct Birks parameters, a and b, and known.

dL

dE
=

a

1 + b(dE/dx)
(4.6)

Up to this point, these parameters have not been determined for YSO scintillator detectors.

To do so, an average value approximation was used, where the quenching factor determined

experimentally is an average resulting from some average distribution of energy loss for

implanting ions. The scintillation efficiency, taken as the reciprocal of the quenching factors

with respect to the average energy loss for heavy ions predicted by SRIM, is then fit with

Equation 4.6. The resulting Birk’s parameters for YSO were determined to be a = 0.122 and
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b = 6.87× 10−4 [110]. Thus, using previous experimental data we can predict the quenching

factors for ion implantations at large energies.

4.2.1 Half-life Determination

The YSO implant detector is used to measure both ion implantation and β-decay events.

Implantation events are qualified as events that have a large energy signal in the YSO, a

valid particle identification (discussed earlier), and no energy deposition in the rear ion veto.

Decay events, on the other hand, are qualified as events that have a smaller energy signal

in the YSO and no signals from any of the upstream detectors (the pins or plastic timing

detectors). The plastic front veto can be used to further remove β-decay events which leave

the YSO and create a signal in the front plastic. Each event that is qualified as a β-decay

is then correlated with all ion events within a specific time window and correlation radius,

defined in Equation 4.7 with xβ and yβ being the β-decay coordinates, while xi and yi are

the implant coordinates.

r =
√

(xβ − xi)2 + (yβ − yi)2 (4.7)

Figure 4.3 demonstrates the ion implantation acceptance and rejection based on the

correlation radius, black circle, from the qualified β decay, shown as the black dot. In

this case, since the blue dot is inside the correlation radius, it is accepted as a possible ion,

while the red dot is outside and rejected.

The time difference between the ion implant events and the β-decay events is then used

to extract the half-life, t1/2, of the radioactive nucleus. The histogram of time differences

can then be fit using the Bateman equation [111]. For exotic chlorine isotopes, P0,1,2 decay

channels all contribute to the half-life determination. Figure 4.4 shows the possible decay

chains which include possible β-delayed neutron emission from the parent (Z), daughter

(Z− 1), and granddaughter nuclei (Z− 2). In the case of β-delayed single neutron emission,

one would follow the first black arrow from AZ →A (Z − 1) followed by transitioning along

the red line to A−1(Z − 1), which is the P0n daughter.
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Figure 4.3: β-Ion correlation diagram, where the β decay, the accepted ion implantation,
and rejected ion implantation are shown as the black, blue, and red dots, respectively. The
black circle shows the maximum accepted correlation radius.

Figure 4.4: Possible decay chain for a neutron rich exotic nucleus where β− decay (black
arrow) can be followed by neutron emission (red arrow).
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4.3 Analysis of HPGe Data

Due to the compact nature of clover detectors, γ-rays can scatter between the individual

crystals and leave partial energy deposition in each affected crystal. Add-back techniques

are used to counter this process by summing the energies from each crystal in a clover during

an event. This allows for the full energy of the γ-ray to be reconstructed. Furthermore,

DEGAi places clover detectors next to each other, allowing for scattering between crystals

in different clover detectors. The Angular Addback method is then used to account for this

scattering between clovers by mapping each crystal with both a θ and ϕ angle relative to

the implant detector and summing crystals that are within a specific angular range. For this

analysis, the cutoff was set to 30◦.

The clover γ-ray detection efficiency curve was based on simulations and scaled to match

experimental data in Refs. [112, 113]. Specifically, the transitions at 224 and 401 keV from

32Na [112] were used for benchmarking at low energies and the 1495 keV transition, whose

γ-intensity following β-decay is known from Ref. [113], benchmarked the curve at higher

energies. Figure 4.5 shows the full curve, which peaks at low energies and has an overall

detection efficiency of 3.6% at 1 MeV when using the angular add-back correction.
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Figure 4.5: The detection efficiency curve for γ-ray detection using the 2π DEGAi
hemisphere consisting of 11 clover detectors. More details are in the text.
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4.4 Analysis of LaBr3 Detectors

For fast timing measurements, the polynomial constant fraction discrimination (poly-CFD)

algorithm [114] was used to extract high-resolution timing from the trace of a LaBr3 signal.

The poly-CFD algorithm requires further correction based on the energy of the signal as well

as a ru-dependent correction. The energy-dependent correction is used to correct “walking,”

where a polynomial fit is used to characterize the dependence and correct. Different

latching times for each detector also need a correction based on each run. Figure 4.6(left)

demonstrates this issue, where each detector has multiple different peaks corresponding to

prompt β−γ signals for different runs. Once the run and walk corrections are implemented,

all of the LaBr3 events can be combined to look at the time difference between a single LaBr3

signal and a β detection in the YSO detector, shown in Figure 4.6(right). Each γ-transition

following a β-decay which has a lifetime shorter than the timing resolution of the system will

produce a “prompt” peak, following a Gaussian distribution with a time difference centered

at 0 ns. States with a significant lifetime, on the other hand, will produce a tail on the

right of the peak, where the γ-ray emission is delayed. A few transitions that have this tail

component are shown in Figure 4.6(right).

Figure 4.6: (Left) Uncorrected time difference between LaBr3 and YSO detectors, plotted
against each individual LaBr3 detector. (Right) Corrected time difference between LaBr3
detectors and the YSO detector, plotted against the LaBr3 energy to identify γ-ray
transitions from excited states with a measurable lifetime.
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4.5 MTAS Data Analysis

4.5.1 MTAS Calibration

During the experiment gain matching is performed on each of the MTAS PMTs so that they

perform similarly. The gain matching procedure uses sources to roughly align known γ-ray

energies to the equivalent raw energy bin from the data acquisition. Still, an added second-

order correction is needed to properly calibrate all of the individual modules, especially at

higher energies. Table 4.1 shows the sources and corresponding γ-ray energies (Eγ) used for

the secon-order calibration. After the calibration data was taken, experimental conditions

changed causing gain shifts for each of the detectors. The gain shifts were assumed to be

linear, therefore an additional correction for each detector was made for each run. Multiple

background lines were tracked, shown as the energies with a dagger in Table 4.1, and

corrected to match their calibrated energy.

4.5.2 Modeling the MTAS Response

The large amount of NaI used in MTAS allows for very high partial-γ absorption, where

the γ-ray scatters in the detector without leaving a full energy deposition. By measuring

the partial-γ energy along with when there is a full energy deposition, MTAS can increase

its overall efficiency. To accurately describe the detector response to γ-ray and β emission,

simulations were carried out in Geant4 [115] for each possible decay path following a β-decay.

Table 4.1: Sources and corresponding γ-ray energies (Eγ) used for calibrating the MTAS
detector. Energies with a dagger (†) were used for tracking gain drifts during online runs.

Source Eγ (keV)
109Cd 88.

Pair Production 511.†
137Cs 662.
60Co 1173.
60Co 1332.
40K 1460.†
208Tl 2614.†
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The expected response to a possible decay path is then known for each of the 24 detectors

in MTAS and can be used to fit experimental data. Simulations were also used to model

β-decay feeding to neutron unbound states which result in the emission of a neutron and

possibly γ-rays as well. An example of the simulated 662 keV γ-ray from the β-decay of

137Cs is shown in Figure 4.7 as the black line.

The output from the MTAS Geant4 simulation does not accurately reflect the detector

energy resolution. Due to this, additional post-processing is needed to broaden the width

of peaks produced in the simulation and to calibrate the simulation to the expected energy.

Using the source γ-rays listed in Table 4.1, the width of peaks can be measured at different

energies for each individual detector. These measured widths are then folded into the

simulation result for an accurate detector response, shown in Figure 4.7 as the red line.
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Figure 4.7: Comparison of raw Geant4 simulations of the MTAS response (black) to the
662 keV γ-ray emitted after the β-decay of 137Cs and the post-processed simulation data for
the same transition in MTAS (red).

