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Spécialité : Constituants élémentaires et physique théorique
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Résumé

Les ions d’intérêts riches en protons de 20Mg, de 23Si et de 22Si ont été produits par fragmentation
au laboratoire NSCL, à MSU (USA), puis implantés dans un dispositif composé de 3 détecteurs Si
à pistes (DSSD) entouré de 16 détecteurs HPGe. Cet ensemble a permis la détection des particules
chargées émises depuis les états non liés, en coincidence avec les rayons γ émis par la désexcitation des
noyaux fils. La décroissance βp du 20Mg, particulièrement bien connue, a été étudiée afin de tester et
d’optimiser l’analyse. En particulier, les voies de décroissance βp peuplant les 3 premiers états excités du
19Ne ont pu être identifiées. Le temps de demi-vie, les rapports d’embranchement des transitions et les
énergies d’excitation des états, y compris l’état isobarique analogue (IAS), ont été mesurés. L’étude de la
décroissance β du 23Si a permis l’identification de 14 états dans l’23Al. L’émission de deux protons depuis
l’IAS dans l’23Al a pu être mise en évidence avec certitude. La mesure de l’énergie de l’IAS a permis
une détermination plus précise de la masse de l’état fondamental du 23Si, à 23.27 (7) MeV. Une possible
transition β3p a également été observée. La plupart des prédictions théoriques de la masse du 22Si sont
en accord avec une radioactivité 2-protons (2p). Les décroissances β2p vers le premier état excité et l’état
fondamental du 20Na ont été identifiées. Le rapport d’embranchement vers l’IAS est de 2.05 (44) %, et
son énergie d’excitation a été mesurée à 9040 (54) keV. La mesure supplémentaire du temps de demi-vie,
T1/2 = 30.38 (45) ms, a permis de calculer le temps de vie partiel de cette transition. Dans cette étude,
nous proposons une paramétrisation de la fonction statistique de Fermi f pour les décroissances de Fermi
super-permises, permettant la première mesure indirecte de l’excès de masse de l’état fondamental du
22Si, à 31.49 (14) MeV. L’énergie seuil correspondante est alors S2p = 645 (100) keV, et ne permet pas
une radioactivité 2p depuis l’état fondamental.

Abstract

The neutron-deficient nuclei 20Mg, 23Si and 22Si were produced by fragmentation at NSCL, at MSU
(USA), and implanted into an array of 3 double sided stripped Si detectors, surrounded by 16 high-purity
Ge detectors. This novel arrangement allowed the detection of the charged particles emitted by the
unbound excited states in coincidence with the γ rays emitted by the de-excitation of the daughter. The
βp decay of 20Mg is very well-known and therefore was used to test and optimize the analysis programm.
The β-delayed proton transitions to the first 3 excited states in 19Ne were identified and compared to
previous measurements. The half-life, the branching ratio of the transitions and the excitation energies,
including the IAS, were measured and are in good agreement with the adopted values. The study of the
β+ decay of 23Si allowed the identification of 14 excited states in 23Al. The emission of 2 protons from the
IAS was unambiguously identified. The measurement of the IAS energy allowed a better determination
of the mass excess of 23Si, giving 23.27 (7) MeV. A possible β3p decay channel was also tentitavely
identified. Most of the theoritical predictions are in favor of a 2-proton radioactive 22Si. The β2p decays
to the first excited state and the ground state of 20Na were identified. The branching ratio of the decay to
the IAS is 2.05 (44) %, and the IAS excitation energy was measured to be 9040 (54) keV. The additional
measurement of the half-life gives T1/2 = 30.38 (45) ms, and allowed the determination of the partial
half-life. In this study, we propose a parametrization of the statistical rate function f for the superallowed
Fermi β decays. This allow the first indirect mass measurement of 22Si ground state, 31.49 (14) MeV.
The two-proton threshold is then S2p = 645 (100) keV and does not allow 2p radioactivity.
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Ces trois années de thèse n’auraient pas pu être un succès sans les interactions avec les

autres chercheurs du GANIL (François, Anthéa, Fanny, Carme, Julien, Beyhan, Emmanuel),
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femmes du GANIL : Myriam, Ketel, Sabrina, Virginie, Marie-Laure, Catherine, et toutes les

autres.

En dernier lieu, il est de mon devoir de vous remercier, vous qui ouvrez ces quelques pages,

et qui prenez le temps de parcourir mon travail accompli ces trois dernières années. J’ai bon

espoir qu’il vous soit utile, qu’il vous inspire et qu’il vous invite à le dépasser.
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Chapter 1

Introduction

One of the simplest ways to describe the mass of atomic nuclei is to ignore the fact that the

nucleus consists of protons, neutrons and the complex N-body forces acting between them

and to instead assume that the entire system can be treated as a charged liquid drop. A semi-

empirical description would require both volume and surface terms as well as a uniform Coulomb

contribution that is required to describe the overall electric charge. By adding additional terms

for pairing and symmetry effects, the binding energy of this liquid drop is described by the

well-known Bethe-Weizsacker mass equation [Wei35]. The predictive power of this formula is

shown in Figure 1.1. It is immediately apparent that this description works reasonably well

for most nuclei with the exception of a select few that have a very specific number of protons

and/or neutrons. These numbers were deemed magic numbers since they seemed to provide

excess nuclear binding.

Today, the concept of magic numbers is well understood. They originate from the fact that

nuclei exhibit shell structure in a completely analogous way to electron shell structure in atoms.

The nuclear shell model was developed [May48] to explain why these magic nuclei, with proton

or neutron numbers equivalent to 2, 8, 20, 28, 50, 82, or 126, are the most strongly bound and

why doubly magic nuclei (nuclei with a magic number of both protons and neutrons) provide

the strongest possible nuclear configuration. Although tremendously successful, it was assumed

that the nuclear shell model with its fixed set of magic numbers is universal and should persist

even in unstable isotopes. Following decades of research and with the recent advent of rare-

isotope beam facilities, this simple picture is now known to be incorrect. The classical shell

gaps and magic numbers used to describe nuclei near stability evolve towards the extremes

of nuclear binding and often give rise to spectacular phenomena such as exotic structures,

unique shapes, and rare modes of nuclear decay. The delicate and subtle forces that drive these

dramatic structural changes challenge our understanding and demand further investigation in
regions where they may be enhanced. Experimental studies of nuclear structure and decay

for the most exotic nuclei are thus essential for understanding the limits of nuclear binding
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Chapter 1. Introduction

Figure 1.1 – Differences between the mass measurements and the predictions of the Bethe-Weizsäcker

formula, as a function of the proton and neutron number. For discrete numbers of nucleons, the

differences suddenly increase and translate more stable nuclear configurations. (Figure taken from

[Hey04])

and for improving theoretical predictions in areas of the nuclear chart that cannot be accessed

experimentally. The primary focus of this thesis is the study of the β decays of the neutron-

deficient nuclei 22,23Si and 20Mg that are located at the limits of nuclear stability. For these

nuclei, the energy available for β decay is significant and this energy (or Q value) opens new

decay channels. The parent can decay to excited states above the particle separation threshold

and these β-delayed particle decays are a powerful spectroscopic tool to study the structure of

unbound excited states in weakly-bound nuclei. On the proton rich side of the nuclear chart,

where the Coulomb force is less repulsive in the β+ daughters, it is possible that the parent

decays to its own isobaric analogue state (IAS). Under the assumption of that the nuclear force

is isospin-independent, the IAS in the daughter (situated at high excitation energy) can be

described by the exact same nuclear wave functions as the ground state of the parent nucleus.

The only difference between these states is the exchanged nucleon. The difference in binding

energy between these states is thus only due to the Coulomb force. The Coulomb shifts between

all isobaric analogue states are well described by a quadratic function of the total isospin T and

the isospin projection Tz, which is known as the Isobaric Mass Multiplet Equation (IMME).

Experimental measurements of isobaric analogue states, combined with the IMME, provides a

powerful tool to deduce nuclear masses when direct mass measurements are not feasible.

In this chapter, an introduction to the theoretical framework of nuclear β decay and the
origins of Fermi theory will be presented. A particular focus will be on Superallowed Fermi

β decays between isobaric analogue states. The IMME, which will be used in Chapter 4 to
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1.1. Nuclear β-decay

derive the mass excess of the (A = 23, T = −5/2) nucleus 23Si will also be described in detail.

The different decay modes that can appear on the neutron deficient side of the nuclear chart
will be provided in the context of delayed charged particle decays from the IAS in β-decay

daughters.

1.1 Nuclear β-decay

Nuclear β-decay is the process by which an unstable nucleus with atomic number Z and neutron

number N gains binding energy by transforming into a more stable nucleus with Z ± 1 and
N ∓ 1 while conserving the total mass number A = Z+N . The decay is accompanied by the

emission of a β particle e± and a neutrino νe or ν̄e. The two possible β-decay processes can be

expressed as:

A
ZXN

β+

−→ A
Z−1WN+1 + e+ + νe, (1.1)

A
ZXN

β−

−→ A
Z+1YN−1 + e− + ν̄e (1.2)

In competition with β+ decay, a third weak-interaction process called electron capture (EC)
can also occur. In this process, an electron from the internal atomic orbitals is captured by the

nucleus and an electron neutrino νe is emitted in the transformation of a proton into a neutron.

This decay can be written as:

A
ZXN + e−

EC decay−→ A
Z−1WN+1 + νe (1.3)

All of the above decays release the excess rest mass energy in the unstable parent nucleus

by transforming it into the more stable daughter nucleus. The energy difference between the

parent and the daughter nuclei is defined as the Q-value of the decay. The Q-value, if positive,

implies that the parent is less stable than the daughter and the nucleus can spontaneously

decay. On the contrary, a negative Q value means that the parent is more stable than the

daughter and spontaneous decay cannot occur. The Q-values of the different β decay processes

described above are given by:

Qβ− =M(AZXN)c
2 −M( A

Z+1YN−1)c
2 , (1.4)

Qβ+ =M(AZXN)c
2 −M( A

Z−1WN+1)c
2 − 2mec

2 , (1.5)

where M(X) is the atomic mass of the nucleus X, and mec2 is the mass of the electron.

9



Chapter 1. Introduction

The Q-value for electron capture is defined as:

QEC = M(AZXN)c
2 −M( A

Z−1WN+1)c
2. (1.6)

The difference between the Q values for EC and β+ decays, QEC − Qβ+ ≈ 2mec2, implies

that for nuclei in which β+ decay is energetically possible can also decay by EC. The reverse

is not necessarily possible as there are situations in which the QEC value is positive while the

Qβ+ value is negative. In these cases, electron capture is the only possible decay mode. The

ratio of EC in comparison with the β+ process can be determined through the observation of

the Auger electrons ad X-rays emitted by the electrons from the outter shells.

1.1.1 Fermi Theory of β Decay

In 1934, Enrico Fermi developed a successful theory of nuclear β decay that was based on an

analogy with electromagnetic radiation theory. The transition rate of the β-decay process can

be derived using Fermi’s Golden Rule:

λfi =
2π

!
|Mfi|2

dn

dEf
, (1.7)

where |Mfi| is the matrix element of the interaction Hamiltonian |⟨Ψf |Hint|Ψi⟩| that connects
the initial state Ψi (the nuclear wave function of the parent ΨP ) and the final state Ψf (the
daughter ΨD, the emitted β particle Ψe and the neutrino Ψν). The matrix element can be

expressed as an integral over all nucleons as well as the β particle and neutrino coordinates:

Mfi =

∫

Ψ∗

DΨ
∗

eΨ
∗

νĤintΨP d3r⃗ (1.8)

In his theory, Fermi treated the weak interaction as a point interaction that leads to the
following expression for the Hamiltonian:

Ĥint = gδ(r⃗n − r⃗p)δ(r⃗n − r⃗e)δ(r⃗n − r⃗ν)Ô(n ↔ p), (1.9)

where Ô(n ↔ p) is the operator that converts a neutron into a proton (or vice versa) and g is

the interaction strength. In contrast to electromagnetic decay where a photon is exchanged

between charged particles and is infinite range (mγ = 0), nuclear β decay appears to be short

range. To explain the short-range nature of nuclear β decay, it was hypothesized that a massive

particle (the intermediate W± boson) must be exchanged. In 1983, this particle was discovered
at CERN with a mass of 83 ± 5 GeV, which confirmed the short-range nature of nuclear β decay

(≈ 10−16 m or 0.1 fm).
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1.1. Nuclear β-decay

In order to derive the matrix element |Mfi|, it is assumed that the neutrino wave function

can be approximated by a plane wave normalized in a volume V:

Ψν =
1√
V
e−ip⃗ν .r⃗/! (1.10)

For the electron, one has to take into account the Coulomb distortion caused by the interaction

between the emitted charged β particle and the positively charged nucleus. This Coulomb

distortion is described by the Fermi function [Fer34], and can be approximated as:

F (Z, pe) =
2πη

1− e−2πη
with η = ±

Ze2

4πε0!ve
, (1.11)

where the positive (negative) sign describes the β− (β+) processes, and ve is the velocity of
the β particle. Assuming, as above for the neutrino, that the β particles wave function can

be approximated by plane waves and including the Fermi function for the Coulomb distortion
yields:

Ψe =
1√
V
|F (Z, pe)|

1
2 e−ip⃗ν .r⃗/!. (1.12)

Note that for small values of η, which implies small Z and large ve (and large Q-value), this

function is close to unity.

The daughter and the parent nuclear wave functions can be approximated by single-particle

wave functions, in such a way that the wave functions of the A − 1 nucleons not involved in

the β decay cancel each other yielding:

Mfi = g

∫

ψ∗

D(r⃗)Ψ
∗

e(r⃗)Ψ
∗

ν(r⃗)Ô(n ↔ p)ψP (r⃗) d
3r⃗, (1.13)

where ψD and ψP represents the wave functions of the proton (neutron) in the parent and

the neutron (proton) in the daughter that are involved in the decay process. To simplify the
notation, the modified matrix element M ′

fi will be used which removes all of the Coulomb

effects and the volume normalization from the transition matrix element:

|Mfi|2 = g2
F (Z, pe)

V 2
|M ′

fi|2. (1.14)

Substituting Eqns 1.9, 1.10 and 1.12 into Eqn. 1.8 yields:

M ′

fi = g

∫

ψ∗

D(r⃗)e
i(p⃗ν+p⃗e).r⃗/!Ô(n ↔ p)ψP (r⃗) d

3r⃗ (1.15)

For a β particle with momentum p ∼ 1 MeV/c, the quantity p⃗/! in the electron wave function

is only ∼ 0.005 fm−1. With the approximation that the electron wave and neutrino wave length

11
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is small compared to the typical nuclear radius, p⃗/! << r⃗, the above expression can be

simplified further using a Taylor expansion:

M ′

fi =

[
∫

ψ∗

D(r⃗)Ô(n ↔ p)ψP (r⃗) d
3r⃗ + i

(p⃗ν + p⃗e)

!

∫

ψ∗

D(r⃗)r⃗Ô(n ↔ p)ψP (r⃗) d
3r⃗ + · · ·

]

. (1.16)

The first term of this expansion (zeroth order, L = 0) is the transformation of a proton into a

neutron (or vice versa), and the integral is equal to the overlap between the parent and daugh-

ter nuclear wave functions. The parity operator P̂ (r⃗ → r⃗) applied to this term gives a non-zero

result only if the parity of the daughter and parent wave functions are identical. The second
term (L =1) is negative under the parity operator due to the presence of the factor r⃗ in the

integral. This operation creates the first selection rule for nuclear β decay: the eigenvalues

from the even L terms are positive with respect to the parity operator, whereas the odd L

terms are negative.

Returning to Eqn. 1.15, the term ei(p⃗ν+p⃗e).r⃗/! can be expressed as the decomposition of a

plane wave into two spherical harmonics

ei(p⃗ν+p⃗e).r⃗/! =
∑

L,M

(4π)iLjL(kr)Y
M
L (k̂)Y ∗M

L (r̂), (1.17)

where k⃗ = (p⃗ν + p⃗e)/!, jL(x) are the spherical Bessel functions, and k̂ and r̂ stand for the
angular coordinates. This leads to the expression of the matrix element:

M ′

fi = g
∑

L,M

4π iLY M
L (k̂)

∫

ψ∗

D(r⃗)jL(kr)Y
∗M
L (r̂)Ô(n ↔ p)ψP (r⃗) d

3r⃗. (1.18)

In the case of protons and neutrons treated as single particles in the parent and daughter nuclei,

the wave functions can be further separated into their radial and angular components:

M ′

fi = g 4π iLβ

+Lβ
∑

M=−Lβ

Y M
Lβ

(k̂)

∫

Y ∗MD
LD

(θ,φ)Y ∗M
Lβ

(θ,φ)Y ∗MP
LP

(θ,φ) dΩ (1.19)

×
∫

R∗

D(r)jLβ
(kr)Ô(n ↔ p)RP (r)r

2 dr⃗, (1.20)

where Lβ = Le + Lν . Applying the Wigner-Eckart theorem to the first term results in a second

selection rule as the integral over the angular term is non-zero only if the following condition

is satisfied:

L⃗P = L⃗D + L⃗β. (1.21)

12



1.1. Nuclear β-decay

This is the angular momentum selection rule for nuclear β decay. Substituting the spherical

harmonics expression of Eqn. 1.17 into Eqn. 1.16, we can explicitly write the parity selection
rule as:

πP = (−1)LβπD. (1.22)

The angular momentum and parity selection rules play a crucial role in classifying nuclear

β decays.