44



4.5.3 MTAS Spectra Deconvolution

To best deconvolute the MTAS spectra, a Bayesian-based iterative algorithm is used to fit

numerous response functions to the experimental data. Introduced by Shuai et al. [116],

the algorithm fits response functions to experimental sum spectra and coincidence spectra,

where the number of total spectra included can be extended as needed. The key advantage

of the Bayesian algorithm is exploiting the iterative process by using parallel and/or GPU

processing to simultaneously fit a large number of spectra relatively quickly. Below is a

description of the algorithm following the basis described in the appendix of Ref. [116].

The deconvolution is first based on the assumption that the experimental data di can be

regarded as a linear combination of the simulated response functions for each decay path,

Ria, weighted by some scale factor, sa.

di =
M∑
a=1

Riasa, a = 1, ...,M (4.8)

Here, the index i represents one of the energy bins used in the deconvolution and M is the

total number of response functions included in the fit. Thus, di is the total number of counts

in an individual energy bin. By solving for all of the scale factors, the feeding intensities can

be calculated,

Ia =
aa∑M
a=1 sa

, a = 1, ...,M (4.9)

The β-decay feeding intensities to each excited state can then be calculated by summing the

feeding intensities for each path that fed the same level. For the iterative algorithm, we start

with a set of positive nonzero values, s
(r=0)
a , where r is the iteration. From here we use the

equations,

s(r+1)
a =

1∑N
k=1Rka

N∑
i=1

Rias
(r)
a di∑M

b=1Ribs
(r)
b

, a = 1, ...,M (4.10)

To fit the 2-dimensional coincidence spectra, we can use the experimental spectra, di → d′ij,

where i might be for the energy deposited in the central module and j is the total energy
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sum for the event. The 2D equivalent of Equation 4.10 would be,

s(r+1)
a =

1∑N
k=1

∑N
l=1R

′
kla

N∑
i=1

N∑
j=1

R′
ijas

(r)
a d′ij∑M

b=1R
′
ijbs

(r)
b

, a = 1, ...,M (4.11)

Lastly, since s = a
b

= c
d

= a+c
b+d

for b, d ̸= 0, we can fit the 1D and 2D spectra, or any other

spectra, simultaneously to constrain γ-multiplicities and uncertainties [116].

Uncertainty Analysis

When running at ISOL facilities, such as CARIBU or the Holifield Radioactive Ion Beam

Facility, MTAS experiments were able to have minimal random background in coincidence

with the β-trigger detector. This experiment, on the other hand, is the first use of MTAS

at a fragmentation facility, where randomly correlated β decay events are a consequence of

other desired ions in the separator acceptance to be studied. Due to this, the background

counts can be large and need to be taken into account. To properly distinguish the decays

of interest from the background data, a time-since-implant gate, dT , is used to subtract the

random background, with dT < 0, from the random and real events, with dT > 0. From this,

all further spectra have error bars which are taken into account. To quantify the statistical

error, each energy bin in the negative time is randomly sampled in a Gaussian distribution

with µi = ni being the experimental value and σi =
√
ni being the error bar. Here, ni is the

number of counts in the ith bin. Each fit was then run 500 times to determine the effect

statistical effect on the fit.

4.6 VANDLE Neutron Detector

4.6.1 Principles of neutron Time-of-Flight detection

Neutrons emitted after β-decay are non-relativistic, therefore, their kinetic energy, En, can

be measured classically using their time-of-flight (ToF). This is shown in Equation 4.12,

where mn = 939.6MeV/c2 is the mass of the neutron, l is the distance between the β-decay

and the detected neutron, and t is the time-of-flight between the β-decay signal from the

46



YSO (start signal) and the VANDLE bar (stop signal).

En =
1

2
mnv

2, v =
l

t
(4.12)

(
∆E

E

)2

=

(
2∆t

t

)2

+

(
2∆l

l

)2

(4.13)

The neutron energy resolution (∆E) is resultant from the uncertainty of measuring the

distance the neutron traveled (∆l) and the uncertainty of the time of flight for the neutron

(∆t), shown in Equation 4.13. The limiting factor in the distance uncertainty is the position

resolution of the VANDLE bar. To overcome this limitation, the uncertainty in the time

of flight must be minimized for high-resolution measurements, thus high-resolution timing

algorithms are implemented for both the YSO detector and the VANDLE bars. Like the

previously discussed LaBr3 detectors, poly-CFD algorithm [114] is used to extract timing

from traces taken on both the start and stop detectors. Corrections were done bar by bar

and run by run to ensure that each detector was time-aligned.

4.6.2 VANDLE Response Function Simulations

To accurately characterize the response of VANDLE to different neutron energies during

FDSi experiments, simulations were performed by S. Neupane using Geant4 [115] with

varying mono-energetic neutrons, with a resultant response in ToF and efficiency for the

neutrons. The response is then fit with a Lorenzian plus 3 exponentials function, shown

in Equation 4.14 as f(x) where x is the ToF. The Lorentzian function is broken up into a

left and right allowing for different widths, and the variables for the function are listed in

Table 4.2 along with a fit of the function to a Geant4 simulated 1.5 MeV neutron is shown

in Figure 4.8. The fit is used to determine the amplitude, A, for a peak and the centroid of

the peak, x0. Additionally, each parameter listed in Table 4.2 can be dependent on the time

of flight, up to a second-order polynomial. This gives the 0th, 1st, and 2nd order subsets of

each parameter, such that a parameter p can be written as, p = p(0) + p(1)x + p(2)x2.
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Figure 4.8: Simulated response function from Geant4, fit using the Lorentzian plus 3
exponential function formulated in Equation 4.14.

Table 4.2: Parameters for the NEXTi neutron response function.

Name Variable 0th 1st 2nd

Lorentz FWHM/2 right σr 0.22803 0.01493 2.3027 × 10−4

Lorentz FWHM/2 left σl 0.1502 7.6617 × 10−3 1.5351 × 10−4

Offest o 0.030078 −8.3044 × 10−5

Exponential constant k1 0.15862
k2 0.020581 −2.2709 × 10−5 4.1209 × 10−6

k3 0.017365
Tail Offset d1 3.1700 -0.027571 7.851 × 10−5

d2 6.608 0.12026
d3 107.19
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gv =
x− x0

σr

f(x) =
A

N
(gv ≤ 0)

(
o + 1

1 + (gvσr/σl)2
− o

)
+

A

N
(0 < gv ≤ (k1 + d1))

1

1 + (gv)2

+
A

N
((k1 + d1) < gv ≤ (k2 + d2))

(
ek

1
1+k1d1

1 + (k1 + d1)2)

)
e−k1gv

+
A

N
((k2 + d2) < gv ≤ (k3 + d3))

(
ek1(k1+d1)−(k1−k2)(k2+d2)

1 + (k1 + d1)2

)
e−k2gv

+
A

N
((k3 + d3) < gv)

(
ek1(k1+d1)−(k1−k2)(k2+d2)−(k2−k3)(k3+d3)

1 + (k1 + d1)2

)
e−k3gv

(4.14)

The normalization, N , is given by Equation 4.15.

t0 = e−d2k1−k2(k3+d3+k1)

t1 = −k1e
d1k1+k21+k22+k2d2

t2 = (k1 − k2)e
d1k1+k21+k2(k3+d3)

t4 = tan−1(k1 + d1)

t5 = −σl

√
o + (1 + o)σl tan−1(o−0.5)

N =
σr

1 + (k1 + d1)2

(
t0(t1 + t2)

k1k2
+

t3
k3

)
+ σrt4 + t5

(4.15)

4.6.3 Neutron Detector Calibration

Verification of the response function was performed using the neutron spectrum from β-

delayed neutron emission of 49K. Fitting the curve with known neutron energies from

Ref. [117] allows for slight changes to the response function parameters, yielding the values

found in Table 4.2. The result is shown in Figure 4.9, where the final response function

does well to describe the known neutron spectrum. Furthermore, to ensure that the results

were consistent with previously measured data, the decay strength from the fit is compared

against data used to calibrate the ISOLDE Decay Station Neutron Detector (INDiE) during
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Figure 4.9: Deconvolution of the neutron time-of-flight spectrum from the β-decay of 49K,
used to calibrate the FDSi neutron response function.

experiment IS609 at the ISOLDE Decay Station, where the deconvolution is reported in

Ref. [118]. Figure 4.10 shows the agreement between the two measurements, verifying the

FSDi response function.