1.1.2 Classification and selection rules

Because of the presence of the spherical Bessel functions, the relative importance of the L-terms

in the Taylor expansion of the transition matrix element (Eqn. 1.16) decreases rapidly. In other

words, only the lowest L terms will significantly contribute to the decay probability. This leads

to the well-known classification of nuclear β-decay, in terms of angular momentum L:

Lβ = 0 “allowed” decays

Lβ = 1 “first forbidden” decays

Lβ = 2 “second forbidden” decays
...

(1.23)

It should be emphasized that the L > 1 “forbidden” decays are not strictly speaking forbidden.

These decays occur in nature but they are highly suppressed compared to the allowed decays.
There is approximately 3 orders of magnitude suppression in the decay rate for every additional

L value.

The neutrino, the β particle and the nucleons involved in the decay are all fermions (spin 1/2
particles) and this intrinsic spin must also be included in the Hamiltonian. The β-particle and

the neutrino spins can couple to either Sβ =0 or Sβ =1. This leads to the addition of a new

term in the transition matrix element:
∫

∑

ΨD
∗σ̂ΨPΨ

∗

βσ̂Ψν d
3r⃗ (1.24)

where Ψ are the wave functions of the particles, including the spin and the orbital angular
momentum terms, and σ̂ are the Pauli matrices. There are thus two classifications of nuclear

β decays with respect to the spin angular momentum carried by the β-particle and the neutrino:
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Chapter 1. Introduction

Sβ = 0
[

Ô(n ↔ p)
]

Fermi β decay

Sβ = 1
[

σ̂Ô(n ↔ p)
]

Gamow − Teller β decay
(1.25)

The β decay selection rules can thus be written as:

J⃗P = J⃗D + J⃗β with J⃗β = L⃗β + S⃗β (1.26)

πP = (−1)LβπD. (1.27)

Allowed Fermi decays (Lβ = 0, Sβ = 0) occur between states with the same spin and par-

ity, i.e ∆J = 0 and πD = πP . For the case of allowed Gamow-Teller transitions (Lβ = 0,

Sβ = 1), one can have ∆J = −1, 0,+1 and the same parity πD = πP . Another special class

of decays are the 0± → 0± decays which are pure Fermi decay since a Gamow-Teller compo-

nent would be strictly forbidden according to the angular momentum selection rule (⃗0 ̸= 0⃗ + 1⃗).

The strength of the Fermi and the Gamow-Teller contributions in the transition matrix

element differ. The transition matrix element for the general case in which both components

contribute can be written as:

g|M ′

fi|2 = g2F |M ′

fi(F )|2 + g2GT |M ′

fi(GT )|2 (1.28)

where gF and gGT are the vector (Fermi) and the axial-vector (Gamow-Teller) strengths, re-

spectively. In the case of pure Fermi transitions 0± → 0±, the Gamow-Teller component is zero

and the total matrix element can be simplified to g|M ′
fi|2 = g2F |M ′

fi(F )|2.

1.1.3 The ft value

Computing the transition rate of Eqn. 1.7 requires the density of the final states, dn
dEf

. The

number of final states n for a particle of a momentum p in 3 dimensions is given by:

n =
1

(2π!)3

∫

d3x

∫

d3p (1.29)

=
V

(2π!)3

∫

d3p, (1.30)

where V is the arbitrary volume in which the particles wave function has been normalized,

while the second integral is performed over a sphere in momentum space with a volume 4π
3 p

3.
The differential form of the density of final states can then be expressed as:

dn

dEf
=

V

(2π!)3
4πp2

dp

dE
. (1.31)
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1.1. Nuclear β-decay

Using relativistic energy conservation, E2 = p2c2 + m2c4, the density of final states can be

simplified further:

dn

dEf
=

V

2π2!3c2
pE (1.32)

=
1

2π2

V

(!c)3
E
√
E2 −m2c4. (1.33)

In the decay process, the β particle, the neutrino and the recoil of the daughter nucleus contains

the full kinematics. Energy and momentum conservation for this three-body process implies

that:

p⃗e + p⃗νe + p⃗recoil = 0 (1.34)

Ee + Eνe + Erecoil = E. (1.35)

With these conservation rules, the recoil ions energy and momentum can then be expressed

in terms of the electron and neutrinos energy and momenta. The resulting density of states

integrated over the angles dΩe and dΩν is thus:

dn

dEf
=

V 2

(2π!)6
d

dE

∫

p2edpedΩep
2
νdpνdΩν . (1.36)

Evaluating the density of states for a β particle with an energy between Ee and Ee + dEe

and ignoring the nuclear recoil energy yields:

dn

dEf

∣

∣

∣

∣

(Ee,pe)

=
V 2

(2π!)6
dpe p

2
ν

dpν
dE

∫

dΩedΩν (1.37)

=
V 2

4π!6c3
p2e (E − Ee)

2

[

1−
m2

νc
4

(E − Ee)2

]1/2

dpe. (1.38)

From this equation, a continuous β energy spectrum is obtained between Ee = 0 and the

maximum energy that is available for the decay (the Q-value). Assuming the neutrino mass is

negligible, mν ≈ 0, substitution of Eqns. 1.28 and 1.38 into Eqn. 1.7 yields the decay rate:

λfi =
g2

2π3!7c3
|M ′

fi|2
∫ pemax

0

F (Z, pe)p
2
e(E − Ee)

2dpe. (1.39)

It is customary to convert the energy and momentum into dimensionless unites using ρ = pe
mec

and W = Ee
mec2

= Te
mec2

+ 1. The relativistic energy-momentum relation thus becomes W 2 =

ρ2 + 1. The decay constant can then be expressed as,

λfi =
m5

ec
4g2

2π3!7
|M ′

fi|2
∫ W0

1

F (Z,W )W
√
W 2 − 1(W0 −W )2dW, (1.40)
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where W0 = Emax
e

mec2
≈ Qβ

mec2
+ 1. The integral in Eqn. 1.40 is referred to as the statistical rate

function f :

f =

∫ W0

1

F (Z,W )W
√
W 2 − 1(W0 −W )2dW. (1.41)

The decay constant is then:

λfi = g2
m5

ec
4

2π3!7
|M ′

fi|2 f (1.42)

The decay constant can also be expressed as a function of the partial half-life for the decay

to the final state of interest that is defined as t = ln 2
λfi

=
T1/2

BR (1 + PEC), where BR is the

branching ratio to the final state, and PEC represents the fraction of electron capture decays

compared to positron decays (for β− decay, PEC = 0). Combining these expressions, one can

express the ft value for nuclear β decay as:

ft =
1

g2|M ′
fi|2

2π3!7ln2

m5
ec

4
(1.43)

The ft value for a nuclear β decay is a quantity that can be measured experimentally. The

partial half-life t is obtained by measuring the decay half-life and the branching ratio to the

particular daughter state interest. The phase space integral f is a function of the charge of the
daughter nucleus and the Q-value of the β decay. Thus, if one can measure the Q-value of the

β decay between the parent and daughter states, the f value can be calculated using Eqn. 1.41.

1.1.4 Superallowed Fermi β Decays

In 1932, Heinsenberg proposed to treat the neutron and the proton as the same particle (the

“nucleon”) with a new quantum number t, called isospin [Hei32], and with projection numbers

tz = −1
2 for the proton, and tz = +1

2 for the neutron. This is analogous to the intrinsic spin s

of the nucleons. This concept can be extended to the entire nucleus, giving the total nuclear

isospin TZ = (N−Z)
2 where N is the number of neutrons and Z the number of protons.

Isospin is a relatively good quantum number since it is conserved by the strong interaction.

In analogy with the algebra for the spin angular momentum, the total isospin of the nucleus

can be any integer between |TZ | and (N + Z)/2. For most nuclei, the ground state has the

lowest possible isospin T = (N−Z)
2 . Continuing with the analogy to spin, for every isospin T

there exists a multiplet of states with a total of 2T+1 members. For T = 1 states, for example,

there exists a triplet of states with TZ = (−1, 0, +1).
Nuclear β decay, which describes the transformation of a proton into a neutron (or a neutron

into a proton), can thus be considered as a simple isospin raising or lowering “ladder operator”.
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1.1. Nuclear β-decay

The ladder operation connecting nuclei in the same isospin multiplet with the same T, but with

different projections TZ , can be written as:

T̂±|T, TZ⟩ =
√

(T ∓ TZ)(T ± TZ + 1)|T, TZ ± 1⟩. (1.44)

Thus, the Fermi β decay operator is simply the isospin operator T± whereas the Gamow-Teller

operator is σT±. This implies that the selection rules for isospin in nuclear β decay are linked

to those for spin and angular momentum. Fermi decays are forbidden unless the isospin of the

daughter is the same as that of the parent (∆T = 0), while Gamow-Teller decays can occur for

∆T = 0,±1.

The term “superallowed” Fermi β decays refers to a specific class of decays that are allowed

(Lβ = 0), pure Fermi (Sβ = 0) and are transitions between isobaric analogue states (∆T = 0)

of the same isospin multiplet. In this very special case, and assuming that isospin is an exact

symmetry of the nuclear Hamiltonian, the wave functions of the parent and daughter states are

identical. Using this assumption, the transition matrix element for nuclear β decay |M ′
fi| can

be calculated exactly using the isospin ladder operator:

|M ′

fi|2 = (T ∓ TZ)(T ± TZ + 1). (1.45)

The coupling strength for superallowed Fermi decays, as defined in Eqn. 1.28, is uniquely

made of the Fermi (vector) component (g = gF ). In the late 1950s, it was assumed (in analogy

to electromagnetism) that the vector part of the weak interaction was a fundamental constant
that is conserved in the nuclear field. This Conserved-Current-Vector (CVC) hypothesis is one

of the pillars of the Standard Model and has been tested through very precise measurements

of the ft values for several superallowed Fermi β decays. These tests require several small
theoretical terms to be applied to the experimental ft values to correct for radiative effects

(the interaction of the β particle in the presence of the Coulomb field of the daughter nucleus)

and isospin symmetry breaking (isospin symmetry is broken by Coulomb and nuclear-structure

dependent effects). The corrected ft values, written as the Ft values, have been determined

very precisely for fourteen T = 1 decays between 10C and 74Rb. As shown in Fig. 1.2, the
Ft values are clearly nucleus independent and this constancy confirms the CVC hypothesis at

the level of 10−4[Har15]. With CVC verified, the average Ft value obtained from these 14 cases

is Ft = 3072.7 ± 0.72 s [Har15].
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Figure 1.2 – Fourteen most precisely determined superallowed Fermi β decay Ft values. Their

constancy confirms the CVC hypothesis and yields an average value of Ft = 3072.7 ± 0.72 s. (Figure

taken from [Har15])

1.2 β-delayed charged particle decays

At the beginning of the 1960s, Goldansky proposed several possible decay modes that can only

occur very close the proton drip line including β-delayed proton and multi-proton emission as

well as two-proton radioactivity [Gol60]. The first observation of these decays was at Dubna in

1962 [Kar63] but this was only after the identification of the first β-delayed proton precursor
25Si [Bar1963] one year later. The interest in studying these β-delayed charged particle decays
increased and today there are now more than 150 β-delayed α and β-delayed proton emitters,

called precursors, that have been discovered across the nuclear chart [Har76, Lor12].

The appearance of these decays at the proton drip line can be understood through the

isobaric mass differences and the increase of the decay Q-value as one moves further from the

valley of stability. In addition, the binding energy of the last nucleon, which is referred to

as the “separation energy”, decreases towards the drip line and allows the β decay to feed

particle-unbound resonances in the daughter nucleus. This opens the different decay channels,
as shown schematically in Figure 1.3. The Q-value of these β-delayed charged particle decays

are defined in a similar way as in Equation 1.5:

Qβp = M(AZXN)c
2 −M(A−1

Z−2QN+1)c
2 −mp − 2mec

2 , (1.46)

Qβα = M(AZXN)c
2 −M(A−4

Z−3RN−1)c
2 −mα − 2mec

2, (1.47)

where mp and mα are the masses of the proton and the α particle, respectively.
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1.2. β-delayed charged particle decays

Figure 1.3 – Schematic decay scheme of the different decay channels (β, βp, β2p, and βα) that can

occur near the proton drip line. (Figure taken from [Bla08]).

In the case of β-delayed proton emission, referred to simply as βp decay, the precursor AZ

decays from its ground state to excited levels in the emitter AZ− 1 which are above the proton

separation threshold Sp. The state can decay by proton emission and the decay Qβp-value is

related to β-decay Q value according to:

Qβp = Qβ − Sp(A,Z). (1.48)

The proton separation energy can be calculated from the binding energies of the parent and

daughter nuclei:

Sp(A,Z) = B(A− 1, Z − 1)−B(A,Z) (1.49)

= M(A− 1, Z − 1) +mp −M(A,Z). (1.50)

As shown in Figure 1.3, the decay of the parent can also populate states in the daughter that

are below the proton-separation energy. When this occurs, these states will decay by γ-ray

emission. The β-delayed decay channels thus depend on the relative position of the particle

separation threshold with respect to the Qβ-value.

In even more exotic nuclei, states in the β-decay daughter may be populated that are above

the two-proton separation energy (S2p). These states could then decay by the emission of two

protons to states in the A−2Z−3 daughter. This decay could proceed either by the direct emis-

sion of two simultaneous protons or via a sequential decay that passes through an intermediate
unbound state in the A−1Z − 2 daughter.
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Because the proton is a charged particle, proton emission can only occur when there is

sufficient energy to penetrate the centrifugal barrier. The probability of emission depends pri-
marily on this energy and on the angular momentum it carries. The intensities of the βp and

β2p transitions are defined as the product of the branching ratios of the proton transition and

of the β-decay transition from the ground state of the precursor to the particle-unbound lev-

els. Because of the Coulomb shift between the precursor and the emitter, the most energetic

level to be populated in the emitter is usually the isobaric analogue state (IAS) of the precursor.

1.2.1 The Isobaric Mass Multiplet Equation

The IAS energy is linked to the mass excess of the ground state of the precursor through

the Isobaric Mass Multiplet Equation. This relation was first investigated and proposed by

E.P. Wigner in 1957 [Wig57] to describe the mass excess for a set of the IAS in the same
isobaric multiplet (A,TZ). This relation is a function of TZ (or Z) and the splitting of the mass

excess between each member of the multiplet is due only to the Coulomb interaction, which

lowers the energy of the IAS of the lower-Z isobars in the multiplet.

The eigenstates |α, T, TZ⟩ of the charge-independent HamiltonianHind that conserves isospin
T , will be completely degenerate for the IAS characterized by the same value of TZ . The addition

of a charge-violating Coulomb interaction lifts this degeneracy and the result can be described

as a perturbation to the nuclear force. The total binding energy is given by:

B(α, T, TZ) = ⟨α, T, TZ |(Hind +HCoulomb)|α, T, TZ⟩. (1.51)

Considering only two-body forces, the eigenvalues of the Coulomb perturbation are defined by:

∆B(α, T, TZ) = ⟨α, T, TZ |
2
∑

i=0

H(k)
Coulomb|α, T, TZ⟩. (1.52)

Applying the Wigner-Eckart theorem, the TZ dependence of the energy splitting for the multi-

plet can be extracted:

∆B(α, T, TZ) =
2
∑

i=0

(−)T−TZ

(

T k T

−TZ 0 TZ

)

⟨α, T ||H(k)
Coulomb||α, T ⟩. (1.53)

The 3-j coefficients have a simple analytical form for the three values of k, and the binding
energy can be expressed as:

∆B(α, T, TZ) =
1√

2T + 1

[

M (0) +
TZ

√

T (T + 1)
M (1) +

3T 2
Z − T (T + 1)

√

T (T + 1)(2T + 3)(2T − 1)
M (2)

]

,

(1.54)
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1.2. β-delayed charged particle decays

where M (k) are the three sets of reduced matrix elements ⟨α, T ||H(k)
Coulomb||α, T ⟩, which depend

on T and α. This result can be rewritten to highlight the familiar quadratic form of the IMME:

∆B(α, T, TZ) = a+ bTZ + cT 2
Z (1.55)

This splitting can be observed in the case of two mirror nuclei that have the same isospin

T but with opposite isospin projections TZ . It is also useful to compare three nuclei from the

same multiplet to highlight the quadratic form of the IMME.

The isospin triplet 14O (TZ = −1), 14N (TZ = 0), and 14C (TZ = 1) is presented in Figure 1.4.

The set of states with the same T and the same configuration Jπ in this triplet (for example,

the triplet of 0+ states at 0.156 MeV, 2.31 MeV, and 5.15 MeV in Fig. 1.4) is a good example
of the evolution of the IAS excitation energy with isospin. The binding energy is lowest in 14C

(the member with the lowest Z) due to the influence of the Coulomb interaction. Because 14N

is T = 0, while 14C and 14O have T = 1, 14N has several additional states that are part of the

singlet (A = 14, T = 0).