The 49K calibration also benchmarked the efficiency curve extracted from the simulations.

Figure 4.11 shows that the array has a peak efficiency of near 20% at 500 keV, with a sharp

decline for lower energies, but a much slower drop off for increasing energies.

4.6.4 Neutron Time-of-Flight Deconvolution

The neutron spectrum deconvolution process is used to fit the neutron spectrum with the

response function described earlier, such that the β-decay feeding intensities to neutron

unbound states in the P1n daughter can be measured along with the ability to measure the

branching ratio of neutron emission from neutron unbound states to excited states in the P1n

daughter. This analysis used the deconvolution method developed by Z. Y. Xu, et al. [119]

and further extended in Ref. [120]. γ-rays measured in coincidence with neutrons allows
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for a multi-graph fit, where neutron-γ spectra are gated on specific γ-transitions in the Pn

daughter are fit alongside the total spectra which includes the n-γ peaks measured in the

gated spectra scaled up by the efficiency of the DEGAi clover array at the γ-ray energy.
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Figure 4.11: Simulated neutron detection efficiency curve the the NEXTi array at FDSi.
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Chapter 5

Results

5.1 Decay of 44Cl

The half-life of 44Cl, shown in Table 5.1 and Figure 5.1, was determined to be t1/2 = 672±34

ms and t1/2 = 681 ± 20 ms using implant-β correlations in the second focal plane and

first focal planes, respectively. The two focal planes yield independent, but consistent,

measurements which agree with the measurements by Winger, et al. of t1/2 = 640±40ms [62]

and t1/2 = 672 ± 18ms [121], while disagreeing with the value of t1/2 = 434 ± 60ms reported

by Sorlin, et al. [66], which only had 465 β-decay events.

Due to the large amount of background and low neutron branching ratio, previously

determined to be < 8% [66], the complete feeding intensities were determined using only

MTAS. The individual γ-ray transitions were previously reported by Mrazek [69] and

Winger [121], which alongside those measured in the first focal plane were used to help

Table 5.1: Measured half-life values for 44Cl in both focal planes compared with previous
literature values. The number of β-decays, Nβ, in the analysis window of 2000 ms since the
implantation is also reported for each focal plane.

t1/2 (ms) Reference Nβ

681 ± 20 E21069B FDSi FP1 66037
672 ± 34 E21069B FDSi FP2 45933
434 ± 60 Sorlin, et al. [66]
640 ± 40 Winger, et al. [62]
672 ± 18 Winger, et al. [121]
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Figure 5.1: Decay curves from e21069b for 44Cl in the first (a) and second (b) focal planes.

guide the deconvolution of the MTAS data. Figure 5.2 shows the combined statistics of

e21069a and e21069b for the individual γ-transitions measured using the DEGAi clover

array, where the γ-intensities agree with the previously reported values. The most intense

transition is located at 1158 keV, representing the de-excitation of the first 2+ state in 44Ar.

Also prominent is the transition at 853 keV between the proposed second 2+ at 2010 keV and

the first excited state. This is confirmed in Figure 5.3 by gating on the 1158 keV transition

to find the 853 γ-ray in coincidence, while the 2010 keV transition is not in coincidence.

The total absorption spectrum from MTAS is shown in Figure 5.4, where the response

for feeding to each excited state in 44Ar is shown with a varying color from purple to green.

Previous measurements only reported β-decay feeding to states below 6 MeV, even though

the neutron separation energy is at 8.734 MeV [122]. For newly proposed states above 6

MeV, decay paths are proposed which have the ability to go through previously reported

levels. Due to the resolution of MTAS at high energies, these new states are quasi-states

that can represent a density of states rather than discrete levels. There is evidence for strong

β-feeding to states between 4 and 6 MeV, represented by the strong peaks in Figure 5.4,
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Figure 5.2: Combined statistics from e21069a and e21069b of individual γ-ray energies
measured in the first focal plane using the DEGAi clover detector array.
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Figure 5.3: Combined statistics from e21069a and e21069b of individual γ-ray energies
measured in the first focal plane using the DEGAi clover detector array in coincidence with
another γ-ray with Eγ = 1158 keV.
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Figure 5.4: The negative-time subtracted MTAS total sum deconvolution for the decay of
44Cl from e21069b using known states below 6 MeV and new states above. The pink line is
the total fit, with the purple to green lines shown the response for the feeding to different
states. State feeding lines have been shifted down 100 for illustrative purposes.

specifically for the state at 4808 keV. When gating the total sum spectrum on when there

is a single 2010 keV γ-ray in the central ring, Figure 5.5, one finds that the states at 4808

keV have a strong cascade through the second 2+ state. Similarly, the states slightly above

4808 also follow a similar cascade, while those below disappear in the coincidence spectrum

indicating different paths to the ground state.

The unique ability to measure the complete decay feeding in MTAS allows for a better

understanding of the decay pattern for exotic nuclei. While similar to previously reported

feeding patterns, the decay scheme for 44Cl, shown in Figure 5.6, pushes nearly to the end

of the Qβ window, with diminishing statistics in the neutron unbound region. The largest

differences when comparing to the previously reported feeding intensities from Winger [121]

come from lower feedings to the 1158 and 2010 keV 2+ states and the 4808 keV state. This

is due to the inclusion of newer states which have cascades contributing to the γ-intensity for

the lowest two states, where if the highly excited states are missed, the β-feeding intensity

appears higher to lower states. The cumulative decay strength for 44Cl can be seen in

Figure 5.7, where the 4808 keV state is seen as a significant step in the curve. This strong

decay feeding is a characteristic of Gamow-Teller transitions, indicating that the state likely

has Jπ = 1−, 2−, or 3−. This assignment would be in disagreement with the postulation
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Figure 5.5: The MTAS total sum spectrum gated on states which are in coincidence with
a 2010 keV γ-ray in the central ring. This represents states above 2010 keV which are
populated in β-decay and cascade through the proposed second 2+ state before reaching the
ground state.

of 2+ by Bhattacharya [50], where the state was seen to be populated after the β-delayed

neutron emission of 45Cl.

5.2 Decay of 45Cl

The half-life of 45Cl was determined using both a Bateman equation fit, described earlier

in section 4.2.1, including all daughter decays, with the result shown in Figure 5.8 for

e21069A. For decays in coincidence with γ-rays, such as Eγ = 542 keV corresponding to

the first excited state in 45Ar, a simple exponential+background can be used, shown in

Figure 5.9. Table 5.2 presents the measured half-life alongside previously measured values.

While previous literature values can vary, the value in this work agrees well with the weighted

average.

γ-rays measured using the DEGAi clover array over the course of experiments e21069A

and e21069B are shown in Figure 5.10, where the most intense line is at 542 keV, between

the 3/2− first excited state to the 7/2− ground state. Gating on this intense line, one is able

to find higher lying levels that decay through the 3/2− state. An example of this is the 3295

keV state, which has a transition to the ground state shown in Figure 5.10, and multiple
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Figure 5.6: The decay scheme for 44Cl as measured by MTAS.
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Figure 5.7: The cumulative β-decay strength for 44Cl, with the inset plot zoomed into
the range of previous β-decay measurements, < 6 MeV. The neutron separation energy,
Sn = 8.73 MeV is shown as the purple dashed line.
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Table 5.2: Measured half-life values for 45Cl in both focal planes compared with previous
literature values. The number of β-decays, Nβ, in the analysis window of 1500 ms since the
implantation is also reported for each focal plane.

t1/2 (ms) Reference Nβ

451 ± 14 E21069A FDSi FP1 131405
439 ± 9 E21069combined FDSi FP1 282806
439 ± 15 E21069B FDSi FP2 72756
400 ± 43 Sorlin, et al. [66]
420 ± 30 Winger, et al. [62]
513 ± 36 Bhattacharya, et al. [50]
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Figure 5.8: Decay curve for 45Cl fit using the Bateman equation.
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Figure 5.9: Decay curve for 45Cl gated by the 542 γ-transition associated with the first
excited state in 45Ar.
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Figure 5.10: The negative-time subtracted HPGe discrete γ-ray spectrum for 45Cl.

routes that transition through the first excited state. These decay branches are shown by the

2752 and 1524 keV transitions in the gated spectrum shown in Figure 5.11, going through

the 542 and 1771 keV states, respectively. At higher energy in Figure 5.11, a new transition

is seen at 4516 keV, representing the de-excitation from a state at 5058 keV.