Systematic studies across several masses and isospin multiplets have been performed by

MacCormick et al. [Mac14] to deduce the values of the quadratic coefficients a, b and c for the

IMME. The b coefficient is due to the first order of the Coulomb energy and based on the as-

sumption that the nucleus is a homogeneously charged sphere, one expects b to be proportional
to (A− 1)/A1/3. The function, fitted on the average of the current measurements of the IMME

for multiplet from T = 1/2 to T = 3 gives:

b = ∆nH − Sb × (A− 1)/A1/3 + Cb inMeV, (1.56)

where ∆nH is the neutron-proton mass difference, and Sb and Cb are coefficients obtained by

the fit and are a function of the multiplet. In a similar way, the c coefficient can defined by:

c ≃ 3× (260× Sc/A
1/3 + Cc) inMeV (1.57)

where Sc and Cc are the fitting coefficients. With these considerations, an approximate esti-

mation of the ratio |b/c| can be made:

|b/c| = 0.96× (A− 1)− 2.8 (1.58)

The improvement in the precision of experimentally determined IAS energies in several

multiplets have indicated that there are some small contributions that require the inclusion of

a cubic term into the IMME. Up to now, five non-zero d coefficients have been deduced but
additional experimental investigations are needed to assess the importance and significance of

the cubic term in the IMME mass prediction formula.
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Chapter 1. Introduction

Figure 1.4 – Level schemes of 14O (TZ = −1), 14N (TZ = 0), and 14C (TZ = 1). Based on the charge-

independence of the nuclear force, the three level schemes would be identical with the exception of the

Coulomb interaction. The energies are normalized to the ground state mass of 14N. Several additional

states present only in 14N are those belonging to the (A = 14, T = 0) singlet and are not labelled in

this figure. (Figure taken from [Val09]).

1.2.2 β-delayed multiple charged particle decays

β-delayed emission of two protons (β2p decay) was first discovered in the TZ = −2 nucleus
22Al by Cable et al. in 1984 [Cab84]. The βp decay of this proton-rich Al isotope was already

established as were several proton-unbound levels in the β-decay daughter 22Mg. The results
by Cable et al. included a measurement of the energies of the individual proton groups. These

energies were identified as one-proton transitions to and from unbound levels in the daughter
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1.2. β-delayed charged particle decays

21Na, while the sum corresponded to the energy expected for a two-proton decay from the IAS

to both the ground state and the first excited state in 20Ne. Figure 1.5 shows the energy-sum
and the individual proton spectra. The order of the individual proton transitions was deduced

from the Doppler-shift induced by the kinetic energy of the recoil ion after the first proton

emission. This was the first identification of a β-delayed sequential two-proton emission from

an IAS. As explained above, one of the main interest in the β2p is to be able to determine

if the decay proceeds by a sequential emission of single protons or a direct and simultaneous
emission of two protons. New experimental techniques have since been developed to identify

the decay sequence that will be described in detail below.

Figure 1.5 – (a) The total charged-particle energy detected in ∆E-E telescopes were measured and

matches the expected values for a decay from the IAS in 22Mg to the ground state and the first

excited state in 20Ne. The individual proton energies (xi, g′i) and (gi, g′i)were mesured and allowed

to determine the order of the one-proton decay paths to the excited state (b) and the ground state

(c).

In Figure 1.6, predictions for many different β-delayed decay modes which have been, or
could be, observed are presented. Most of β-delayed one-proton emitters with A < 60 have

been observed (filled symbols in Fig. 1.6) and their decay Q-values and partial half-lives have
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been measured. Based on the estimated Q-value of these decays, the lightest β2p and β3p

candidates are 22Si and 23Si, respectively.

As shown in Fig. 1.6, the β-delayed three-proton emitters are extremely rare and are even

more difficult to observe because of the competition with other decay channels that involve

less protons. Even if this process is less interesting from a nuclear-structure point of view, this

decay channel could help to identify and measure the excitation energy of the isobaric analogue

state. For now, β3p has been observed in only three nuclei : 31Ar [Kol14], 45Fe [Mie07] and
43Cr [Pom11a, Aud12] with decay branching ratios ranging from 0.1 to a few %. Figure 1.7

presents the particle trajectories observed in a time projection chamber for these three decay

paths (βp, β2p and β3p) following the decays of 45Fe.

From the systematics in Figure 1.6, the Q3p-value for 23Si suggests a possibly observable

β3p decay branch. However, when several β-delayed decays are in competition, the more exotic

branch is also the less probable. In Chapter 4, an experimental search for the β3p decay from
23Si will be presented in detail.

1.3 One-Proton and Two-Proton radioactivity

In addition to β-delayed proton and multi-proton decays, direct single-proton emission from

the ground state of nuclei were predicted in the early 1960’s [Zel60]. These decays occur when
the Sp value is negative, and are referred to as proton radioactivity provided that the half-life

is sufficiently long enough. First cases of proton radioactivity were observed from an isomeric
state in 53Co, and from the ground states of 147Tm [Sch82], 109I and 113Cs [Fae84]. Today, there

are now more than 25 proton emitters that have been discovered. Based on the similarities

with the Barrier-Penetration model already used to describe α-particle emission from ground
states, it was found that the partial half-life for proton radioactivity depends primarily on

the decay Q-value (Qp) and the angular momentum carried by the emitted proton. This

momentum is directly related to the single-particle orbit of the emitted proton. In addition, a
nuclear-structure component that describes the wave-function overlap between the parent and

the daughter must be applied. Because of the Coulomb barrier, which is determined by the
charge of the nucleus, it becomes evident that single-proton radioactivity is more common in

medium mass and heavier nuclei.

1.3.1 Two-proton radioactivity

Very quickly after his prediction of β delayed charged particle decays, Goldanksy [Gol61] pro-
posed the existence of an even more exotic type of decay called two-proton radioactivity. This

decay mode was predicted to occur from the ground states of even-Z nuclei close to the drip
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1.3. One-Proton and Two-Proton radioactivity

Figure 1.6 – Survey of β-delayed particle decays from proton-rich nuclei through their IAS. the

y-axis is the proton energy assuming an equal sharing of the available energy. Known emitters are

indicated with filled squares while the open squares are those nuclei that have a favourable decay

Q-value, but which have not (yet) been observed. In green, the lightest precursors and subject of the

present thesis work 23Si and 22Si are highlighted. The solid blue lines indicate the limit where the

competition between γ-decay and particle emission is expected to be significant. (Figure taken from

Ref. [Bla08]).
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Figure 1.7 – First observation of β-delayed three proton emission (c) from the ground state of 45Fe.

This rare decay mode is in competition with β+, βp (a) and β2p (b) decay channels. The branching

ratio for β3p decay was measured to be 3.30% from 125 total decays. (Figure taken from [Pfü12]).

line, for which the pairing energy creates a unique situation where the Sp separation energy

is positive while the S2p value is negative. Decay by the emission of two protons is therefore

possible while the emission of a single proton is energetically forbidden. This is shown schemat-

ically in Fig. 1.8. In this case, two-proton radioactivity cannot be a sequential decay through

the one-proton daughter unless (as in light nuclei) the ground state of (A-1, Z-1) daughter is a

very broad resonance. Sequential decay of two protons in this case could then occur through
its low-energy tail.

Figure 1.8 – Schematic view of the two-proton radioactivity: the single-proton channel is forbidden

because of the negative Qp-value, while the direct two-proton decay channel is open with respect to

the binding energies.

For direct two-proton emission, the partial half-life is determined by the height of the

Coulomb and centrifugal barriers, and is therefore expected to be more probable in medium-
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1.3. One-Proton and Two-Proton radioactivity

mass nuclei. The two-proton decay rate can be calculated using the same tunnelling model as

used for α decay. The product of the two barrier-permeability exponentials, which translates
into the probability that the charged particle will tunnel through the barrier can be written as:

ω = exp

{

−2π(Z − 2)e2
√
mp

!
√

Epp

[

1
√

(ε)
+

1
√

(1− ε)

]

}

, (1.59)

where Epp is the total decay energy, and ε and 1 − ε correspond to the fractions of this total

energy that is available to each of the protons. The charge of the parent nucleus Z and the

mass of the proton mp are also required. This distribution reaches a maximum when there

is an equal sharing of the proton energy (ε = 0.5). From this observation, two scenario were

proposed to describe the nature of two-proton emission:

• the two emitted protons are correlated because of the pairing and nuclear interaction and

form a l = 0 proton resonance. This system is not bound because of the Coulomb force

and decays by emitting the two individual protons simultaneously.

• the process is a three-body decay where only energy and angular momentum conservation

have to be respected. In this case, the angular distribution between the two protons is
isotropic and the energy sharing distribution uniform.

One has to keep in mind that in addition to this simple kinematic aspect, the theoretical models

must also take into account the structure of the parent and daughter nuclei, which tends to

suppress the decay and increase the half-life. To be competitive with β+ decay, the proton
emission half-life has to be faster. Known 2p emitters have half-lives that range from tens to

hundreds milliseconds.

1.3.2 Discovery of Two-Proton Radioactivity

Ground-state two-proton radioactivity was discovered in 2002 in experiments performed simul-

taneously at GANIL [Gio07] and at GSI [Pf03] following decays of 45Fe. The secondary beams

of 45Fe were implanted into a position-sensitive Si-strip detector that were surrounded by scin-

tillators for the detection of β-particles. The experimental measurements used spatial and time

correlations between implantation events and decay events in the Si detector to study and dis-

criminate between the different decay modes. In these experiments, the 2 low-energy protons

emitted following the 2p decay are stopped in the vicinity of the implantation and the energy

recorded by the Si detector is always equal to their sum. One therefore expects to observe a

peak in the charged-particle spectrum with a characteristic energy. Contrary to all β-delayed
charged particle decays, a β-particle is not emitted following a true 2p decay. The width of a 2p

peak is expected to be narrower than a βp peak since the latter is degraded by the summing of

27



Chapter 1. Introduction

the proton with some fraction of the energy deposited in the Si by the outgoing β particle. The

experiments clearly showed that the 2p candidate peak was narrower than the widths observed
for the βp peaks. By taking an anti-coincidence with the β-particle detectors that surrounded

the Si, they also showed that this peak is not accompanied by a β particle. The β-particle

anti-coincident proton energy spectrum obtained in the GANIL experiment [Gio07] is shown

in Figure 1.9. The energy and the partial half-life of this transition were in good agreement

with the various theoretical predictions as shown in the same Figure 1.9. All of these evidences
were convincing enough to claim the discovery of this rare decay mode in 45Fe nearly 50 years

after it was predicted to exist. Today, there are now 4 known 2p emitters: 45Fe (discovered in

2002) [Gio07], 48Ni (2005, confirmed in 2011) [Dos05, Pom11b], 54Zn (2004) [Bla05] and 67Kr
(2016) [Goi16].

Following these discovery experiments that were not able to measure the individual proton

energies and search for possible p-p angular correlations, experimental research in this field

turned towards the development of a time projection chamber (TPC). After implanting the 2p

precursor into a gas volume, the emitted protons will ionize the atoms or molecules of the gas

all along their trajectories. The ionization electrons can be collected in an applied electric field

onto a position-sensitive pad plane in order to provide a two-dimensional charge projection.

The third dimension can be deduced using the time it takes the electrons to reach the pad

plane. This method provides the means to create a full 3-dimensional image, on an event-

by-event basis, which allows the decay channel to be clearly identified. In addition, the full

kinematic reconstruction of each event can be used to deduce the individual energies of the

emitted protons and measure the angle of emission between them.

The first direct observation of two-proton radioactivity from 45Fe in a TPC took place at

GANIL in 2007 where a total of 10 implant-decay correlated events were identified [Gio07].

In a subsequent experiment at GANIL on 54Zn using the same device, 7 fully reconstructed,

correlated implant-and-decay events were identified that allowed a measurement of the half-life

and branching ratio that were in good agreement with a previous experiment using a Si detec-

tor [Asc11]. Figure 1.10 presents a single event that was reconstructed in 3 dimensions. The

TPC provided additional information on the energy and angular correlations between the emit-

ted protons that was used to study the nature of the decay mode (sequential or simultaneous).

Figure 1.11 (left) shows that the energy is equally shared between the two protons, which is in

good agreement with the three-body model of Ref. [Gri00]. Figure 1.11 (right) compares the

angular distribution between the two protons to the three-body model in order to estimate the

nuclear shell orbital where the protons originated. The shell model was then added to include

nuclear structure effects into the dynamics of the decay. By comparing the partial half-lives,

they were able to conclude that nearly all of the 2p decay strength in 54Zn goes through the

(0p)2 configuration.

The emission of two protons from a nucleus is not limited to ground-state 2p radioactivity
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Figure 1.9 – The top figure presents the energy spectrum of the decay events recorded in a Si detector

that were identified as two-proton decay from 45Fe (taken from [Bla08]). The bottom figure compares

the partial half-life deduced for the two-proton decay branch with different theoretical models (taken

from Ref. [Gio07]).

but this decay mode can also occur from unbound excited states. These states can be populated

from the β decay of a precursor (this is β2p decay that was described above) or from a nuclear

reaction. Once the state is populated, and the 2p emission identified, the experimental goals are

identical to the studies described above for ground-state 2p radioactivity. Measurements of the

individual energies of the protons and the search for possible angular correlations between them

provides unique insight as to the nature of this rare decay mode. The benefit to using a reaction

to populate a 2p emitting state, as opposed to studying ground-state 2p decay, is the overall
statistical yield. There are very few ground-state emitters known and their production cross

sections are extremely small. One is often limited to overall yields of only ∼ 10 to 100 events
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Figure 1.10 – The two-dimensionnal projection of the two proton trajectories (a) observed in the

TPC after implantation of 54Zn. The colors are here to indicate the energy loss detected in the strips.

(b) The third dimension is obtained using the drift time of the electrons, allowing the measurement

of the full kinematic. (Figure taken from [Asc11])

Figure 1.11 – The energy sharing bewteen the two charged particles is in good agreement with the

three-body model of two-proton radioactivity. The angular distribution allows the identification of

the two-proton initial orbitals. (Figures taken from [Asc11])
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maximum after an experiment lasting several days. Depending on the β2p decay branching

ratio or the reaction cross sections for populating these states, yields could be significantly
higher. The other advantage, is that the energies of the protons emitted from excited states are

much larger than the typical energies for ground-state decays (∼ 500 keV per proton) and thus

their detection is conceptually simpler. An example of a reaction study to populate 2p emitting

states in 22Mg and 23Al was recently performed at RIKEN [Ma15]. Beams of 22Mg and 23Al were

produced using the RIPS fragment separator and were sent to a 12C reaction target. Following
breakup reactions on the target, heavy fragments (20Ne and 21Na, respectively) were identified

using the Bρ−∆E−TOF method, while the position and energy of the protons emitted from

the excited states were measured using position-sensitive Si telescopes. Figure 1.12 shows the
angular and energy correlations between the two protons that were obtained. The data were

fitted using a Monte-Carlo simulation to identify whether the decays were two sequential single

proton decays or the direct emission of two protons decay. The wide and isotropic energy and

angular distributions that were measured for 23Al is in agreement with a sequential emission

of two protons. However, the narrow angular distribution centered at 30◦ in 22Mg is in better
agreement with a simultaneous correlated process.

1.3.3 Summary and Motivation

Nuclei that are situated at, or close to, the proton drip line often exhibit several rare decay

channels that are not open to nuclei closer to stability. These decay modes appear naturally

from the combination of the increasing decay Q-values with the decreasing particle separation
thresholds. Following the β decays of these near drip-line nuclei, branching ratios to particle

unbound states give rise to β-delayed particle emission. Depending on the separation energies

several different β-delayed decay channels may be open and can compete with each other.
Delayed decays including βp, β2p, β3p, βα and βαp have all been observed experimentally.

Delayed decay spectroscopy is an extremely useful experimental tool to study the structure of

the unbound excited states in the daughter nuclei as they are populated with a reasonably high

yield and these states can be inaccessible using other techniques such as transfer and scattering

reactions or in-beam γ-ray spectroscopy. Studies of β2p decay can provide additional insight
on the nature of the 2p-decay mechanism with higher statistical yield than ground-state 2p

radioactivity that is produced with very limited intensities.

As described in this Chapter, the Coulomb force on the neutron-deficient side of the nuclear

chart splits the degeneracy of an isospin multiplet of isobaric analogue states giving the highest

energy to the lowest TZ member of the multiplet. It is then possible that the isobaric analogue

state decays to the ground state of the lowest TZ member is accessible through nuclear β+ decay.

The use of β-delayed proton decay is also of crucial importance as the energy of this isobaric
analogue state can be deduced via proton-decay spectroscopy. Once this key state is identified

and its energy deduced, the isobaric mass multiplet equation (IMME) can be used to deduce
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Figure 1.12 – Angular and energy correlations between the two protons emitted from the IAS in both
23Al and 22Mg show two different decay mechanisms. An isotropic angular and energy distribution is

observed for 23Al which can be explained from a sequential decay of two protons. The peak observed

in the case of 22Mg suggests a strongly correlated simultaneous emission of 2 protons. (Figures taken

from [Ma15]).

the masses for other unknown states of the multiplet. Measuring the energy of an IAS through

its proton decay can thus be used to deduce the mass of the parent nucleus. Nuclear masses

are essential and fundamental quantities in nuclear physics whose trends can be used to study

the evolution of nuclear shell structure in unexplored regions of the nuclear chart, deduce the

limits of nuclear binding and delineate the location of the drip lines, predict the onset of rapid

shape changes and deformation effects and explore new and exotic decay modes.

As the single-particle separation energy gets even closer to zero, pairing effects can create

situations where the nucleus is bound with respect to single proton emission but is unbound

to the emission of two protons. Ground-state 2p radioactivity has now been experimentally

observed in 4 cases (45Fe, 48Ni, 54Zn and 67Kr) and 2p emission from excited states populated

either through the β2p decay channel or via nuclear reactions is a rapidly accelerating field.
The big question surrounds the nature of the 2p decay mechanism and whether the protons

are emitted sequentially or simultaneously. Recent technical developments in nuclear physics
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include time projection chambers that have been extremely successful despite the difficulty

associated with the overall statistical yield since the production cross sections for these exotic
nuclei are very limited. The emission of 2 protons from excited states could yield higher

statistics and the development of next-generation active targets (a TPC where the gas is also

used as a reaction target) will certainly be an extremely efficient choice to continue with these

types of experimental investigations.

In his original reviews of two-proton radioactivity [Gol61, Gol60], Goldansky proposed 22Si

as the lightest possible candidate that could decay via this rare decay mode. Presently, very

little is known about this nucleus. It is the lightest bound isotope with isospin projection

TZ = −3 and is the most neutron-deficient Si isotope that is bound. It is known to β decay

with a half-life of approximately 30 ms [Bla97], which is short enough to allow the possibility
of an appreciable 2p decay branch. The mass, however, has never been measured and so the

S2p value can only be extracted from model extrapolations. Based on the current mass evalu-

ation AME2012 [Wan12], the two-proton separation energy is S2p = −1200 (500) keV. In the

previous evaluation of AME2003 [Aud03], a value of S2p = −16 (202) keV was proposed. The

discrepancy between these two predictions and the large uncertainties do not permit any firm

conclusions to be drawn. A precision mass measurement is clearly required to assess whether

or not 22Si could decay by ground-state 2p radioactivity

Because Si isotopes are refractory, the production of these nuclei using the isotope separation

online technique (ISOL) is not possible. Laboratories such as ISOLDE at CERN and TRIUMF-

ISAC in Vancouver that have powerful precision Penning traps to measure nuclear masses

simply cannot produce the Si beams required. Production of Si beams can be achieved using

in-flight fragmentation reactions at facilities like LISE at GANIL and the A1900 at NSCL but

the half-life of 22Si is too short to allow these beams to be slowed down and injected into a

trap. The only option to measure the mass of 22Si directly would be using the time-of-flight

technique at a fragmentation facility but purifying the secondary cocktail beam would constitute

a significant experimental challenge.

In this thesis, an indirect mass measurement using the β-delayed charged particle emission

from the decay of 22Si will be presented. Secondary beams of the neutron-deficient nuclei
20Mg, 23Si and 22Si were produced at NSCL (MSU, USA) by fragmentation. After purification,

the nuclei of interest were implanted into the Beta Counting System to detect the β-delayed

protons and α particles. Identification of the daughter nuclei and the corresponding decay

paths was performed using coincident γ rays that were detected in the 16 HPGe detectors of

the Segmented Germanium Array (SeGA). In the next chapter (Chapter 2), the production

of the secondary beam and the implantation-and-decay station will be presented along with
the calibration techniques and the analysis program that will be used throughout this thesis.

Chapter 3 presents the β-delayed decay spectroscopy of 20Mg that is a well-known decay and
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that was delivered in the cocktail beam. Its decay was studied in the present work to test and

verify the analysis protocol.
In Chapter 4, a β-decay study of the TZ = −5/2 nucleus 23Si was performed that is compared

to a previous study of Ref. [Bla97]. In the present work, the γ-ray detection capabilities not

used in the previous study have allowed several new levels to be identified. The β2p channel was

unambiguously established and is in agreement with the hypothesis of the previous experiment.

This nucleus is also a candidate for β3p decay, whose search will be described in detail. Chapter
4 will conclude with a presentation of the level scheme obtained in the present work and its

detailed comparison to the previous experiment and a theoretical shell-model calculation. From

the energy of the IAS, the mass of 23Si will be derived using the IMME and compared to previous
mass-model predictions.

In Chapter 5, the detailed decay spectroscopy of 22Si will be presented. Results will be

presented in the context of a previous experiment and compared to a shell-model calculation.

The β2p decay branch has been identified and the energy of the IAS deduced. From the IAS

energy, the mass of 22Si was deduced in order to assess whether or not this nucleus is a candidate
to decay by ground-state 2p radioactivity.

Conclusions and perspectives for future experiments and further improvements regarding

the study of the β-delayed charged particle decays of these nuclei, will eventually be presented

in Chapter 6.
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Chapter 2

Beam Production and Experimental
Setup

In this chapter, a detailed overview of the production of the secondary beams of 20Mg, 22Si and
23Si, the experimental implant-and-decay station and the analysis techniques will be presented.

These unstable nuclei were produced and selected by the A1900 Fragment Separator and were

further purified by the Radio Frequency Fragment Separator at the National Superconducting

Cyclotron Laboratory (NSCL) at Michigan State University. The resulting purified beams

were then delivered to an experimental decay station, where the nuclei were implanted into

a central Double Sided Silicon Strip Detector (DSSD) of the Beta Counting System (BCS).

The calibration of the DSSD detector was performed using a 228Th α source to first align each

strip of the DSSD. An absolute energy calibration was then performed using previously known
β-delayed protons from decays of 20Mg and 23Si that were implanted in DSSD2. An array

of 16 HPGe detectors of the Segmented Germanium Array (SeGA) surrounded the BCS and

were used to detect γ-rays in coincidence with the decays registered in the DSSD. The energy

and efficiency calibrations of the DSSD and the HPGe array, the data selection and analysis

protocol as well as the implant-and-decay correlation logic that was developed in the context

of the present thesis work will be presented in detail.

2.1 Isotope Production

2.1.1 Secondary Beam Production

The neutron deficient isotopes of 20Mg, 22Si and 23Si are situated at, or very near, the proton

drip-line. Production of these exotic nuclei at NSCL was performed using a primary beam of
36Ar that was accelerated to 150 MeV per nucleon in the K500 and K1200 coupled cyclotrons

(see Figure 2.1). The 36Ar beam impinged a 1030 mg/cm2 natural Be target located at the
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entrance of the A1900 fragment separator [Mor03a]. Since the products of the fragmentation

reaction have nearly the same velocity, the A1900 was required to purify the beam and select
the ions of interest from the rest of the fragmentation products. The A1900 filters and purifies

the beam in-flight according to differences in magnetic rigidity (denoted Bρ) and the energy

loss ∆E of the ions through the separator.

In a magnetic field, charged particles follow circular trajectories in the plane orthogonal to

the direction of the field itself. The radius of these trajectories depends upon the momentum

and the charge of the ions. Ion selection based upon their mass-to-charge ratio is a commonly

used purification method and follows the relation:

Bρ =
p

q
=

m

q
v (2.1)

where B is the strength of the magnetic field, p is the impulsion of the ion, m is the mass of

the ion, q is the charge of the ion, v its velocity and ρ its radius of curvature.

A second selection step in the A1900 fragment separator is based on energy-loss filtering

at the dispersive plane using a ∼300 mg/cm2 Al degrader wedge. This degrader operates in a

similar way to an optical prism; the energy loss through the Al foil is proportional to the mass

of the ion, its charge and its total energy.

After the wedge, two additional purification steps using the magnetic rigidity Bρ allow an

ultimate selection of the ions of interest. Figure 2.1 summarizes the production and selection
steps of secondary beam production at the A1900. The magnetic field and the thickness of the

energy degrader must be optimized for every experiment to select and maximize the purity and

transmission of the secondary beams. The typical energies of the secondary beams of 22Si14+

and 23Si14+ were 82.4 MeV/u and 93.7 MeV/u respectively.

Figure 2.1 – Secondary beam production and selection at the NSCL coupled cyclotron facility. The

K500 and K1200 accelerate the primary beam and the A1900 Fragment Separator is used to select

and purify the secondary beam.
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2.1.2 The Radio Frequency Fragment Separator

At the exit of the A1900 separator the secondary beam is never pure. It is always a “cocktail”

beam consisting of several different isotopes. The momentum distribution of the fragmentation

products is asymmetric and presents a low-momentum tail due to collisions in the production

target. Because of the momentum selection, the tails of more stable and more abundant nuclei

overlap the distributions of the more exotic isotopes of interest as shown in Figure 2.2 for the

case of 22Si production. Despite the precise Bρ selection at the A1900 fragment separator, the

production tails of the near-stable and stable nuclei is typically several orders of magnitude

higher than the production rate of the most exotic nuclei such as 22Si. High rates of these

unwanted contaminants are often detrimental to experiments aiming to study the most exotic

nuclei and additional purification steps are essential.

Figure 2.2 – LISE++ [Baz02] simulation of different production rates after the A1900: in red, the

rate of 22Si is much lower than the rates from the momentum tails from the contaminants closer to

stability. The green dashed line shows the momentum acceptance of the A1900 Fragment Separator

(∆p/p = ±2.5%) centred on 22Si production.

To further improve the purity of the secondary beam, the Radio Frequency Fragment Sep-

arator (RFFS) [Baz09] was employed. The RFFS is located in the S1 vault just after the

A1900 separator. The RFFS uses a radio-frequency coupled electric field that is applied to

two in-vacuum parallel plate electrodes that are 1.5 m long, 10 cm wide, and 5 cm apart (see

Figure 2.3). The alternating current that supplies the electrodes in phase opposition induces
a magnetic field that is orthogonal to the beam axis. As an ion passes through the device, it

will experience a deflection in the vertical direction that is proportional to its velocity. The
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Chapter 2. Beam Production and Experimental Setup

ion trajectories follow the shape of a stationary wave with a node located at the center of the

vacuum cavity. As the device is a velocity filter, the initial trajectory is deviated but the am-
plitude of the deviation at the end of the RFFS is less effective for the most energetic ions, as

shown schematically in Figure 2.4. At the end of the RFFS cavity, a set of adjustable vertical

slits is used to select the ions of interest.

Figure 2.3 – The RFFS device is made of a radio-frequency (RF) coupling system. Two horizontal

parallel electrodes cause a deviation of the particle trajectories, and two vertical slits select the nuclei

of interest from the incident cocktail beam.

The RFFS was essential in this experiment to decrease the total secondary beam intensity

and to thus minimize the number of implantations in the central DSSD detector. An implan-

tation rate that is too high would significantly increase the dead time of the data acquisition

and the probability of false implant-and-decay correlation events. For the 22Si part of the ex-

periment, the RFFS was also crucial as it was able to almost entirely eliminate 16O and 20Mg

from the cocktail beam. A summary of the beam intensity and purity for the 22Si production

setting both with and without the RFFS is provided in Table 2.1. It should be emphasized that

these rates were obtained after a reduction in the primary beam intensity by a factor of 10.

The available intensity was significantly higher than the maximum rate that could be accepted

by the DSSD detector. The particle identification (PID) was performed in Fig. 2.5 using the

energy-loss and time-of-flight ∆E-ToF method. The time-of-flight was deduced using the time

difference between a scintillator located at the exit of the A1900 and a silicon detector at the
exit of the RFFS, while the ∆E energy-loss signal was from this same Si detector. Figure 2.5

shows the PID of the outgoing beam when the slits of the RFFS are either open (Fig. 2.5a) or
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2.1. Isotope Production

Figure 2.4 – Principle of operation of the RFFS. The fastest ions (in red) travel through the RFFS

device and are less deviated by the magnetic field than the slowest ions (in yellow), which are more

deviated. A set of adjustable vertical slits at the exit of the cavity are used to select the ions of

interest.

Parent RFFS Open RFFS Closed

Nucleus Purity (%) Rate (ions/s) Purity (%) Rate (ions/s)
22Si 0.006 0.22 0.03 0.47
20Mg 0.16 6 0.004 0.05
18Ne 5.9 219 12.3 169
17F 31.4 1160 83.7 1147
16O 61.7 2280 2.1 29
∑

99.2 3665.22 98.1 1345.52

Table 2.1 – Summary of the beam purity.

closed (Fig. 2.5b). Without the RFFS, the total secondary beam intensity (after the factor of

10 attenuation in beam intensity) was ∼3700 ions/s. Of this, 22Si represented only 0.006% of

the total intensity (approximately 0.22 22Si/s) while 0.2% (∼6 ions/s) was 20Mg, a well-known

β-delayed proton emitter. After the RFFS slits were closed and optimized for 22Si, the 16O
and 20Mg contaminants were almost entirely eliminated and the total intensity was reduced to

∼1300 ions/s. Even with the RFFS, the remaining cocktail beams are still not entirely pure.
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Figure 2.5 – Particle identification of fragments in the secondary beam optimized for 22Si production

using the ∆E-ToF method. (a) When the RFFS slits are open the purity of 22Si is 0.006% while 20Mg

is 0.16% of the overall production rate. (b) When the RFFS slits are closed the 0.033% of the beam

is 22Si, and only 0.004% is the 20Mg contaminant.
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2.2. Implantation and Decay Detection Station

For the cases of 22Si and 23Si described in the following chapters, some contaminants that are

also β-delayed charged particle emitters did remain in the beam.

2.2 Implantation and Decay Detection Station

Once the secondary beam was selected and purified, two detector arrays were used at the

implantation and decay station to detect charged particles from the decay (protons, α particles
and β particles) and coincident γ-rays emitted by excited states in the daughter nuclei.

2.2.1 The Beta Counting System

When the 22Si and 23Si ions β decay, particle unbound excited states may be populated in the

daughters 22Al and 23Al, respectively. To ensure the detection of these emitted charged particles,

the Si beams were implanted in the Beta Counting System (BCS) [Pri03, Mor03b]. This setup

was traditionally dedicated to the detection of low-energy β decays but was modified in the

present experiment into a novel arrangement of three 525 µm thick DSSDs that was optimized

for detecting protons with high efficiency. A schematic of the experimental setup is shown in

Fig. 2.6. Each of the DSSDs was segmented into 40 1-mm strips in the X and Y directions,

providing 1 mm2 pixels that were used to measure the implant and decay energies, times and

positions. Ions of interest are implanted into the center of the central detector (DSSD2).

Depending on the specific implantation depth for each ion, the full energy for the majority of

protons with Ep ≤ 6 MeV will be stopped in DSSD2. The exterior DSSD detectors (DSSD1 and

DSSD3) could therefore be used to detect the residual energy of even higher-energy protons that

escape DSSD2 and, as described below, were used as a β-particle veto as an attempt to improve

the DSSD2 energy resolution. As shown in Figure 2.6, these DSSDs were located downstream

with respect to three silicon PIN detectors. The thicknesses of the PINs were chosen to ensure
that the Si beams were implanted in the middle of DSSD2. More than simple energy degraders,

these active PIN detectors also provide energy loss and time signals that were used to identify

the ions.

Electronics Diagram and Correlation Logic

The electronics diagram of the BCS detectors is shown in Fig. 2.7. The output signals of the

DSSDs were split and sent into two separate pre-amplifiers with different gains. A low gain

amplification was used to measure the energy deposited by the implantation of a heavy ion.

A time signal was also generated upon implantation that was used as a time reference for the

event. A high-gain amplification was used for the measurement of the energies of the charged
particles emitted following the decay of an implant. These events could be β-particles, protons

or α particles. A second time signal was then generated and used in the analysis process to
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Chapter 2. Beam Production and Experimental Setup

Figure 2.6 – Schematic of the Beta Counting System optimized for β-delayed charged particle decay.

Three closely packed DSSDs were used with each DSSD having 40 strips in the X and Y directions to

allow spatial and time correlations between implants and decays. The three PIN detectors upstream

were used to degrade the beam energy and to identify the implanted ions.

deduce the time difference between the decay event relative to its implant. These signals were
used to define the logic that was developed in this analysis to correlate the implant and the

corresponding decay event in both space and time.

In the analysis, an implant event was defined according to the following event sequence (i) a

signal was detected in PIN1, PIN2 and PIN3, (ii) low-gain signals were present in both DSSD1

and DSSD2 and (iii) a low-gain signal in DSSD3 was absent. A low-gain signal from DSSD3
implies that the ion was not implanted in DSSD2 but penetrated through and was implanted in

DSSD3. This low-gain signal in DSSD3 was therefore used to veto the low-gain implant event

in DSSD2. A decay event was defined by (i) a high-gain event in DSSD2 and (ii) no signals in

PIN1, PIN2, and PIN3. The implant and decay identification logic is presented in Table 2.2.