With more neutrons inside a nucleus comes a higher probability of neutron emission

following β-decay. 45Cl has previously been measured to be a β-delayed neutron emitter,

but corresponding neutron energies are unreported. The energy of these neutrons is measured

with the NEXTi array via the time-of-flight method, and the time-of-flight spectra are shown

in Figure 5.12. The top panel (a) shows the neutron singles, while the lower two panels

are gated on γ-rays with Eγ = 1158 and 2011 keV, respectively. These are the lowest

two excited states in 44Ar, which can be populated following neutron emission from 45Ar.

The γ-gated neutron time-of-flight spectra are fit simultaneously with the neutron singles

spectrum to determine which neutrons are a result of β-decay feeding to unbound states, as

described in section 4.6.4. Neutrons that feed higher lying states in 44Ar are considered in

this deconvolution, such that if the states de-excite through lower excited states, such as the

2+ state, they are considered in the fit for that state as well. This can be seen by the green

(neutrons feeding to the 3rd or higher excited states) and black (neutrons feeding the second

excited state) peaks accompanying the blue (neutrons feeding the first excited states) peaks
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Figure 5.11: The 542 keV-gated clover γ-ray spectrum. A transition is able to be seen at
4516 keV, indicating a new state at 5058 keV. The vertical line indicates the location of the
neutron separation energy, Sn = 5168 keV.

in the 1158 keV gated neutron spectrum, Figure 5.12(b). Lastly, the red peaks are only seen

in the singles spectrum, Figure 5.12(a), because they represent decays to the ground state

of 44Ar and thus would not be in coincidence with any γ-rays.

In the neutron spectrum, the most intense peak is near 1 MeV, corresponding to a

transition to the ground state of 44Ar from a quasi-resonance in 45Ar at 6210 keV. Higher-

lying excited states populated in β decay yield neutrons in feeding both the ground state

and excited states, where the first excited state is favored by neutron emission over the

second excited state. This is shown by the stronger blue peak at 1.5 MeV in Figure 5.12(b)

compared to the smaller black peaks.

To measure the β-decay feeding below the neutron separation energy and below the

neutron detection threshold in NEXTi, total absorption spectroscopy is utilized. Figure 5.13

shows the result of the 2D-deconvolution plotted on the energy sum, where each color

represents the total feeding to a state and the pink line represents the overall total fit.

Neutron unbound states measured by NEXTi were included in the deconvolution, where

their β-decay feeding intensities were fixed to match the intensities measured in the first

focal plane. States with neutron energies below the NEXTi neutron detection threshold
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Figure 5.12: Deconvoluted neutron time-of-flight spectrum for 45Cl. (a) represents the
ungated neutron-TOF spectrum, (b) are neutrons in coincidence with a 1158 keV γ-ray
transition corresponding the the de-excitation of the first 2+ state in 44Ar, and (c) are
neutrons in coincidence with a 2011 keV γ-ray transition from the second excited state in
44Ar. The red peaks show neutrons going to the ground state of 44Ar, the blue peaks show
neutrons which go to the first excited state, the black peaks show neutrons going to the
second excited state, and the green peaks are for neutrons going to any higher excited state
in 44Ar.
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Figure 5.13: The negative-time subtracted MTAS total sum deconvolution using known
states and a new state at 5058 keV, and neutron unbound states determined by VANDLE.
The fit was performed over a range of 0 to 11 MeV.

were fit unconstrained due to the reliability of MTAS to measure low-energy neutrons. A

quasi-resonance at 5250 keV, less than 100 keV above the neutron separation energy, is seen

in the MTAS total spectrum shown in Figure 5.13, and another low energy neutron is seen to

be in coincidence with the 1158 keV γ-ray measured by the inner module in MTAS, shown as

the peak above 8 MeV in Figure 5.14. Due to the Compton scattering of high energy γ-rays,

strongly fed states below Sn can also be seen, specifically a new state at 5058 keV, which

can also be seen in the total spectrum and 542 keV gated spectrum, shown in Figure 5.15.

Also in the total energy spectrum gated on the 542 keV γ-ray in the central module, strong

feeding can be seen to the doublet just below 1.8 MeV and the state at 3.3 MeV. This agrees

well with the γ-rays measured by DEGAi.

The high efficiency of MTAS makes it ideal for identifying neutron-γ competition for

unbound states in a β-decay daughter nucleus. Due to the 3/2+ ground state in 45Cl,

high-lying states in 45Ar which are fed through β-decay are assumed to be populated via

Gamow-Teller decay. This forces the populated states to have either 1/2+, 3/2+, or 5/2+

spin and parities. These states can then be easily connected to the 3/2− first excited state

in 45Ar via an E1 transition. This is especially shown for the 5058 keV state which decays

through the 542 keV state. By gating on the 542 keV single γ-transition in MTAS, one can
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Figure 5.14: The 1158 keV-gated total sum spectrum from MTAS. There is a clear peak
above the neutron separation energy, signifying a low energy neutron in coincidence with the
first excited state in 44Ar. This neutron is otherwise undetected in VANDLE.
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Figure 5.15: The 542 keV-gated total sum spectrum from MTAS. No states are able to be
identified above Sn indicating that neutron-γ competition is not seen with this amount of
statistics.
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investigate the states that decay through the first excited state. Figure 5.15 shows the gates

sum spectrum, where there are no clear states above Sn.

The β-feeding intensities to the 10 bound excited states in 45Ar along with the 10 quasi-

resonances above Sn are shown in Figure 5.16. The known or expected spin-parities are

also listed with the log ft values for the decays. It can be seen that the most intense decay

feeding is to the 3295 keV, 5/2+ state, which then decays via multiple different paths to

the 7/2− ground state. Intense feeding to the 5/2+ state is indicative of a 3/2+ ground

state for 45Cl, opposing the previously assumed 1/2+ ground state predicted by shell model

calculations. There is also significant feeding near Sn to the 5058 keV state and to neutron

unbound states above 5400 keV. With an undetectable amount of neutron-γ competition,

the neutron branching ratio, Pn = 37 ± 13%, is larger than previously reported values of

24 ± 4% [66] and 28 ± 9% [123]. Compared to recent FDSi work, the larger Pn in this work

is due to the new measurement of low energy neutrons, specifically those in coincidence

with the first excited state in 44Ar, which were previously undetected due to the detection

threshold of NEXTi. Using the newly measured log ft values, one can extract the β-decay

strength distribution, where the cumulative Sβ distribution is shown in Figure 5.17. The

main features of the distribution are the strong feeding the the 3.3 MeV state and a significant

feeding to neutron unbound states.

5.3 Decay of 46Cl

The first measurements of the β-decay of 46Cl were performed at GANIL, with reported half-

lives shown in Table 5.3 and β-delayed γ-rays and neutron unbound states from Ref. [69]. The

half-lives measured at FDSi, also shown in Table 5.3 and in Figure 5.18, are self-consistent

between both focal planes and agree well with the previously reported values. For these

analyses, the Bateman equation was used to extract the half-life using literature half-lives

for the daughters and granddaughters, with the 1 and 2 neutron branching ratios varied in

the error analysis.

The discrete γ-ray transitions measured by DEGAi are shown in Figure 5.19. A wide

range of γ-ray energies are observed, with strong intensities for both P1n and P0n nuclei.
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Figure 5.16: A level scheme for 45Ar following the β-decay of 45Cl, including states which
are populated in 44Ar following the neutron emission from unbound states of 45Ar. Along
with this, the left shows the β-feeding intensity for each measured state.
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Figure 5.17: The experimentally measured cumulative β-decay strength (Sβ) for 45Cl.
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Table 5.3: Measured half-life values for 46Cl in both focal planes compared with previous
literature values. The number of β-decays, Nβ, in the analysis window of 500 ms since the
implantation is also reported for each focal plane.

t1/2 (ms) Reference Nβ

216 ± 23 E21069combined FDSi FP1 84434
253 ± 64 E21069B FDSi FP2 19615
223 ± 37 Sorlin, et al. [66]
232 ± 2 Grévy, et al. [68]
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Figure 5.18: Measured decay curve for 46Cl using the combined statistics from e21069a
and e21069b.
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Figure 5.19: The negative-time subtracted HPGe discrete γ-ray spectrum for 46Cl.

Specifically, the first excited state in 45Ar is seen at 542 keV, accompanied by lines at 797

and 874 keV. These latter transitions represent the decays of negative parity 1/2− or 3/2−

states in 45Ar through the first excited state to the ground state. Due to electromagnetic

selection rules, these states can also decay directly to the ground state, as highlighted by the

1339 keV line strongly shown in Figure 5.19. Due to their negative parity, these states were

populated significantly less than other nearby states in the decay of 45Cl, but instead, the

negative parity states are favored in neutron emission from excited states in 46Ar populated

by GT transition from 46Cl and thus are also negative parity allowing for l = 0 neutron

emission. Alternatively, the first excited state in 46Ar is at 1552 keV and is measured by

the 2+ → 0+ transition shown in Figure 5.19 as the second most intense line. The previous

measurement by Mrazek demonstrated that many high-lying states are fed in the decay of

46Cl, where these states normally either decay through the first or second excited state with

a single large energy γ-transition. In the region above 2500 keV, Figure 5.19 identifies high

energy transitions, many of which were previously reported and in agreement with Mrazek.

These large transitions are likely due to electromagnetic selection rules when decaying from

a negative parity state populated via a GT transition, to the low-lying 2+ state, indicating

either E1 or M2 transitions. Yet, due to low statistics, γ − γ coincidences were unable to

identify the specific decay patterns for individual transitions.
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Neutron unbound states populated in β-decay are candidates for β-delayed neutron

emission. With the identification of the first excited state in prompt coincidence with the

β decays of 46Cl, the parent nucleus is confirmed to be a strong neutron emitter. Using

the NEXTi array, neutron energies can be measured, possibly in coincidence with γ-rays,

to construct the decay feeding intensities to neutron unbound states. Figure 5.20 shows

the neutron time-of-flight deconvolution measured by NEXTi in singles, in coincidence with

the 542 keV γ-ray, and in coincidence with the 798 keV γ-ray in parts (a), (b), and (c),

respectively. Higher energy γ-transitions related to 45Ar were also taken into account during

the deconvolution, but the neutron-γ coincidence is not shown in the figure. Immediately, it

can be seen that the numerous medium energy states, between 0.5 and 2 MeV, in 45Ar leads

to a wide variety of neutron energies, shown as a continuous neutron ToF spectrum. The

two most prominently fed states via neutron emission are the first excited state, shown as

the blue curves, and the second excited state, shown as the black curves. The other colors

represent additional states to which the neutron arrives in 45Ar, at a smaller frequency. This

deconvolution yields a total of 6 neutron emitting quasi-resonances, which is increased from

the 4 reported by Mrazek [69]. The 4 previously reported quasi-resonances are found to be

in agreement with the 4 lower lying quasi-resonances measured in this work, while the other

two higher-lying quasi-resonances are new.

Using the known levels measured in the first focal plane for neutron bound and unbound

states, their responses in MTAS can be simulated and fit to experimental data, yielding

the β-decay feeding intensities for the decay of 46Cl. Figure 5.21 shows the result of the

deconvolution of the MTAS spectrum. Due to gaps in the known levels and responses from

MTAS, additional states were included at 7300, 8300, and 9200, all of which were input to be

γ decaying states. Using single transitions from DEGAi and feeding patterns determined by

MTAS, the new state at 7300 keV can instead be interpreted to be a state at 7265 keV which

decays via a 3197 keV γ-ray to the 4068 keV third excited state in 46Ar, demonstrating a

self-consistent analysis between the first and second focal planes at FDSi.

Furthermore, by gating on the 1552 keV single γ-ray transition in the central module and

looking at the total sum spectrum, shown at the top of Figure 5.22, the states fed in β-decay

which de-excite through the first excited state are isolated. Once isolated, the high-lying

69



40 60 80 100 120 140 160 180 200 220
TOF (ns)n

2−

1−

0

1

2

3

4

5

6

C
ou

nt
s 

(p
er

 2
.0

ns
)

=798 keVγ(c)E

40 60 80 100 120 140 160 180 200 220
TOF (ns)n

4−

2−

0

2

4

6

8

10

C
ou

nt
s 

(p
er

 2
.0

ns
)

=542 keVγ(b)E

40 60 80 100 120 140 160 180 200 220
TOF (ns)n

0

20

40

60

80

100

120

C
ou

nt
s 

(p
er

 1
.0

ns
)

123  (MeV)nE

 SinglesνCl 46(a)

Figure 5.20: Neutron time-of-flight deconvolution from the decay of 46Cl.
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Figure 5.21: The total sum spectrum in MTAS for the decay of 46Cl, where each curve
represents the MTAS response to the feeding to an individual state.
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Figure 5.22: (Top) The MTAS total sum spectrum gated on 1552 keV γ-ray associated
with the first excited state in 46Ar measured in the central module. (Bottom) The MTAS
total sum spectrum gated on 542 keV γ-ray associated with the first excited state in 45Ar
measured in the central module.
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on the results from the first focal plane, which was able to isolate neutron unbound states,

and which states in 45Ar were most fed.

Combining the results from the first and second focal planes, the β-decay feeding

intensities can be measured for 46Cl. Figure 5.23 shows the results, including the full level

scheme of 46Ar and a plot on the left showing the feeding, Iβ. Using the logft values for

each state, the β decay strength distribution is extracted and shown as the cumulative curve

from 0 to 13 MeV in Figure 5.24. The β-decay feeding is dominated by transitions to states

between 4.5 and 10.5 MeV, where no individual transition has a larger feeding than the

rest. This is different from what is seen in the decays of 44,45Cl where there is a single lower

energy state which takes most of the feeding. The result of this spread in feeding is a more

continuous, slowly rising cumulating Sβ up to 9.5 MeV, where the strength begins to increase

more drastically.

5.4 Decay of 47Cl

Previous measurements of the decay of 47Cl yielded only a half-life of 101 ± 6 ms [68],

as shown in Table 5.4 and Figure 5.25. This work combines data taken in both parts of

experiment e21069 at FRIB to further analyze the decay of 47Cl through the complete decay

spectroscopy technique. Firstly, the half-life of 47Cl, as measured by the work, is in good

agreement with the previously reported value.

The individual γ-ray transitions, measured by DEGAi, can then be investigated, shown

in Figure 5.26 where the strongest line is at 1552 keV, representing the de-excitation of the

first 2+ state in 46Ar. Such a strong line indicates a large amount of β-delayed neutron

emission in the decay. Above 2 MeV, transitions can be seen representing γ decays of highly

excited states in 46Ar to the 2+ state following neutron emission. For these states to be

populated following neutron emission, high energy states in 47Ar must first be populated

in β-decay. Due to the smaller phase space, these states would likely be a result of GT

transitions. At lower energies, a transition can be seen at 1229 keV, previously reported by

Bhattacharyya [83] and Gade [85], for the de-excitation of a 5/2− state to the 3/2− ground

state in 47Ar. Along with this, a smaller transition can be seen from a state at 1207 keV,
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Figure 5.24: The cumulative β-decay strength distribution for 46Cl, measured using both
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74



Table 5.4: Measured half-life values for 47Cl in both focal planes compared with previous
literature values. The number of β-decays, Nβ, in the analysis window of 300 ms since the
implantation is also reported for each focal plane.

t1/2 (ms) Reference Nβ

100 ± 20 E21069combined FDSi FP1 28692
94 ± 56 E21069B FDSi FP2 7317
101 ± 6 Grévy, et al. [68]
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Figure 5.25: The decay curve for 47Cl, where the black line represents the constant
background, the blue line is the main decay and the pink line is the total fit including
Pxn daughters and granddaugters.