PIN1 PIN2 PIN3 DSSD1 DSSD2 DSSD3

IMPLANT 1 1 1 low-gain low-gain 0

DECAY 0 0 0 - high-gain -

Table 2.2 – Logic of the analysis software to identify correlated implant-and-decay events.
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Figure 2.7 – Electronics diagram for the BCS detectors.
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This time differences between implant and decay events were bound by a maximum corre-

lation time Tmax that was fixed for each nucleus of interest. Using the intensity of the proton
branches following the implantation and decay of 20Mg (T1/2 ∼90 ms), and taking into account

the β-delayed α decay of its daughter 20Na (T1/2 ∼450 ms), a Tmax value was chosen to maxi-

mize the 20Mg/20Na ratio. A comparison of the areas for two particular transitions is shown in

Figure 2.8. The intensity ratio for the proton group at 1.7 MeV (from 20Mg decay) relative to

the α-particle group at 2.7 MeV (from 20Na decay) saturates at Tmax = 0.5 s, which corresponds
to approximately 5 times the half-life of 20Mg. Taking a shorter correlation time would not be

ideal as it would decrease the overall 20Mg statistical yield. As shown in Figure 2.8, the ratio

is saturated and thus extending the correlation time to Tmax = 1.0 s (10 times the half-life
of 20Mg) would not introduce any significant bias. Based on similar analyses performed for

the other nuclei in this work (22Si and 23Si), it was found that the most appropriate value for

the maximum correlation time parameter is Tmax = 10×T1/2, where T1/2 is the half-life of the

parent nucleus of interest.

 (s)maxT
-210 -110 1 10

Pe
ak

 a
re

a

510

610

Figure 2.8 – Evolution of the area of the 1.7 MeV β-delayed proton group from 20Mg and the 2.7 MeV

β-delayed α-particle group from the 20Na daughter after implantation and correlation of 20Mg. After

Tmax = 0.5 s, which roughly corresponds to 5 × T1/2, the ratio of the area of these peaks reaches

saturation.

For every event, the energy signal of the decay was taken to be the maximum of all strips

surrounding the implantation pixel. This area was defined with a spatial parameter in the
analysis software. According to the mean free path of the most energetic β-delayed protons,

this parameter was defined as 2, meaning that only decays occurring in the implantation pixel
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2.2. Implantation and Decay Detection Station

itself or in any of the 8 nearest-neighbour pixels that surround the implantation pixel were

considered in the correlation analysis and used to determine the proton energies.

One of the challenges associated the present approach is that radioactive ion beams produced

by projectile fragmentation have a relatively large energy spread. This requires the use of a

thick central DSSD to ensure that all of the ions are stopped within the implantation detector.

The consequence is that the additional energy deposited in the DSSD by the β particle will
sum with the energy of the proton that is emitted nearly simultaneously creating an extended

tail on the high energy side of the proton peak. This β-summing effect will thus decrease the

resolution of the Si detectors. In an attempt to minimize this effect, correlations with decay
particles (high-gain events) detected in DSSD1 and DSSD3 were investigated. If the β particle

emitted following the decay of an ion implanted into DSSD2 escapes and deposits energy in

either DSSD1 or DSSD3, it was assumed that the β-summing effect in DSSD2 was minimal.

However, if neither DSSD1 or DSSD3 observed a β particle in coincidence with the decay

in DSSD2, then it was assumed that the majority of the β energy must therefore have been
recorded in DSSD2 and thus the β-summing effect was maximal. A NOT condition in DSSD1

or DSSD3 was therefore used to veto the decay event in DSSD2. A potential problem with

this logic is that the thresholds of the DSSD detectors were optimized for proton detection

(≥ 300 keV). Any β particle that deposits less than this in either DSSD1 or DSSD3 would go

undetected and the veto on the DSSD2 decay event would be applied.

To test this logic, the analysis considered a 9-pixel and 25-pixel spatial correlation window

in DSSD1 and DSSD3 that was applied around the geometrical center of the 9-pixel window

described above to correlate implant and decay events in DSSD2. As presented in Table 2.3

for the 20Mg, 23Si and 22Si decays of interest, the efficiency of this correlation process increases

slightly with the number of pixels. Increasing the number of neighbouring pixels further could

increase the number of false correlations.

Correlation Efficiency for Efficiency for Efficiency for

area 20Mg 23Si 22Si

9 pixels 4.7 3.3 2.8

25 pixels 7.4 6.1 5.9

Table 2.3 – Evolution of the correlation efficiency as a function of the number of pixels used to

correlate the β particles in DSSD1 and DSSD3 for the 20Mg, 23Si and 22Si decays.

From the results presented in Table 2.3, the efficiency of this process is very low (≈ 5%).

This is likely due to the relatively high energy thresholds that were applied to the DSSD de-
tectors. The efficiency of this process is slightly better for 20Mg, that was implanted near the

surface of DSSD2: the β particle were detected in DSSD1 with a higher geometrical efficiency
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than Si isotopes. Despite these losses, the energy resolution is certainly improved when this

correlation analysis between neighbouring detectors is applied. An example is shown in Fig. 2.9
for the case of 20Mg decay where the spectra with a 9-pixel and 25-pixel correlation areas in

DSSD1 and DSSD3 are compared to the spectrum obtained without correlations. Several weak

α and proton groups can now be resolved and the number of low-energy events has been re-

duced. This spectrum is comparable to the resolution obtained in similar experiments with

even thinner detectors [Wal12]. Unfortunately, since this correlation process suffers from an
extremely low efficiency, it will not be applied in the present work.
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Figure 2.9 – (Green) The charged particle spectrum following β decays of 20Mg where tail due to

β summing is clearly visible and deteriorates the overall energy resolution. The same spectrum after

correlation with β particles detected in DSSD1 and DSSD3 for a correlation area of 9 pixels (blue),

or 25 pixels pixels (red). The energy resolution is improved, allowing some of the weaker transitions

to be observed, but the statistics are very limited due to the efficiency of this correlation process.

DSSD energy calibration

A relative energy calibration for the strips of the DSSD detectors was performed using a 228Th

α-particle source. The energies and branching ratios of the α particles emitted by the source

are summarized in the decay scheme presented in Figure 2.10. All strips were gain matched
relative to a reference strip. Front strip #21 was selected because of its central position and

increased statistics compared to the edge strips. Figure 2.11 shows the α-particle energy spec-
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trum of this single reference strip.

Figure 2.10 – Decay scheme of the 228Th source (T1/2 = 1.913 y) with the energy of the α-particles

used for the DSSD strip gain matching.

The centroids of the α-particles were obtained using a ROOT [Bru97] program. The fit
function employed consisted of a Gaussian distribution convoluted with a low-energy exponen-

tial tail to reproduce the charge collection default [Sik12]. The definition of this total skewed

Gaussian fit function is:

y =
1

2τ
exp

(

−(x− µ)

τ
+
σ2

2τ

)

erfc

(

1√
2
(
x− µ

σ
+
σ

τ
)

)

(2.2)

where µ is the centroid of the peak, σ the standard deviation of the Gaussian, and τ the decay

constant of the exponential tail on the low-energy side.

During the experiment, ions were implanted into DSSD2. Since this detector is a semi-

conductor, the output signal is proportional to the energy deposited by the charged particle

that ionized the Si atoms. An absolute energy calibration using the α source is insufficient

since the α particles would lose energy in the dead layer on the detectors surface that would

not be seen by particles emitted from decays of ions implanted inside the detector. Also, these
α particles from the 228Th source cover a small energy range, and thus the extrapolation of

the calibration at low energy would be hazardous. The amplitude of the electrical signal was
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Figure 2.11 – Spectrum of the 228Th α particles recorded in the reference strip (front strip 21) of

DSSD2. In red, the fit function used to reproduce these data.

therefore calibrated in absolute terms using several β-delayed charged particles from nuclei that
were delivered as contaminants and whose proton or α energies are well known. This method

ensures that the energy calibration and the measurements were performed under the exact same

experimental conditions.

One of these, 20Mg, is a well known β-delayed proton emitter. Approximately 30% of 20Mg

decays populate excited states in the daughter 20Na that are higher than the proton separation

threshold (Sp = 2190 keV) and leads to proton emission. The remaining 70% populates the

1+ excited state at 984 keV in the daughter 20Na that decays by γ-ray emission to the ground

state. The decay of 20Na has an appreciable β-delayed α-decay branch (about 20% of the 20Na

decays) and these α particles can also trigger the data acquisition and be detected in DSSD2.

A detailed study of the decay of one of the nuclei of interest, 23Si, was previously performed by

B.Blank et al. [Bla97]. The proton energies with the highest intensities were also included in

the energy calibration of DSSD2 despite their relatively large uncertainties.

In a Si detector, heavy ions lose energy by both ionization and inelastic collisions in the
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matrix of the crystal. These inelastic collisions lead to vibrational (phonon) excitations that

are not detected. This phenomenon is known as the Pulse Height Defect (PHD), and can
be calculated depending on the recoil ion using the phenomenological approach presented in

Ref. [Rat75]. In this experiment, the mass and the charge of different recoil ions imply the need

for slightly different PHD corrections, as shown in Figure 2.12. Thus, the absolute energies

that were used to calibrate the DSSD are given by:

Ecal = Ep + Eion(1− ϵPHD), (2.3)

with

Eion =
Mp

Mion
Ep and Eion + Ep = Qp−value, (2.4)

where ϵPHD is the fraction of the energy lost to phonon excitations and Eion and Ep are the

kinetic energies of the recoil ion and the charged particle, respectively. The Qp-value is the

energy difference between the proton-unbound state in the β-decay daughter (20Na for the case

of 20Mg decay) and the final level in the β-delayed proton daughter (19Ne for the case of 20Mg

decay).

In Equation 2.3, an additional term needs to be added in order to take into account the

β-summing effect in the DSSD, Eβ. Detailed GEANT4 simulations [Mei16] were performed

to determine the experimental implantation depth and the β-summing contribution for both
20Mg and 23Si decay. The β-summing values were found to be 18(6) keV and 79(12) keV,

respectively. In this work, the DSSD energy calibration was performed in order to analyse

the β-delayed proton emission of 23Si and 22Si whose total Qβ-values are both larger than

15 MeV and vary by only about 10%. Since these differences are small, and given that the

ion implantation profile and depths were similar for both cases, the energy calibration in the

present work assumed that the β-summing correction for both 22Si and 23Si decays were the

same. An average systematic uncertainty of 70 keV was added to the energies derived from all

data sets. The energies of the protons and the α particles that were used in the calibration,

and their effective energies after PHD corrections are summarized in Table 2.4.

The resulting data used in the energy calibration of DSSD2 are presented in Fig. 2.13. Two

fit functions, a linear and a quadratic, were tested. The quadratic was used to ascertain if

there were any evidence for non-linearities in the electronic chain and/or in the detector itself.

The difference between both of these fits and the data for both calibration functions are also

provided in Fig. 2.13.

In the present measurement, we are primarily interested in high-energy protons emitted

from the IAS. These transitions, in the case of a decay from the IAS to the ground state can
potentially be as high as ∼11 MeV. Therefore, as there are no calibration data available, one

has to be extremely careful in the extrapolation of this DSSD calibration outside of the range
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Figure 2.12 – The PHD loss to vibrational excitations of the Si crystal is a function of the mass,

charge and the energy of the recoil ion. In black and blue, the PHD loss (in keV) for a 20Mg implant,

with the βp and βα emission from the 20Na ground state, respectively. In red, the PHD loss for the

β-delayed proton groups of 23Si used in the calibration. The green data show the possible ranges of

the PHD for the case of the β-delayed two-proton decay, as proposed in [Bla97]. The uncertainties

are due to the different emission possibilities (parallel or anti-parallel) for these protons.

of energies used. The energy-difference plots for both functions (linear and quadratic) show

similar agreement within the calibration range. The linear function will therefore be adopted

in order to avoid potentially large uncertainties that could arise from the extrapolation of

the quadratic function. The energy dependence of the systematic uncertainties due to the

calibration parameters from the linear fit are provided in Figure 2.14.

At low energy, a software threshold was applied to every strip to remove the pedestal

generated in the analogue-to-digital converter (ADC) from the analysis. This threshold was
deduced on a strip-by-strip basis using a 90Sr β-particle source and was determined when the

overlap of the β background and the Gaussian pedestal was minimal. An example is shown in

Figure 2.15 for the case of a single strip.

50



2.2. Implantation and Decay Detection Station

Figure 2.13 – (Top) Energy calibration for DSSD2 performed with the energy of β-delayed protons

and α particles (see Table 2.4) versus the raw channel number. (Bottom) Differences between the fit

function and the data, for the quadratic fit (χ2/ν=0.97) and the linear fit (χ2/ν=0.86).
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Figure 2.14 – Evolution of the calibration uncertainties, calculated within one sigma of the peak

uncertainty.
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Precursor β-delayed decay Qp-value (keV) Ecal (keV)
20Mg proton 797 (2) 775 (70)
23Si proton 1320 (40) 1289 (94)
20Mg proton 1670 (10) 1635 (71)
23Si proton 1700 (40) 1662 (94)
23Si proton 2400 (60) 2351 (94)
20Mg α 2692 (2) 2615 (70)
23Si proton 2830 (60) 2775 (94)
23Si proton 3650 (60) 3586 (94)
20Mg proton 4080 (16) 4017 (72)
20Mg proton 4332 (16) 4267 (72)
23Si proton 4370 (60) 4299 (94)
23Si proton 4760 (60) 4686 (94)
20Mg α 5543 (3) 5451 (70)

Table 2.4 – Table of energies Ecal used in the energy calibration of DSSD2 from decays of 20Mg

and 23Si. The difference between the uncertainties on the Q-values and the energy Ecal used in the

calibration is primarily due to the 70 keV systematic uncertainty that was added to account for

β summing.
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Figure 2.15 – Total β-particle spectrum from a 90Sr source for a single strip in DSSD2. The dashed

red line shows the software threshold that was applied to this strip and corresponds to the channel

above which the number of counts is dominated by true β-particle events rather than the ADC pedestal.
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DSSD efficiency calibration

In addition to the energy calibration, the DSSD2 detection efficiency as a function of the proton

energy must also be derived. When a proton is emitted from the decay of an implant, its energy

could be sufficient to escape from the 525 µm thick DSSD. In this case, the proton would be

detected in DSSD1 or DSSD3. From the GEANT4 simulation that was performed, the 23Si

mean implantation depth was 250(40) µm [Mei16] so nearly perfectly centered in DSSD2. A

Monte-Carlo simulation was then used to determine the detection efficiency as a function of

the proton energy. In this simulation, a proton was generated with an energy between 5 MeV

to 32 MeV and the corresponding mean free path in the silicon matter was obtained using

LISE++[Baz02]. The simulation generated a random isotropic distribution of proton angles

according to a fixed kinetic energy. The efficiency was then defined as the number of protons

detected (stopped) in the 3x3 pixel area compared to the total number of decay events.

As presented in Figure 2.16 (in red), the DSSD efficiency is 100% below 5.74 MeV, i.e. no

proton escapes the 262-µm half-thickness of the silicon detector. Above 5.74 MeV, the proton
energies are sufficient to escape and would leave only a fraction of their energy in DSSD2. From

6 to 25 MeV, the efficiency decreases smoothly until it reaches a second drop, due to the fact

that the proton has now a sufficient energy to exit the spatial correlation area. All protons from

the decays studied in the present thesis work are all expected to have a kinetic energy ≤ 12 MeV.

Because the energy of the 20Mg beam was not optimized to implant the ions in the center of

DSSD2, the implantation depth and hence the efficiency for detecting the β-delayed protons was

different. Based on the value of the β-summing and the shape of the tail due to the detection
of the β+ particles in the thick central DSSD, Meisel et al. [Mei16] were able to determine that
20Mg ions were implanted with an average depth of 27(6) µm.

The same simulation as described above for 23Si was used to determine the effective correc-

tion in efficiency: for a defined proton energy, the efficiency is defined as the number of protons

which escape either the 27-µm layer upstream or the 528-µm Si thickness. The efficiency curve
for the 20Mg decay is presented in Figure 2.16 (in green). Since 20Mg ions are implanted near

the surface of the DSSD, the efficiency quickly drops for protons with an energy above 1 MeV

and is distinctly lower than the efficiency calculated for 23Si implants.

These efficiency functions were fitted with a 5th-order polynomial function in order to correct
the branching ratios measured in the present work.
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Figure 2.16 – Proton efficiency curve for the 525 µm thick DSSD detector assuming that the 23Si

ions (in red) are implanted in its center. Protons with a given energy were generated with an isotropic

distribution and the efficiency is the number of protons stopped in the DSSD relative to the total

number of protons emitted. In the case of 20Mg ions (in green) with an implantation depth of 27 µm,

100% efficiency is only achieved for protons with an energy below 1 MeV. The efficiency curves were

fit with a 5th-order polynomial function to guide the eye.

2.2.2 The Segmented Germanium Array

The Si detectors of the Beta Counting station were surrounded by 16 detectors from the Seg-

mented Germanium Array (SeGA) [Mue01] that were used to detect γ rays in coincidence

with the protons detected in the DSSD. These high-purity germanium detectors must also be

calibrated in energy and in efficiency. Calibrations were performed using two γ-ray sources,

positioned at the center of the array, and data were collected for sixty minutes for each detector

individually. The output signal after discrimination was used to provide the trigger signal to

the acquisition data system, as presented in the electronics diagram of Figure 2.17.

The first source was a mixed source of 155Eu and 154Eu whose absolute activity was well

known. The intensities and the energies of the γ-rays emitted by this source (on the day of the

calibration) are summarized in Table 2.5. A second source of 56Co was used to cover a wider

range of energies from 100 keV to 3450 keV. The 56Co γ-ray spectrum obtained from the sum of

all sixteen detectors is presented in Figure 2.18. The characteristics of the γ rays are provided

in Table 2.6.
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Figure 2.17 – Electronics diagram of the output signal of one SEGA detector.
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Nucleus Energy (keV) Intensity Aγ (γ h−1) Uncertainty (%)
155Eu, 154Eu 42.8 1.39× 107 1.3

155Eu 86.5 1.31× 106 0.9
155Eu 105.3 9.12× 105 1.3
154Eu 123.1 2.18× 107 0.8
154Eu 247.7 3.69× 106 0.6
154Eu 591.8 2.64× 106 0.6
154Eu 723.3 1.07× 107 0.6
154Eu 873.2 6.50× 106 0.7
154Eu 996.3 5.57× 106 0.9
154Eu 1004.7 9.65× 106 0.7
154Eu 1274.5 1.86× 107 0.5
154Eu 1596.4 9.45× 105 0.7

Table 2.5 – Energy and absolute intensities of the γ rays emitted from the 155Eu/154Eu mixed source

as of May,1st 2010.
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Figure 2.18 – Calibrated sum γ-ray spectrum of all 16 HPGe detectors of SeGA for the 56Co source.

The labels refer to the γ-ray energies summarized in Table 2.6.
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# Energy (keV) Relative Intensity Iγ(%)

1 511.0 39 (3)
2 846.77 99.939 (9)

3 977.37 1.421 (6)

4 1037.84 14.05 (4)

5 1175.10 2.252 (6)

6 1238.29 66.46 (12)

7 1360.21 4.283 (12)

8 1771.36 15.41 (6)

9 1963.74 0.707 (4)
10 2015.22 3.016 (12)

11 2034.79 7.77 (3)
12 2598.50 16.97 (4)

13 3009.65 1.036 (13)

14 3202.03 3.209 (12)

15 3253.50 7.923 (21)

16 3273.08 1.8759 (20)
17 3451.23 0.949 (5)

Table 2.6 – Energy and relative intensities of the γ rays emitted from the 56Co source.

The function used to fit the γ-ray spectra is the same as the one defined in the GF3

RadWare program [Rad]. It consists of a Gaussian distribution (Equation (2.5)), a skewed

Gaussian (Equation (2.6)) to take into account the charge collection default at low energies,

and a step function (Equation (2.7)) to account for the Compton background underneath the

γ-ray photopeak. The functions are:

y = Ae
−(x−µ)2

2σ2 (2.5)

+
A

ν
e

(x−µ)
β erfc

(

(x− µ)√
2σ

+
σ√
2β

)

(2.6)

+ B erfc

(

(x− µ)√
2σ

)

(2.7)

where µ is the centroid of the Gaussian and σ is its standard deviation. The parameter β is

the decay constant on low-energy side of the peak and ν is the reduction factor of the skewed

Gaussian. Both were fixed at the values given by the fit of the 996.3-keV and 1004.7-keV γ-ray

transitions from 154Eu.
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The SeGA energy calibration was performed using a quadratic fit function, as shown in

Figure 2.19. After the SeGA detectors were each calibrated individually, all 16 spectra from
each detector were then summed. The difference between the calibrated energy of each peak

and the expected value is calculated from the sum spectrum and is plotted in Figure 2.20. This

plot indicates the highly non-linear behaviour of the SeGA detectors that is well known. A part

of this behaviour is due to the low-energy response of detectors themselves while the remaining

is associated with non-linearities in the Ortec AD413 ADCs used to digitize the shaped signals.
With the present energy calibration, the energy resolution achieved is 1.8 keV (1σ) at an energy

of 1 MeV.

The SeGA efficiency calibration was performed using the same SRM (154Eu and 155Eu) and
56Co sources. Since the absolute activity of the 56Co was not known very precisely, the relative

intensities of γ-ray transitions were measured and a normalization factor, determined by the fit

procedure, was applied relative to the SRM source. The function used to fit the efficiency data

was taken from Ref. [Kis98] since it is applicable over a wide range of energies. The function
can be written as:

ϵ =
Ndet

Nem
(2.8)

=
Ndet

Aγ(∆T )

1

(1− τ)
(2.9)

= exp

(

6
∑

i=0

ai(lnE)
i

)

, (2.10)

where Ndet is the area of the peak deduced from the fit results obtained with GF3 RadWare,

Nem is the number of emitted γ rays, Aγ(∆T ) is the activity of the source multiplied by the

branching ratio of the γ-ray transitions, ∆T is the total acquisition time and τ is the dead time

of the data-acquisition system. Table 2.7 summarizes the efficiency calibration coefficients (ai)

deduced in the present work. This results give an array photopeak efficiency of 10.5% at 662

keV and 6.8% at 1.3 MeV.

Two independent data acquisition systems were used to verify the efficiency calibration

of the HPGe array. In addition to the standard NSCL data acquisition system, a single-

channel Canberra data acquisition system was also used. Contrary to the standard acquisition

system, for which the trigger signal is common and given by any HPGe detector (called the OR

trigger), the Canberra system used only the individual trigger signals and calibrations were

performed on a detector-by-detector basis. Figure 2.21 shows the efficiency curve using the

standard acquisition system with the OR trigger. In Figure 2.22, the efficiency curves of the
two acquisition systems are compared for a single detector using the 155Eu/154Eu mixed source.

The difference in efficiency between both data acquisition reaches a maximum of ≃2% of the
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Figure 2.19 – Energy calibration of one of the 16 HPGe detectors performed using the mixed
155Eu/154Eu and the 56Co sources with a quadratic fit function (in blue).
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Coefficient results

a0 = -776 (261) a4 = -6.5 (24)
a1 = 725 (248) a5 = 0.40 (15)

a2 = -279 (98) a6 = -0.010 (4)

a3 = 57 (20)

Table 2.7 – Calibration coefficients obtained by fitting the 155Eu/154Eu and the 56Co data with the

function of Eqn. 2.10.
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Figure 2.21 – Efficiency curve for SeGA in the OR-trigger mode was performed using the 155Eu/154Eu

source (in blue) and the 56Co source (in red). In black, the fit function is used to determine the fit

coefficients (Eqn.2.10). The reduce χ2 value of this fit is 5.73.

efficiency value itself in the energy range of the calibration. This Canberra acquisition was not

used during the experiment, but it provided an independent means with which to verify the

accuracy of the efficiency calibration. The final efficiency values are thus taken from the NSCL

data acquisition as presented in Fig. 2.21 and in Table 2.7.
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Figure 2.22 – Comparison between the two data acquisition systems for the same HPGe detector,

SeGA 0. Top: the efficiency calculated using the standard NSCL data acquisition system (black line)

and the Canberra system are slightly different. Bottom: the green line shows the difference between

the efficiencies derived from these two systems.

61



Chapter 2. Beam Production and Experimental Setup

2.3 Conclusion

In the present chapter, the production, selection and purification of the secondary cocktail

beams at NSCL using the A1900 fragment separator were presented. An 36Ar beam was

accelerated by the coupled cyclotron facility at NSCL and impinged a natBe target. The cocktail

beam was selected, and purified in a first step using the A1900 fragment separator. A second

stage of purification was achieved using the RFFS device. This was essential as it provided a

lower overall intensity and a higher beam purity before implantation into the second DSSD of

the Beta Counting System.

The implant-and-decay detection station was described and calibrations of the DSSD de-

tectors were presented using a 228Th α-decay source for the gain matching of the individual

strips. The absolute energy calibration used known proton and α particles that were emitted

following the β decays of both 20Mg, 20Na and 23Si that were delivered in same settings of the

separator. Surrounding the DSSDs, 16 HPGe detectors of the SeGA array were calibrated in

energy and in efficiency to provide coincident γ-ray detection.

The software logic was also presented for the implant-and-decay correlation process in the

analysis. The particle identification of the implanted ions utilized the ∆E-ToF method, and

the γ-ray and the charged particles detected in coincidence will be used to build the decay

level schemes, including the proton-unbound excited states in the daughter nuclei. In the next

chapter, the analysis method will be described using the well-known β-delayed proton decay of
20Mg. The spectroscopy performed in this work will be compared to previous experiments to

validate both the calibration and the analysis processes.
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β-delayed proton decay of 20Mg

The decay-implantation correlation analysis program that was introduced in the previous chap-

ter will be presented in detail in the present chapter using the well-known decay of 20Mg. A
secondary beam of 20Mg ions was produced as one of the contaminants in the cocktail beam

that was delivered for the 22Si part of the experiment (described in Chapter 5). The presence of

this well known βp emitter in the beam provided an excellent opportunity to test the accuracy
of the energy calibration, tune the decay-implant correlation algorithm, and verify the analysis

method. For 17 hours, the A1900 spectrometer and the RFFS separator were optimized for
20Mg ions, which provided sufficient statistics for these tests.

The decay of 20Mg follows two distinct pathways that both result in the emission of charged

particles:

• 20Mg
β−→ 20Na∗

p−→ 19Ne∗ or

• 20Mg
β−→ 20Na

β−→ 20Ne∗
α−→ 16O

Both of these decay pathways (βp and βα) are well known and have been previously measured

with high statistics [Pie95, Wal12]. In the present work, protons and α particles detected
following the decays of 20Mg ions implanted in the central DSSD combined with coincident

γ rays detected in SeGA were used to construct the 20Mg decay level scheme and compare to
previous studies. Measurements of the β decay branching ratios and the 20Mg half-life were

also performed and are compared to previous measurements.
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3.1 20Mg: a well known βp emitter

The study of 20Mg β decay and β-delayed proton decay has been the focus of several previous

experiments [Pie95, Wal12, Gor92] that were motivated by astrophysical interests. The aver-

age half-life of 20Mg is 90.8±2.4 ms [Wan12] and the decay level scheme derived from these

measurements is presented in Figure 3.1. Approximately 70% of 20Mg β decays proceed to the

daughter, 20Na, while ∼30% populate unbound levels in 20Na that decay by β-delayed proton

emission to states in 19Ne [Pie95]. Virtually all of the 1+ states above the proton separation

threshold at Sp = 2190.4 keV that can be populated by β decay are known. The isobaric

analogue to the 20Mg 0+ ground state is the 0+ state located at 6521 keV excitation in 20Na.

From the β-decay selection rules, decay from the 20Mg ground state to the 20Na ground state

(2+) is second forbidden and is therefore highly suppressed.

Figure 3.1 – Decay scheme of 20Mg (figure from the TUNL website [TUN]).
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The β-decay of the daughter 20Na has also been the subject of many studies [Cli89, Fre77,

Lau13] and the energies of the β-delayed α particles are known with high precision.

Taking advantage of the presence of 20Mg as a contaminant in the cocktail beam, this

well-known βp emitter was used to validate the analysis procedure and test the correlation

algorithm. The A1900 and RFFS separator were optimized on a 20Mg secondary beam setting

for a total of 17 hours. The decay station was not completely optimized for 20Mg as the Si

detector (PIN) thicknesses were chosen for the higher energy beams of 22,23Si. Nonetheless,

based on the magnetic rigidity of the 20Mg beam, the implantation depth of the 20Mg ions into

DSSD2 was deduced to be 27 µm out of the 525 µm total. The fact that the ions were implanted

near the surface of DSSD2 (or very deeply into DSSD1 and did not reach DSSD2) resulted in a

decrease to the overall efficiency for proton detection (high-energy protons may escape if they

are emitted towards this nearest surface) and the overall size of the β summing effect. As 20Mg

decay offers an ideal calibration, these conditions were considered to be acceptable.

Identification of 20Mg decays was performed by applying a contour to the PID spectrum

that was obtained using the ∆E-ToF method. After the correlation process, 1.75×105 events
were assigned to the implant and decay of 20Mg over 17 hours of run time. For the analysis

of 20Mg, the correlation time and area were fixed at Tmax = 1 s and 3x3 pixels, respectively.

Figure 3.2 shows the PID spectrum after the correlation process.

In the most recent work of Wallace et al. [Wal12], a beam of 20Mg was produced at

Texas A&M University and implanted into a very thin 45 µm DSSD. The resulting charged-

particle spectrum is presented in Figure 3.3 where it is compared to the spectrum obtained

in the present work. At low energies, our spectrum is dominated by a large β background

that prevents the identification of many of the transitions observed in Ref. [Wal12] that have

the smallest branching ratios. High-energy tails observed on each of the peaks in the present

work clearly show the effect of β summing in the thick (525 µm) implantation detector. The

resolution in our experiment is approximately 90 keV for the proton group at 1 MeV. The

high resolution obtained in Ref. [Wal12] was thus primarily due to their use of a much thinner

detector that minimizes this effect.

The shapes of the peaks are characteristic of β-delayed charged-particle emission. For fitting
purposes, their shapes were described using the convolution of a Gaussian distribution, for the

proton or α-particle emission, with a Landau distribution, for the high-energy tail caused by

β summing. Peak shapes were fit using the ROOT [Bru97] program from CERN, in order to

extract the position and the area of the peaks. The width of the Gaussian distribution was fixed

according to the intrinsic resolution of the detector (extrapolated from the 228Th analysis) and
was ∼ 64 keV for an α particle with an energy of 1 MeV. The width of the Landau distribution

was treated as a free parameter.

The energies obtained for the proton groups observed in Figure 3.3 are compared in Ta-

ble 3.1 to the results of Ref. [Wal12]. For the 4 most intense proton groups observed between
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Figure 3.2 – PID spectrum of the 20Mg secondary beam at the exit of the RFFS. The counts below

the 20Mg are due to the presence of the contaminant 16O that was produced with very high intensity

and scattered by the slits of the RFFS. Since this is a stable nucleus, its presence does not affect the
20Mg measurement. No other contaminants were present in the beam.

800 keV and 4332 keV, there is excellent agreement between the derived energies. Although the
experiment of Wallace did not use γ-ray detection, the level energies in the β-decay daughter
20Na and the states they feed in the 19Ne βp daughter are known from Ref. [Pie95].
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# Eproton (keV) Eproton (keV) E∗
i (

20Na) (keV) Final state

(This work) [Wal12] [Wal12] in 19Ne (keV)

1 800 (2) 797 (2) 2987 (2) g.s.

885 (15) 3075 (15) g.s.

∼1050 ∼4780 238, 275

2 1675 (2) 1670 (10) 3860 (10) g.s.

1903 (5) 4093 (5) g.s.

∼2340 ∼4780 1508, 1536

3 4054 (11) ∼4080 ∼6270 g.s.

6522 238, 275

4 4326 (11) 4332 (16) 6522 (16) g.s.

Table 3.1 – Proton groups from the ungated spectrum are compared to the most recent study of

Ref. [Wal12]. Only the four most intense groups were observed in the present study. The energies

preceded by the approximate (∼) sign correspond to the average energy of unresolved groups of proton

transitions. Energies of the final states fed by the proton transitions are derived from Ref. [Pie95].
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Figure 3.3 – Comparison of the β-delayed proton and α particle spectra obtained by Wallace [Wal12]

(top, black spectrum - before background subtraction and purple - after background subtraction) and

the present study (bottom).
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3.2. γ-ray spectra from 20Mg decay

An even older 20Mg decay experiment was performed by Piechaczek et al. [Pie95] at GANIL.

The secondary beam of 20Mg was produced and purified with the LISE fragment separator
before being implanted into a 300 µm thick position-sensitive silicon strip detector. This im-

plantation detector was mounted between 2 thicker (500 µm) silicon detectors that were used

to detect the β particles in order to reduce some of the β-summing effects in the proton de-

tector. Three HPGe detectors surrounded the Si array to provide γ-ray detection from the

de-excitation of the daughter nuclei. In the very same way as described below in the present
work, γ-ray gates were applied to the proton spectrum to identify the energies of the coincident

proton groups and build the decay level scheme. The corresponding γ-ray gated proton spectra

obtained by Piechaczek [Pie95] are presented in Figure 3.6. The excitation energies of the ex-
cited states in 20Na were deduced with relatively high precision. The energy of the IAS to the
20Mg ground state was measured to be 6522(16) keV with a β branching ratio of 3.3%. From

Table 3.1 above, the measurement of the proton at 4326(11) keV in the present work, combined

with the proton separation energy of Sp = 2190.4 keV, yields the value 6516(11) keV for the

energy of the IAS, which is in excellent agreement with the previous measurement [Pie95]. The
energy of the IAS has recently been measured with high precision to be 6498.4±0.4 keV [Gla15]

using the low-intensity γ-ray de-excitation of the IAS to the ground state.

3.2 γ-ray spectra from 20Mg decay

The γ-ray spectra obtained from the 16 HPGe detectors and correlated to decays of 20Mg is

presented in Figure 3.4. Table 3.2 presents a summary of the 5 γ-ray transitions that were

identified. This allows us to unambiguously determine which excited states in the daughter

nuclei were populated, and therefore which decay pathway was followed:

• The measured γ-rays at 236±1.2 keV, 273±1.3 keV and 1299±3.7 keV correspond to
known γ-ray transitions at 238 keV, 275 keV and 1298 keV that are emitted by the first

three excited states in 19Ne. Both the 238-keV and 275-keV transitions feed the ground

state. The γ-ray at 1298 keV is the de-excitation from the third excited state at 1536 keV

(3/2+) to the 5/2+ state at 238 keV. All three transitions are due to βp decay from 20Mg.

• The γ-ray at 984 keV comes from the de-excitation of the first 1+ excited state in 20Na

at 984 keV. The energy of this state is below the proton separation threshold and thus

cannot decay to 19Ne via delayed proton emission. The β branching ratio to this state is
known to be 69.7% [Pie95].