75



0 500 1000 1500 2000 2500 3000 3500 4000

Energy (keV)

0

20

40

60

80

100

120

140

160

180
C

ou
nt

s/
2k

eV

 SinglesγCl 47

12
29

15
52

23
09

25
12

26
96

 

Figure 5.26: The high-resolution γ-ray spectrum corresponding to the decay of 47Cl,
measured with DEGAi.

postulated to be 1/2− by Bhattacharyya [83]. Both of these lower-lying states would have

to be populated either from higher-lying states through a γ cascade or directly from the

47Cl ground state via a FF transition. This transition must be forbidden due to the positive

parity 3/2+ ground state of 47Cl feeding the two negative parity states.

As stated earlier, many decays of 47Cl result in the population and de-excitation of the

1552 keV first excited state in 46Ar following a neutron emission. Thus when measuring

β-delayed neutron emission, neutron-γ coincidence is a necessary tool to extract levels of

excited states above Sn. Figure 5.27 shows both the neutron singles spectrum (a) and

Eγ = 1552 keV gated spectrum (b), where many different excited states in 46Ar are fed

following neutron emission. This supports the notion that GT transitions in the decay of

47Cl have the ability to populate highly energetic states in 47Ar. The inclusion of excited

states in 46Ar above the first excited state, while limited in neutron-γ coincidence statistics,

was due to the observation of known γ-rays from higher-lying states in DEGAi. This allows

for the reconstruction of the strength distribution to higher energies above the neutron

separation energy.

Using the measured neutron energies along with the measured and known γ-decays from

low-lying states, the total absorption spectrum from 47Cl can be fit, as shown in Figure 5.28.

From this fit, the β-decay feedings can be extracted for the lower-lying levels, predominantly

fed through FF transitions. In this deconvolution, the neutron unbound states were limited

76



20 40 60 80 100 120 140 160 180 200 220
TOF (ns)n

2−

1−

0

1

2

3

4

5

6

C
ou

nt
s 

(p
er

 2
.0

ns
)

=1552 keV
γ

(b)E

20 40 60 80 100 120 140 160 180 200 220
TOF (ns)n

0

20

40

60

80

100

120

140

160

C
ou

nt
s 

(p
er

 1
.0

ns
)

1234  (MeV)nE

 SinglesνCl 47(a)

Figure 5.27: The neutron time-of-flight deconvolution from the decay of 47Cl.
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Figure 5.28: The deconvoluted total sum spectrum in MTAS for the decay of 47Cl, where
each curve respresents the MTAS response to the feeding to an individual state.

based on the measurements by the NEXTi array. Although the statistics are low in the

MTAS spectrum, overall the agreement is good. From this, the lower-lying states can be fit

unrestricted, even though the high-lying states produce structures at lower energies.

With the combined results from DEGAi, NEXTi, and MTAS, the β-feeding intensities,

shown in Figure 5.29, can be extracted. Due to the low statistics, there are only 9 quasi-

resonances above Sn, which take the majority of decay feeding, yielding a Pn > 70%. Only

a lower limit can be placed due to the limited statistics and large likelihood of two neutron

emission increasing the total number of measured neutrons. The resulting β-decay strength

distribution, shown in Figure 5.30, remains low up to nearly 6 MeV before increasing more

rapidly. This indicated that the main strength occurs far above the neutron separation

energy.
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Figure 5.29: A level scheme for 47Ar following the β-decay of 47Cl, where limited statistics
yield large errors on the feeding to individual states.
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Chapter 6

Discussion

Calculations of β-decay transitions in the neutron-rich N = 28 region rely on the inclusion of

multiple major shells to properly describe the general features of decay strength distributions.

With neutrons populating the pf shell and protons populating the sd shell, the SDPF-

MU interaction, and more recently the SD-PF-SDG interaction [28], provide the necessary

orbitals for decay calculations. This section focuses on the comparison between theoretical

calculations and experimental measurements for the decay of chlorine isotopes.

6.1 Theoretical Predictions for the decay of 44Cl

Beginning with the decay of 44Cl, the decay strength shown at the end of section 5.1 is

compared to the Gamow-Teller transitions calculated using the SD-PF-SDG interaction,

shown as the red in Figure 6.1, along with GT and FF calculations from the nominal SDPF-

MU (green dashed line) and modified SDPF-MU (blue solid line) interactions. Starting with

the top plot in Figure 6.1, the experimental decay strength up to 6 MeV is characterized by a

large step at 4.8 MeV, followed by a continuous increase above 5 MeV. Proceeding the step,

the decay strength is mostly flat with small steps due to forbidden transitions, such as the

decay from the 2− ground state of 44Cl to the 2+, first excited state, in 44Ar. The large step

corresponds to the decay via a GT transition to one of the lowest-lying negative parity states.

This specific state is an ideal test for models as it probes both the energy and decay strength

to a specific state. SD-PF-SDG calculations not only under predicts the energy of the state
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Figure 6.1: The experimental β-decay strength distribution, Sβ, for 44Cl (black line)
compared to shell model calculations from the nominal SDPF-MU interaction (green dashed
line), modified SDPF-MU interaction (solid blue line), and SD-PF-SDG interaction (GT
only, red line).

and decay strength to the 1− state. Also predicting strong decay strength to a 1− state, the

nominal SDPF-MU interaction gets closer to the measured decay energy, but also still under

predicts the decay strength to the state. In an effort to replicate the correct energy of the

state, the N = 20 shell gap was modified in the SDPF-MU interaction by a 1 MeV increase.

This yielded an energy that is more consistent with the experimental value, but the decay

strength is reduced, rather than increased. While the trend of a single step is produced by

all calculations, the location and decay strength to the state does not match experimental

data. Investigating the decay to higher lying states, shown in the bottom of Figure 6.1,
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theoretical predictions somewhat under predicts the cumulative strength, but the trend of

a gradually increasing strength up to 8 MeV in experimental data is well reproduced in the

theoretical calculations. Then, the experimental strength grows more rapidly above 8 MeV,

which is also well predicted by the calculations. This indicates that while the calculations

of individual states are not precise, theoretical calculations can predict the density of states

in 44Ar along with the decay strength to those states.

6.2 SDPF-MU Predictions along N = 28

The β-decay of 45Cl is important, as it can give insight into the transition from the spherical

48Ca to the deformed 42Si, along the N = 28 isotones. Similar to the decay of 44Cl, the

decay of 45Cl experimentally has strong decay feeding to the 3.3 MeV state, known to be

5/2+. This state is not accessible via GT transitions from a 1/2+ ground state, as was

originally predicted and calculated using the SD-PF-SDG interaction, shown as the red line

in Figure 6.2(a). Most notably, the large interaction favors decays to lower-lying 1/2+ and

3/2+ states, as shown by the large increase in decay strength. Instead, this step in decay

strength lies higher up and is slightly reduced in comparison, which is predicted by the

nominal SDPF-MU interaction calculations with a 3/2+ ground state, shown as the green

dashed line. This change in from a prediction of a 1/2+ ground state to the experimentally

deduced 3/2+ ground state of 45Cl is directly related to the degeneracy of the proton d3/2

and s1/2 orbitals. As mentioned earlier, the d3/2 orbital is strongly affected by the filling of

the neutron f7/2 orbital, exemplified by the inversion of the 3/2+ and 1/2+ ground states

in potassium isotopes. As a N = 28 nuclei, it can be expected that the influence of the

f7/2 neutrons would be at its maximum and would produce a 1/2+ ground state in 45Cl.

Yet experimental data rebukes this, with the ground state instead being 3/2+. With fewer

protons in the sd shell, 45Cl is predicted to have a much smaller gap between the proton

s1/2 and d3/2 orbitals, as discussed earlier. Still, the assignment of a 3/2+ ground state by

Bhattacharya [50] and reaffirmed with the decay strength can help predict the ground state

for more exotic nuclei, such as 47Cl, where it was originally predicted to have stiff competition

between the 1/2+ and 3/2+ states, but instead should also have a 3/2+ ground state.
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Figure 6.2: (a) A comparison of experimental Sβ (black) to theoretical predictions using
the SD-PF-SDG [28] (red) and SDPF-MU (blue, green, pink) interactions for the decay of
45Cl. In this figure, SDPF-MU(dec.) represents calculations done with the Z = 20 shell gap
decreased by 1 MeV (blue) and SDPF- MU(inc.) Z = 20 shell gap increased by 1 MeV (pink
dotted), compared to the reference gap shown by SDPF-MU(ref.) (green dashed curve). (b)
The number of protons (grey) and neutrons (black) excited from the sd to pf shell, as a
function of energy, for states in 45Ar after β decay. The solid and dashed were obtained with
decreased shell gap and reference SDPF-MU interactions, respectively. See text for more de-
tails.

Above the first GT step at 3.3 MeV, the cumulative decay strength has a linear trend,

steadily increasing up to the detection threshold of 8.5 MeV. The SD-PF-SDG calculations

at high energies have two distinct trends with a step in the middle. First, it is predicted

that the decay strength would have a slow increase, followed by a larger and more steady

increase above the step near 7 MeV. While the experimental strength distribution also has

a slight step above 6 MeV, it is not as distinct as the step predicted by the new interaction.

This is likely due to the wrong predicted ground state of 45Cl, limiting the number of states

that can be populated via GT transitions. For the nominal SDPF-MU calculations with

a 3/2+ ground state for 45Cl, the strength above 6 MeV closely follows the linear trend
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from the experimental data. Yet, in the experimental work, the linear cumulative strength

begins closer to 5 MeV instead of above 6 MeV, creating a discrepancy between the SDPF-

MU calculations and the experimental data in the region just above the neutron separation

energy.

As discussed earlier in Chapter 2, GT decays for neutron-rich chlorine isotopes occur by

exciting a neutron from below N = 20, leaving a hole, or by populating a proton above

Z = 20, leaving the residual argon nucleus highly excited. Due to the discrepancy between

the experimental cumulative strength distribution and the nominal SDPF-MU calculations,

modified SDPF-MU interactions were introduced. Specifically, the size of the Z = 20 shell

gap was targeted by changing the effective single particle energies for the proton pf orbitals

by +1 MeV and −1MeV, shown in Figure 6.2(a) by the pink dotted curve and solid blue

curve, respectively. Immediately, the reduced proton shell gap is seen to have much better

agreement with the experimental distribution, both in the location and strength of the 3.3

MeV GT transition and the shape and scale of the strength distribution above 5 MeV.

Moreover, to understand why the decay distribution at high energies is sensitive to πpf

orbitals in 45Ar, new variables were constructed by counting the number of protons (neutrons)

excited across Z(N) = 20, weighted by Sβ as a function of excitation energy. This new

variable, shown in Figure 6.2(b), represents the excitation mode in the daughter relevant to β-

decay predicted by the nominal and reduced Z = 20 shell gap SDPF-MU interactions, shown

as the dashed and solid lines. In the figure, the black curves represent neutron excitations,

where the decay to lower-lying GT accessible states are dominated by the creation of neutron

holes in the sd shell, thus filling the proton sd orbitals. This is consistent with previous results

from the neutron transfer reaction on 46Ar [73]. In contrast, the proton excitation into the

pf shell, shown as the grey curves, increases near Sn and prevails at higher excitation energy.

Reducing the Z = 20 shell gap mostly impacts the high-energy decay strength, as proton

excitations from the sd to pf orbitals require less energy; this allows the GT strength to

shift downward in line with the experimental data.

While a 1 MeV reduction for the proton pf orbitals might seem arbitrary and just to

match the experimental data, it is important to ensure that the shell model interaction can

reproduce other observables in the region, along with the Sβ. The reference SDPF-MU shell
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model calculations reproduce the closely lying 1/2+ and 3/2+ states at low energy, with a

difference of −351 keV, compared to 127(6) reported by Gade [51], even though the energy

sequence is not correct, as suggested by Bhattacharya [50]. Nevertheless, when modifying the

Z = 20 shell gap, this energy difference is nearly the same as E(1/2+ − 3/2+) = −372 keV.

Experimental spectroscopic factors for 45Ar from Gaudefroy [72] and Lu [73] can be compared

to shell model calculations with and without a reduction of the Z = 20 shell gap. In the work

by Gaudefroy, spectroscopic factors for the d(44Ar, p)45Ar reaction are used to characterize

the evolution of the N = 28 shell gap. SDPF-MU calculations without any modifications

(referred to as the “reference” calculations) can reproduce observed spectroscopic factors

from Gaudefroy, shown in blue in Figure 6.3. The spectroscopic factors reported by Lu

from the p(46Ar, d)45Ar reaction, values marked red in the figure, also agree with shell

model calculations. Experimental lower-level energies, spins, and parities were taken from

Bhattacharya [50] and used throughout the analysis. These quantities agree well with

predictions from the shell model and show that the SDPF-MU interaction sufficiently tracks

the evolution of the N = 28 shell gap towards the second island of inversion. Also, the minor

changes in the low energy observables highlight that they are not affected by a change in the

Z = 20 shell gap, thereby having little contributions from the proton fp orbitals, further

underscoring the need for β-decay measurements to probe the higher lying states created

through the excitation of protons into the fp shell.

While the reduction of the Z = 20 shell gap is thoroughly tested in this work and with the

results presented above, it can also be important to compare how observables change when

modifying the N=28 shell gap. As shown in the right of Figure 6.3, changes to the N=28 shell

gap significantly affect the location of excited states in 45Ar and can change the spectroscopic

values for states. One can also observe the effects of changing the N = 28 shell gap on the

β-decay strength distribution. Figure 6.4 shows the comparison of the experimental Sβ

with the SDPF-MU calculations of the reference interaction, reduced Z = 20 interaction,

and the newly calculated reduced and increased N = 28 interactions. While there is a

noticeable but small change to the strength at high excitation energies, the most significant

changes to the distribution occur at low energies, as shown in the lower portion of the figure.

The interaction with a reduced N = 28 shell gap forces the decay strength to much lower
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Figure 6.4: Comparing the effect on the cumulative Sβ distribution for 45Cl due to the
modification of the N = 28 shell gap in the SDPF-MU interaction. The red (yellow) curve
represents the reduced (increased) N = 28 modified SDPF-MU predictions.

excitation energies. In contrast, the increased N = 28 shell gap interaction keeps the strength

small at low energies, then sharply increases above 4 MeV, neither of which represents the

experimental data. In turn, the agreement between the reference SDPF-MU predictions and

the experimental Sβ exemplifies the accuracy with which the SDPF-MU interaction captures

the evolution of the N = 28 shell gap halfway towards the island of inversion.
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6.3 β Decay Predictions for N > 28 Chlorine Isotopes

The β-decay of 46Cl can be complicated due to the odd-odd nature between protons and

neutrons which creates multiple different starting points for transitions. With an unpaired

proton occupying the d3/2 orbital and an unpaired neutron in the p3/2 orbital, it is expected

that the ground state for 47Cl will be either 0−, 1−, 2−, or 3−. This creates a wide variety of

different states that can be populated via either FF or GT transitions, but selection rules force

FF transitions to populate positive parity states, such as those previously measured at lower

energies, while GT transitions must populate negative parity states. Resultantly, as with

lighter chlorine isotopes, the GT transitions feed high-lying states in 46Ar. While previous

measurements have focused on assessing the first 2+ state in 46Ar, only Riley investigates a

negative parity state [81]. This state, observed at 4982 keV and postulated to have Jπ = 3−,

can become important for constraining the ground state of 46Cl. Looking back at the β-decay

feeding for 46Cl, this work measured the feeding intensity to the 3− state to be 5.7(25)%.