• The γ-ray transition at 1633 keV is the de-excitation of the first excited 2+ state in 20Ne
at 1633 keV. This nucleus is the β-decay daughter of 20Na and is populated in the present

experiment by the sequential β decay from 20Mg to 20Na to 20Ne. This γ ray was observed
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Chapter 3. β-delayed proton decay of 20Mg

because the correlation time of 1 s used in the 20Mg analysis is sufficiently long enough

that some false correlations with decays of 20Na (T1/2 = 448 ms) can occur.

Energy (keV)
0 500 1000 1500 2000 2500 3000 3500 4000

C
ou

nt
s /

 2
 k

eV

1

10

210

310 1 2
3

4

5

Figure 3.4 – Summed γ-ray spectrum correlated to 20Mg β decays. In addition to the 511 keV

created from positron decay, three transitions were identified (1,2, and 4) following the well known βp

decay channel. The 984-keV transition (3) arises from β decay to the first 1+ excited state in 20Na.

The 1633-keV transition (5) from the first excited state in 20Ne was also observed.

# Energy (keV) Ei(Jπ) → Ef (Jπ) Daughter nucleus

1 236.0 (12) 238(5/2+) → g.s.(1/2+) 19Ne (βp)

2 272.8 (13) 275(1−/2) → g.s.(1/2+) 19Ne (βp)

3 983.1 (11) 984(1+) → g.s.(2+) 20Na (β)

4 1299.4 (37) 1536(3/2+) → 238(1−/2) 19Ne (βp)

5 1630.5 (18) 1633(2+) → g.s.(0+) 20Ne (2β)

Table 3.2 – Table of observed γ-ray transitions correlated with β decays of 20Mg.

3.3 γ-ray gated proton spectra

Proton spectra in coincidence with the above γ-rays were obtained by applying a gate that

was centred on the γ-ray transition of interest. In addition, two other gates were applied
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3.3. γ-ray gated proton spectra

immediately below and above the principal gate that were used to perform a background

subtraction. An example of this procedure is presented in Figure 3.5 where the width of the
background gates are normalized so that the number of channels in the γ-ray gate is identical

to the number of channels in the background gate.

Figure 3.5 – The background from random coincidences and Compton scattering has to be subtracted

from the γ-ray gated proton spectra. The range of the γ-ray gate was taken to be 4σ, with σ being

the standard deviation of the γ-ray transition. Two γ-ray gates just below and just above (in green)

the transition of interest were normalized to the number of bins in the central gate (in red) in order

to perform the subtraction.

When using γ-ray gated spectra, the excitation energy of the level above the one-proton

separation threshold in 20Na was calculated according to:

E∗(20Na) = Ep + Sp + E∗

f (
19Ne) (3.1)

where Ep is the proton group energy, Sp is the proton separation energy in the daughter

(Sp = 2190 (1) keV for 20Na) and E∗
f is the energy of the excited state in the 19Ne βp daughter.

In the tables presented below, the measured excitation energies are compared to known values
found in the literature. The uncertainties on the experimental values are the quadratic sum

of the statistical uncertainties obtained from the fitting procedure (uncertainty on the peak

centroids) combined with the uncertainties associated with the calibration of the DSSD detector.

It should be emphasized that γ-ray gated spectra for 20Mg decay were obtained previously

in Ref. [Pie95]. This provides another crucial test of the present experiment as it was used to

test and confirm the particle-γ coincidence logic of the correlation algorithm. A summary of

the previous work is presented in Figure 3.6. As the statistics in the present experiment were
limited, we see only the 3 most intense γ-rays at 238 keV, 275 keV, and 1298 keV. A fourth

γ ray at 1232 keV was observed in Ref. [Pie95] that corresponds to the de-excitation of the
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Chapter 3. β-delayed proton decay of 20Mg

1508(3/2+) → 275(1/2−) in 19Ne that was not observed. In the following section, the gated

proton spectra for these 3 primary γ rays will be described in detail and compared to those of
Ref. [Pie95].

Figure 3.6 – Spectrum of charged particles in coincidence with different γ-ray gates, after background

subtraction, in the previous experiment performed in Ref. [Pie95]. The numbers in the figures stand

for the energy of the corresponding resonance above the proton threshold in 20Na.
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3.3. γ-ray gated proton spectra

3.3.1 Eγ = 275 keV

The 275 keV γ-ray transition is from the de-excitation of 19Ne from the first excited 1/2−

state at 275.09(13) keV to the ground state. The spectrum of charged particles emitted in

coincidence with 275-keV γ rays, and after performing a background subtraction, is presented

in Figure 3.7. Four proton transitions were observed, and the corresponding proton group and

level energies are summarized in Table 3.3. In that fit procedure, the fit function was defined

as the sum of four proton transition, as previously identified in Ref. [Pie95]. Most of the bins

below 1.5 MeV have very high uncertainties due to the background subtraction process and

thus won’t be considered as belonging to a proton-transition candidate.
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Figure 3.7 – Spectrum of charged particles in coincidence with Eγ = 275 keV, after background

subtraction.

Comparing the present data of Figure 3.7 with that of Figure 3.6 .b), there is in general

very good agreement. Despite having less statistics, one clearly sees the 4 main proton groups

in coincidence with the 275 keV transition and the deduced proton energies are in very good

agreement. In the previous work, an additional weak transition was observed, that led the

authors to identify a level in 20Na at 6226 keV. In the present work, this proton was not

observed due to the limited statistics combined with the experimental resolution.
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Chapter 3. β-delayed proton decay of 20Mg

# Ecentroid Eproton (keV) E∗(20Na) E∗[Pie95]

1.01 1620 (21) 1689 (43) 4152 (43) 4123 (16)
1.02 2305 (38) 2385 (47) 4850 (47) ≈ 4800

1.03 2919 (55) 3006 (59) 5471 (59) ≈ 5600

1.04 3853 (64) 3939 (66) 6404 (66) 6521 (30)

Table 3.3 – Energies of the proton groups in the 275-keV γ-ray gated spectrum and their associated

levels in 20Na. In blue, the level energies obtained from Figure 3.6 .b) [Pie95] are indicated.

3.3.2 Eγ = 1298 keV

The 1298 keV γ-ray transition arises from the de-excitation of 19Ne, from the state at 1536 keV

(3/2+) to the 238 keV (5/2+) state. The background-subtracted spectrum of charged particles

emitted in coincidence with 1298-keV γ rays is presented in Figure 3.8. This figure can be

compared to the previous work in Figure 3.6 .c). In Table 3.4, the energies of the four proton

groups that were observed are provided. In the following, these energies are compared to the

previous measurements:

• The first and most intense transition (2.01 in Figure 3.8) is proton emission from what

was described in Ref. [Pie95] as a group of states centred at ∼ 4800 keV.

• A second group (2.02) that could also come from several near-degenerate levels was not

identified in Figure 3.6 .c) although the present measurement of the level energy gives a

central value of 5528 keV that is in good agreement with the 5600 keV level that they

obtained from other gates. It is proposed therefore to add this weak proton transition to

the decay scheme that connects the 5600 keV level in 20Na to the 1536 keV level in 19Ne.

• Proton group 2.03 was also not identified on Figure 3.6 .c), although a value for the

branching ratio of this transition was given in Table 2 of Ref [Pie95]. It is possible that

the small unlabelled peak in Figure 3.6.c) that is just below the large transition labelled

6521 is this very same transition. Based on the shape of the spectrum in this region, a

fit to these few counts was used to deduce a proton group energy that resulted a value

of 2513(82) keV. This proton energy corresponds to a 20Na excited state level energy of

6239(82) keV. This value is in very good agreement with a previously known 1+ state at

6266 keV. It is therefore quite likely that this transition is the proton decay of the level

at 6266 keV in 20Na through the 1536 keV excited state in 19Ne.

• The proton group 2.04 was observed in Figure 3.6 .c) and a proton energy of 2848(44) keV

was deduced that corresponds to a 20Na level energy of 6574(44) keV. This is in good
agreement with the level previously identified at 6522 keV from Table 3.1. This level is

the 0+ isobaric analogue state to the 20Mg ground state.
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3.3. γ-ray gated proton spectra
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Figure 3.8 – Background subtracted spectrum of charged particles in coincidence with the 1298-keV

γ rays.

# Ecentroid Eproton (keV) E∗(20Na) E∗[Pie95]

2.01 1010 (23) 1059 (52) 4785 (52) 4800

2.02 1733 (80) 1769 (87) 5528 (87) –
2.03 2432 (78) 2513 (82) 6239 (82) 6266 (30)

2.04 2799 (38) 2848 (44) 6574 (44) 6521 (30)

Table 3.4 – Energies of the proton groups and 20Na level energies in the 1298-keV gated spectrum.

3.3.3 Eγ = 238 keV

The 238-keV γ-ray transition is the first excited state in 19Ne and has spin/parity 5/2+. It

should be stressed that in this particular case, the 1298-keV γ ray described above feeds into

this 238 keV level. In order to produce a γ-ray gated proton spectrum for decays to the 238-keV

level, this upfeeding contribution from the 1298-keV γ ray must be subtracted. The resulting

spectrum shown in Figure 3.9 was obtained from the 238-keV γ-ray gated spectrum from which
a fraction of the 1298-keV γ-ray gated spectrum (Figure 3.8 above) was subtracted. This frac-

tion is given by the ratio of the SeGA γ-ray detection efficiencies at 238 and 1298 keV. The
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Chapter 3. β-delayed proton decay of 20Mg

large uncertainties and negative counts for some channels are a result of the upfeeding subtrac-

tion. The standard γ-ray background subtraction was also applied using the same method as
described above. This spectrum should be compared to Figure 3.6 .d).
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Figure 3.9 – Spectrum of charged particles in coincidence with Eγ = 238 keV after upfeeding and

background subtractions. In the fit function a Gaussian distribution was added to take into account

the wide and unresolved group of transitions between 3 MeV and 4 MeV that were also observed in

Figure 3.6 d).

The three strongest proton groups that were observed in Ref. [Pie95] for this γ-ray gate

correspond to levels in 20Na at excitation energies of 4800 keV, 5600 keV and 6521 keV. Despite

the low resolution and the relatively strong β-summing effects in our proton spectra, a fit of

the 238-keV gated spectrum was attempted between 2.5 MeV and 4.5 MeV using two proton

distributions (peak numbers 3.03 and 3.04 in Fig. 3.9). This fit gives two levels with energies of

5523 and 6527 keV. These are in good agreement with the values measured by Piechaczek [Pie95]

and Wallace[Wal12].

Proton group 3.01 in Figure 3.9 was not identified in Ref. [Pie95] even though a broad group

of counts is clearly observed in their spectrum. In the presents work, a transition is visible in

the spectrum although the statistics are extremely limited. A fit to these counts yields a level
in 20Na with an excitation energy of 3908(63) keV, which could correspond to the known level

at 4123 keV. The resulting fit, with a χ2/ν ≈ 16, is shown only for the purposes of comparison.
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3.3. γ-ray gated proton spectra

The energies of the four proton groups in coincidence with the 238 keV γ ray in 19Ne and the

excitation energies of the corresponding levels in 20Na are presented in Table 3.5.

# Ecentroid Eproton (keV) E∗(20Na) E∗[Pie95]

3.01 1448 (42) 1480 (63) 3908 (63) 4123 (16)

3.02 2231 (15) 2310 (33) 4735 (33) ≈ 4800

3.03 3011 (17) 3098 (27) 5523 (27) ≈ 5600

3.04 4017 (38) 4105 (43) 6527 (43) 6521 (30)

Table 3.5 – Proton group energies in coincidence with the 238-keV γ ray and associated levels in
20Na.

3.3.4 Eγ = 984 keV

Figure 3.10 – The β-particle spectrum in coincidence with the 984 keV γ-ray transition is normalized

(in blue) to emphasize the shape of the low energy β background in the ungated particle spectrum (in

black).

The 984-keV γ-ray transition in Figure 3.4 was described above as the de-excitation of the

first excited 1+ level in 20Na to the ground state. As this state is below the proton separa-

tion threshold, there are no β-delayed protons that will be emitted. For completeness, the
corresponding γ-ray gated charged particle spectrum is shown in Figure 3.10. Overlayed with

this spectrum is the ungated charged particle spectrum for all 20Mg decays that was shown
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Chapter 3. β-delayed proton decay of 20Mg

previously in Figure 3.3.

From the 984-keV gated spectrum, one can see that the distribution of counts at low energy

is due to β particles that leave sufficient energy in the DSSD to trigger the data acquisition.

At higher energies, there are only very few random coincidences between the 984 keV and the

strongest α particles from 20Na decay.

3.4 20Na level energies

Based on the above analysis of the protons observed in this experiment and combined with the
measured coincidences between protons and γ rays, the 20Mg decay level scheme was constructed

and the energies of the proton unbound levels in the daughter 20Na were deduced. Five discrete
levels were observed in the present work that are in very good agreement with the 1+ states

identified in the previous decay experiments [Pie95, Wal12]. The 20Na excited-state energies

for each of the γ-ray gates are summarized in Table 3.6. If one level decays by proton emission
to several different states in 19Ne, the weighted average of the energies deduced from each

of these pathways was used to obtain the level energy. For the groups of nearly degenerate
levels at ∼4800 keV and ∼5600 keV, only the central value is provided in Table 3.6. The 20Na

level energies obtained in the present work are in good agreement with the values given in

Ref. [Wal12], although they are typically about a factor of 2 to 5 times less precise.

1/2+, g.s. 5/2+, 238 keV 1/2−, 275 keV 3/2+, 1536 keV This work Adopted value

2990 (49) 2990 (49) 3001 (2)

3865 (37) 3865 (37) 3871 (9)

4152 (43) 4152 (43) 4123 (16)

4735 (33) 4850 (47) 4785 (52) 4774 ≈4800

5523 (27) 5471 (59) 5528 (87) 5515 ≈5600

6244 (23) 6239 (82) 6244 (22) 6266 (30)

6516 (25) 6527 (43) 6404 (66) 6574 (44) 6519 (19) 6521 (30)

Table 3.6 – Summary of the 20Na level energies (in keV) deduced from the β-delayed proton groups

observed in the γ-ray gated spectrum and the ungated spectrum. In the last column, the adopted

values were taken from Ref. [Wal12].

3.5 Relative decay branching ratios

In the present experiment, the threshold of the DSSD was set relatively high since the goal

was to trigger on protons or other charged particles that are emitted in approximately 100%
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3.5. Relative decay branching ratios

of 22,23Si decays. For 20Mg, that has a ∼ 70% β-only branch to 20Na, many of these β-singles

events would not have left sufficient energy in the detector to exceed the energy threshold and
trigger the data acquisition. The final spectra obtained are thus dominated by the ∼30% of
20Mg βp decay although, as was shown in Figure 3.10 for the 984 keV γ-ray gate, some fraction

of the β-singles events were able to trigger the acquisition. For this reason, a measurement of

the absolute β decay branching ratios in the present experiment requires an accurate evaluation

of the energy threshold for the trigger that was beyond the scope of the present work. Instead,
the analysis presented below focuses on the relative proton intensities for the fraction of 20Mg

β decays that lead to proton emission.

Relative branching ratios were deduced from the areas of the different proton groups and

normalized to the largest transition observed. The most intense proton at 797(2) keV is emitted

from an excited state in 20Na with excitation energy of 3001 keV (2990 keV in the present

work) and feeds the ground state of 19Ne with a intensity I=11.5%. The relative branching

ratios for the remaining states were normalized to this intensity and, if the emitted protons feed

excited states in 19Ne, the measured intensities were corrected according to the γ-ray detection

efficiency. Relative branching ratios obtained in the present work are presented in Table 3.7

and are compared to the results obtained in Ref. [Pie95].

E∗(20Na) g.s. 238 keV 275 keV 1536 keV

(1/2+) (5/2+) (1/2−) (3/2+)

2990 11.5 (2)

3865 5.47 (7)

4152 ⋆ 0.27 (5) 1.73 (13)

4774 0.17 (3) 0.58 (10) 0.77 (10)

5515 0.51 (39) 0.73 (12) 0.13 (9)

6244 1.32 (5) 0.19 (6)

6519 1.44 (6) 0.51 (20) 0.44 (15) 0.35 (9)

∑

19.7 (2) 1.46 (44) 3.48 (25) 1.3 (2)

[Pie95] ≥19.9 2.3 (3) 3.1 (4) 1.3 (2)

[Lun16] 20.35 2.23 3.69 (4) 0.83(2)

Table 3.7 – Summary of the relative proton intensities (in %) deduced from the observed proton

groups. For comparison, branching ratios were normalized to the intensity of the 797 keV proton from

the level at 3001 keV (11.5% from Ref. [Pie95]). The proton transition labelled with a ⋆ was not

observed in the present experiment because of the β-summng in the ungated spectrum.
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Chapter 3. β-delayed proton decay of 20Mg

Proton decays to the ground state of 19Ne

The branching ratio from the 3001 keV level to the ground state of 19Ne, with an intensity of
11.5%, is the reference transition for our comparison. We observed that the branching ratio of

5.47(7)% from the level at 3871 keV is not in agreement with the value of 4.8(4)% obtained in
previous experiment [Pie95] (and confirmed in [Lun16]). The difference of about 1.6%, matches

the intensity from the level at 4.1 MeV to the ground state (⋆) (about 1.1%) that could not be

identified in the ungated spectrum (see Figure 3.3). The integral of this transition would then
be included in the β-summing tail of the 1630-keV proton group in the ungated spectrum.