Due to GT selection rules, this would imply that the ground state of 46Cl is either 2− or 3−.

Furthermore, the β-decay strength distributions can also provide insight into the ground

state of 46Cl, along with the shell structure impacted by the decay. In the top of Figure 6.5,

the decay strength to low-lying states can be seen, where there is a slight experimental

strength to the 2+ state at 1552 keV. This state can be easily populated from a 1−, 2−, or

3− ground state through a FF transition, where the theoretical strengths, predicted by the

SDPF-MU interaction, all reproduce some strength. The 2− produces the largest amount

of strength, and is in the best agreement with the experimental distribution. Continuing

above 5 MeV, the strength distribution predictions for the 1− and 2− ground states begin

to diverge, slightly, from the other calculations and the experimental distribution, where

the blue and green curves step above the others. This discrepancy is short-lived, with the

experimental distribution catching up by 8 MeV, and eventually growing larger than all

predictions near 10 MeV. While these discrepancies can hold clues into the evolution of shell

structure, the inability to determine the ground state for 46Cl forces in-conclusions for how

the orbitals transform. Overall, the SDPF-MU interaction does well to reproduce the energy

and strength to the first excited state, but as GT transitions become more prominent, slight
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Figure 6.5: Comparing the experimental cumulative Sβ distribution for 46Cl (black) with
predictions from the SDPF-MU interaction using different possible ground states 46Cl.

discrepancies occur, forcing the need for a higher statistics measurement to better probe the

theoretical model.

The decay of 47Cl might be thought to be similar to the decay of 45Cl due to the likely,

3/2+ ground state and odd-even nature, but instead, it behaves more like its N > 28 neighbor

46Cl, such that both distributions do not have a distinct low-energy feeding. Instead, both

distributions have a gradual slope at low energies followed by a steeper portion at higher

energies. Nevertheless, the experimental distribution agrees better with the 3/2+ ground

state decay calculations from both the SDPF-MU and SD-PF-SDG interactions than those
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using a 1/2+ ground state, as shown in Figure 6.6. The agreement is most notable in the

4-5 MeV range, where the 1/2+ ground state yields a step in the region, which is not seen

experimentally. Instead, the 3/2+ decay produces a cumulative strength distribution with

smaller steps and a more gradual increase when pushing to higher excitation energies. At

higher energies, the cumulative strength is slightly larger than predicted from the decay of

the 3/2+ ground state and somewhat agrees better with the 1/2+ ground state decay, but

both are within error from this measurement.

With the firm establishment of a 3/2+ ground state for 45Cl, the competition between the

1/2+ and 3/2+ states for the ground state of 47Cl is expected to wane due to an increase in

separation between the d3/2 and s1/2 orbitals when filling the neutron p3/2 orbitals in the N >

28 region, depicted earlier in Figure 2.3. This measurement agrees with the extrapolation

of a 3/2+ ground state, but the relative difference between the 3/2+ and 1/2+ low-lying

states in 47Cl is not accessible in this measurement.Due to the limited statistics and likely

interference from two neutron emission, a future, high statistics, re-measurement is needed to

investigate the fine details of the strength distribution, especially at high excitation energies

in 47Ar.
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Figure 6.6: The cumulative Sβ for the decay of 47Cl, with the experimental measurement,
shown as the black curve, compared to theoretical predictions using both 1/2+ and 3/2+

ground states, shown by the dashed and solid lines respectively. Predictions are shown from
both the SDPF-MU, dashed green and solid blue lines, and SD-PD-SDG, dashed pink and
solid red lines, interactions.
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Chapter 7

Conclusion

The advancement of rare isotope beam facilities, such as the Facility for Rare Isotope

Beams (FRIB), has enabled complex and detailed measurements of exotic nuclei to be

made already at the early stages of this facility. This was achieved by the use of the

FRIB Decay Station Initiator (FDSi) and its two-focal plane detection system, which was

used to investigate neutron-rich nuclei in early FRIB experiments. This work focuses on

complete decay spectroscopy measurements of Chlorine isotopes near N = 28, where high-

resolution γ-ray and neutron detection were combined with total absorption spectroscopy to

measure the β decay feeding patterns across wide excitation-energy ranges in respective Qβ

windows. This work builds upon the first measurement of its kind in this region, Ref. [123],

by studying more nuclei and comparing them with theoretical predictions. The complete

decay spectroscopy technique, exemplified by FDSi, can then be implemented to study nuclei

further from stability.

Discrete γ-ray spectroscopy in this work was performed with the Decay Germanium Array

Initiator (DEGAi), while neutron time-of-flight spectroscopy utilized NEXTi to measure

neutron energies and decay feedings to neutron unbound states. In the second focal plane,

the Modular Total Absorption Spectrometer (MTAS) measured the complete decay feeding

intensities, building upon the measurements in the first focal plane by DEGAi for bound

states and NEXTi for neutron unbound states. The complementary two focal plane system

proved pivotal, as MTAS measured low energy neutrons below the NEXTi threshold, while
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the discrete spectroscopy of NEXTi allowed for necessary constraints when deconvoluting

the total absorption spectra.

When compared to large-scale shell model (LSSM) calculations, the experimental

strength distributions overall agree well, with caveats. Notably, a large step in the strength

distribution for the decay of 44Cl, corresponding to feeding to a state near 4.8 MeV, is not

well reproduced by theoretical predictions. The calculations instead predict lower strength

to a similar state, which also has a slightly lower energy. A larger disagreement is found in

the decay of 45Cl, where a reduced Z = 20 shell gap is needed to reproduce the experimental

strength distribution, especially at neutron unbound excitations.

Transitioning to more exotic decays, lower statistics limited the ability to confidently

distinguish between the decays of different predictions for the ground state of 46Cl. On

the other hand, the predicted ground state of 3/2+ for 47Cl yields predictions that agree

with experimental strength distribution, while the 1/2+ ground state predictions disagree.

Although the statistics are limited, both of these nuclei indicate how remeasuring them

with high statistics would be beneficial. First, in the decay of 46Cl there are indications of

neutron-γ competition, where high-lying, neutron unbound, states appear to cascade through

the 1552 keV 2+ state. This would be a remarkable result, as neutron-γ competition has

not been predicted for this region. Still to confirm this a high statistics measurement would

need to be run, with an extensive amount of statistics in both the first and second focal

planes. A measurement of this kind would also likely be able to determine the ground state

of 46Cl which is currently unknown. Secondly, 47Cl is a strong neutron emitter, with a high

probability of two-neutron emission. The neutron spectra of two neutron emitters are known

to be highly dependent on the level density of both the first and second emitters [124], thus

high lying levels in both 47Ar and 46Ar can be studied in a single decay measurement while

probing our current understanding of two neutron emission.

Overall, this work proves the ability to utilize both focal planes of FDSi for a complete

spectroscopy measurement. Through similar implementations, nuclei all over the neutron-

rich side of the chart of nuclides can be extensively studied, pushing the knowledge of decay to

the limits of nuclear stability. In the transition to heavier or more neutron-rich nuclei, it will

be beneficial to include new detector technologies, such as OGS [125, 126] and NEXT [127,
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128, 129] neutron detectors, for higher resolution neutron energies along with low thresholds

and pulse shape discrimination capabilities. This will greatly help reduce of background when

measuring β-delayed neutron emission, especially when accompanied by next-generation γ-

ray detectors for neutron-γ coincidence.
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[59] O. Sorlin, Z. Dombrádi, D. Sohler, F. Azaiez, J. Timár, Y. E. Penionzhkevich,

F. Amorini, D. Baiborodin, A. Bauchet, F. Becker, et al., Eur. Phys. J. A 22, 173

(2004). 19

[60] J. Ollier, R. Chapman, X. Liang, M. Labiche, K.-M. Spohr, M. Davison, G. de Angelis,
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