Proton decays to the 238 keV level in 19Ne

We observed that the sum of the branching ratios to this state (1.46(44)%) is approximately 2

times less than the value 2.3(3) measured previously [Pie95]. The reason for this difference is

not clear but it should be stressed that the 238 keV γ-ray gated spectrum (Figure 3.9) was one

of the most complex to analyse as the statistics were very limited and the upfeeding subtraction

from the 1536 keV level above had to be included.

Proton decays of the 6.3-MeV and 6.5-MeV states.

The total branching ratio of the proton transitions from the 6.3-MeV state measured in the

present work (1.32%) is 2 times higher than the previous measurement (0.7%) in Ref. [Pie95].

However, the value given by Piechaczek for the path to the ground state is inconsistent: the

ratio Iβp(6266)/Iβp(6521) given in Ref. [Pie95] is ≈ 0.4, which is not in agreement with the

qualitative appearance of the proton groups in Figure 3.3. In the recent and more precise

measurement of Ref. [Lun16], this ratio was deduced to be 1.4 (6), which is in better agreement

with the present measurement (0.92 (5)).

β-decay branching ratios Iβ

The total β-decay branching ratios were obtained as the weighted average of all the β-delayed

proton branches from the same level. In that case, we chose to use the most recent measure-
ment of Ref. [Lun16] for the reference 800-keV branching ratio which is four times more precise

than the previous one. This was due to the use of a Si box instead of the implantation in a
DSSD, which significantly reduces β-summing in the charged particle spectra. In Table 3.8,

we summarize and compare the normalized intensities obtained in the present work with the

previous results obtained in Refs [Pie95] and [Lun16].

As described above, the β-decay branching ratio to the 3-MeV excited state is larger than

the two previous experiments because of one weak transition which was included in the β tail of
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3.5. Relative decay branching ratios

Iβ Ref. [Lun16] Ref. [Pie95]

2990 10.9 (4) 10.9 (3) 11.5 (14)

3865 5.18 (18) 4.8 (4) 4.8 (6)

4152 1.90 (14) 2.2 (3) 2.7 (3)

4774 1.44 (13) 3.3 (3) 1.9 (2)

5515 1.30 (16) ∼1.72 (13) 1.5 (2)

6244 1.43 (11) 2.1 (4) 1.2 (1)

6519 2.60 (13) 2.2 (2) 3.3 (4)
∑

24.75 (53) 27.22 (32) 26.9 (16)

Table 3.8 – Comparison between the total β strength to the proton-unbound levels in 20Na with pre-

vious measurements. The absolute intensity to the 2990 keV level in the present work was normalized

using the value of Ref. [Lun16].

the 1630-keV proton transition. Despite this discrepancy, most of the total branching ratios are

in good agreement with the previous results [Pie95, Lun16]. One has to keep in mind that the

most recent experiment [Lun16] also provided the identification of several proton transitions

which populate the 1508-keV excited state in 19Ne. Because no associated γ-ray transitions

were observed in the present work, we could not assign any proton transitions to this state.

Therefore, a 0.4% branch from the 6266-keV state was not observed in the present work, and

results in a slightly lower β-decay branching ratio to this proton-unbound state.

The intensities of the decay branches to the two broad resonances in 20Na at about 4800

and 5600 keV, which were unresolved in the experiment of Piechaczek et al. [Pie95], are also

slightly lower than the new measurement of Ref. [Lun16]. In particular, the β-decay branch

to the group of states centred on 4800 keV is well explained by the decay of this state to the

ground state of 19Ne. This transition would appear at ∼2.7 MeV in the DSSD energy spectrum,

which is at the same energy as the β-delayed α particles from the decay of 20Na. As a result,
no proton transition was observed at this energy in the present work.

The branching ratio of the Superallowed Fermi decay of the 20Mg ground state to its IAS

in 20Na was deduced to be 2.60(13)% in the present work. This result is in good agreement
with the most recent experiment 2.2(2)% [Lun16] and is lower than the previous result of

3.3(4)% [Pie95].
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3.6 Half-life measurement

As described in the previous chapter, the time standard for the data acquisition was provided

by a 32-bit 50 MHz oscillator operating in VME (SIS model number 3820). Every event

was time stamped, and from the time differences between correlated implantation and decay

events, the β-decay activity curve was generated on an event-by-event basis. A fit to the

resulting time-dependent activity curve was used to determine the half-lives of the nuclei of

interest. For the case of 20Mg, the decay curve was generated using a total correlation time

of 2.0 s. This correlation time is a factor of 2 larger than the one used to perform the decay

spectroscopy presented in the previous section and was chosen to ensure that a sufficient amount

of the longer-lived 20Na daughter activity (T1/2 = 448 ms) would be present in order to better

constrain the daughter and background fit parameters. The 20Mg half-life analysis is presented

in this section using several different proton and γ-ray gates. Results obtained are compared

to previous measurements.

3.6.1 γ-ray gated decay curves

The high-purity SeGA germanium detectors were used to obtain γ-ray gated decay curves.

The benefit to using this method is that the γ-ray gates are highly selective. The resulting

decay curves do not contain the daughter decay components and the spectra have very little

background. The main drawback is that there are significantly less statistics since the γ-ray

detection efficiency is relatively low and the decay branching ratio to the γ-ray emitting state

may reduce the statistics even further.

As with the γ-ray gated proton spectra described above in Section 3.3, a background sub-

traction was applied to the γ-ray gated decay curves. The corresponding 20Mg decay curves

obtained from gates on the 238-, 275-, 984-, and 1298-keV γ rays are presented in Figure 3.11.

Fits to these data consisted of a single exponential function (the decay of 20Mg) and a constant

background.

The four independent half-life measurements obtained from the fits to the γ-ray gated decay

curves are presented in Figure 3.12 and summarized in Table 4.16. As all of these results are

in good agreement, their average value T1/2 = 87.0(23) ms, with a reduced χ2 value of 0.5,

is adopted as the half-life of 20Mg obtained from the γ-ray analysis. This result is in good

agreement with the value of 90.8(24) ms adopted in AME2012, which was obtained from the

average of several previous 20Mg half-life measurements.
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Figure 3.11 – Decay curves of correlated 20Mg events with γ-ray gates on: (a) E = 238 keV,

(b) E = 275 keV, (c) E = 984 keV and (d) E = 298 keV. The red solid lines indicate the best fit

results that employed a single exponential decay plus a constant background parameter.

Eγ gate Half life (ms) χ2/ν

238 keV 84.38 (4.10) 3.15

275 keV 85.32 (4.18) 2.77

984 keV 90.68 (3.74) 1.20

1298 keV 86.6 (11.2) 1.90

Average 87.0 (2.3) 0.5

Previous value [Wan12] 90.8 (2.4) 4.15

Table 3.9 – Half-life of 20Mg deduced from the average of the γ-ray gated spectra. The reduced

χ2 values for each of the individual fits are also indicated.
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Figure 3.12 – The half-life of 20Mg deduced in the present work, T1/2 = 87.0(23) ms, with a reduced

χ2 value of 0.5, is obtained from the average of the half-life values obtained from each of the four

independent γ-ray gates. This value is in good agreement with the adopted value from AME2012

T1/2 = 90.8(24) ms.
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3.6. Half-life measurement

3.6.2 Proton-gated decay curves

In the 20Mg correlated proton spectrum (see Fig. 3.3), two intense protons from 20Mg were

observed at 797 keV and 1675 keV. Proton-gated decay curves for these two transitions were

obtained by applying wide gates around these peaks in the energy spectrum. Because the

proton spectrum was contaminated by both β only events (that can be produced from either
20Mg decay or the decays of its daughters 19Ne and 20Na) and βα decays (from 20Na decay),

fits to these spectra had to take into account both the 20Mg decay component as well as the

daughter activities. Two different fit functions were employed:

• the 797 keV protons are sitting on a relatively high β background. The fit must therefore

include 20Mg decay as well as the decays of both of its daughters 19Ne and 20Na. The

half-life of 20Na is T1/2 = 447.9 ms while that of 19Ne is much longer, T1/2 = 17.22 s. These

components were included because they grow in at short times and therefore influence

the resulting fit result for the half-life of 20Mg. In the fit function, a constant background

was also included as a free parameter. For the 797-keV proton gate, the fit function was
defined as:

N(t) = λ1A0e
(−λ1·t) (3.2)

+ εNa · A0
λ1λ2

(λ2 − λ1)
(e(−λ1·t) − e(−λ2·t)) (3.3)

+ εNe · A0
λ1λ3

(λ3 − λ1)
(e(−λ1·t) − e(−λ3·t)) + C, (3.4)

where A0 is the 20Mg activity at t = 0, C is the constant background used to describe false

correlations, and λ1, λ2 and λ3 correspond to the decay constants for 20Mg, 20Na and 19Ne,

respectively. The half-life of 20Na and 19Ne were fixed at 447.9 ms and 17.22 s, respectively.

Additional parameters εNa and εNe were used to describe the overall detection efficiency

for the daughter activities and the decay branching ratios of 69.7% for 20Mg decays to
20Na and 30.3% for decays to 19Ne. In the limit of 100% detection efficiency for β particles,

protons and α particles, the ε terms would just be equal to these branching ratios. In

this experiment, the β detection efficiency was not accurately evaluated and the proton
efficiency can only be approximately deduced using the Monte Carlo technique described

in Chapter 2. It was therefore necessary to treat εNa, εNe, and C as free parameters in

the fit.

A fit to the 797-keV proton gated decay curve is shown in Figure 3.13(a) using the fit

function described above. The 20Mg half-life that was obtained was 79.3(14) ms with

a reduced χ2 value of 1.4. This value is significantly lower than the reference value
(T1/2 = 90.8 (24) ms from AME2012). This discrepancy is likely due to the large covari-

ance between the free background parameter with the parameters used to describe the
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Chapter 3. β-delayed proton decay of 20Mg

daughter activities. In particular with the 19Ne component as its half-life is sufficiently

long enough that it could be considered as being nearly constant on the 2.0 s time scale
used to generate the decay curve.

• the 1675-keV protons are sufficiently high enough in energy that the β background can
be considered to be negligible. This proton is also entirely resolved from the neighbouring
20Na α decays. In the decay curve presented in Fig. 3.13(b), the 20Na activity and the

overall background are clearly highly suppressed compared to the 797 keV proton gate.
It was therefore assumed that the daughter activities in this case were negligible and any

remaining background must be due only to false correlations that occur randomly in time
with respect to 20Mg implants. The fit function used to describe the 1675-keV gated decay

curve thus employed a single exponential for 20Mg decay plus a free constant background

parameter. A fit to the decay curve presented in Figure 3.13(b) yields 91.4(12) ms for
the 20Mg half-life with a reduced χ2 value of 1.4. This value is very good agreement with

the reference value (T1/2 = 90.8(24) ms) and the average of the fit results obtained from

the γ-ray gated spectra (T1/2 = 87.0(23) ms).
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Figure 3.13 – Decay curves of correlated events gated on the two groups of protons at : (a) E = 800

keV, (b) E = 1675 keV. The red solid lines are the best fits to these data.
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3.6. Half-life measurement

3.6.3 Ungated decay curve

In addition to the individual proton gated decay curves describe above, the entire 20Mg cor-

related proton spectrum was fit without applying any particular energy gates. Because this

spectrum contains β-only events from 20Mg, 20Na and 19Ne, as well as βp decays from 20Mg

and βα decays from 20Na, the same function as described above in Equation 3.4 was used to fit

the decay curve. As with the above fit to the 797-keV protons, the detection efficiency param-

eters for 20Na and 19Ne were treated as free parameters as was the overall constant background

term. The best fit to all events is presented in Figure 3.14 and resulted in a 20Mg half-life

of 80.1 (10) ms. This value, as with the value obtained from the 797-keV proton gate, are

consistently lower than the reference value and from the results obtained above for the γ-ray

gated analysis and the 1675-keV proton gate. This is likely due to the same effect described

above. The covariance between the fit parameters (particularly between the 19Ne component

and the constant background) are too large and, as there are too many unknowns, it was not

possible to fix any of these parameters to improve the overall accuracy of the fit.

Time (ms)
0 200 400 600 800 1000 1200 1400 1600 1800 2000

C
ou

nt
s /

 2
 m

s

1

10

210

310

Figure 3.14 – Decay curve of all 20Mg correlated events with no particle or γ-ray energy gates

applied. The green and blue lines are the decay curves of the daughter s20Na and 19Ne with half-life

fixed at 447.9 ms and 17.22 s respectively. The 20Mg component is in black line, and the result of the

fit (in red) gives T1/2 = 80.1(10) ms.
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Chapter 3. β-delayed proton decay of 20Mg

An additional reason for this discrepancy might be due to the high rate of 20Mg implan-

tations that increases the probability of false correlations. When the maximum correlation
time in the analysis is increased further (to 4 s for example), the half-life deduced for 20Mg

still disagrees with the adopted value, and is even higher. Figure 3.15 shows the decay curves

obtained using correlation times of 1, 2 and 4 s for all charged-particle events. The evolution of

the half-life of 20Mg as a function of this maximum correlation time is provided in Table 3.10.

These results were obtained by fixing the daughter intensities to εNa = 0.7 and εNe = 0.3 (the
branching ratios) and leaving the constant background parameter free. For long correlation

times, the value seems to get closer to the reference value, although as shown in Fig. 3.15, the

resulting fit is not able to accurately describe these data. If this hypothesis is true, that false
correlations at high rates may bias the overall shape of the decay curve, it can only be caused

by rate-dependent false correlations as the pure random (rate-independent) correlations should

already be included in the free background parameter.
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Figure 3.15 – Decay curves of the total correlated events using a correlation time of 1 (in red), 2

(in black) and 4 (in green) seconds. The blue solid lines are the best fits to the green spectrum using

Equation 3.4. For a long correlation time, this fit does not accurately describe these data.

As a final test to better understand the shapes of these decay curves, the parameters that

describe the efficiency and branching ratios of the daughter activities εNa and εNe were each
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3.6. Half-life measurement

Corr. time (s) 1 2 4

T1/2 (ms) 85.1 (7) 87.7 (6) 94.0 (6)

χ2/ν 1.15 1.32 3.76

Table 3.10 – Half-life resulting from the fit of the ungated decay curve, depending on the correlation

time.

fixed between 0 and 1, their extreme values. The half-lives of 20Mg obtained from several

different fits and for the case of a 2 s maximum correlation time are summarized in Table 3.11.
In all cases, the constant background parameter was free. The trend of these values clearly

reflects the large correlation between the 20Mg half-life and the daughter parameters. For
example, if the 20Na term is fixed to 0 or 1, and the 19Ne component is free, the resulting
20Mg half-life ranges from 145 ms to 75.1 ms, respectively. If both parameters are free then the

resulting half-life is 80.1 ms and the fit yields εNa = 0.85(2) and εNe = 4.23(9). These ε values
are completely non-physical and are not in agreement with the expected values based on the

decay branching ratios and the detection efficiencies.

If one further assumes an average α-particle detection efficiency of 100% and a β detection

efficiency of 5% (deduced from the fraction of β-particles observed in the 984-keV γ-ray gated

charged particle spectrum of Fig. 3.10) then the εNa can be fixed at its absolute maximum
value of 0.17. This value is obtained from the expression 0.697×(0.2 + 0.8×0.05) where the 0.2

and 0.8 are the 20Na branching ratios to β-delayed α emission and β-decay only, respectively.

The resulting 20Mg half-life is 125.9 (0.9) ms (with a reduced χ2 value of 2.65) and the ϵNe

value is 5.9. This further supports the hypothesis that the parameters required to describe the

complex background and daughter activities remain too correlated to yield an accurate result.

εNa

free 0 1

εNe

free 80.1 (10) 145 (1) 75.1 (6)

0 79.8 (10) 147 (1) 75.1 (6)

1 79.9 (10) 147 (1) 74.9 (5)

Table 3.11 – The half-life obtained by fitting the ungated decay time spectrum is very sensitive to

the normalization factor εNa of the daughter with the shorter half-life, 20Na.
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Chapter 3. β-delayed proton decay of 20Mg

3.6.4 Discussion on the half-life

From the above results, the half-lives obtained from the 797-keV proton gate and the ungated

proton spectra must be rejected from the analysis for the reasons described above. The final

result must therefore rely on the values obtained from the 1675-keV proton gated decay curve

(T1/2 = 90.8 (24) ms) and the average of the γ-ray gated analysis (T1/2 = 87.0 (23) ms), which

are independent of the contributions from the daughter activities. Because the 1675-keV proton

feeds the 19Ne ground state this proton cannot not be in coincidence with any of the γ rays used

in the γ-ray gated analysis and thus these two results are entirely independent. Averaging both

of them together yields the final result of T1/2 = 88.8(17) ms for the half-life of 20Mg derived

in the present work. This value agrees within 1.2σ with the reference value from AME2012

(T1/2 = 90.8(24) ms) and within 1.5σ with the more precise result, T1/2 = 91.4(10) ms [Lun16],

obtained in a recent 20Mg half-life measurement. A comparison of the present result with

previous 20Mg half-life measurements is presented in Table 3.12 and in Figure 3.16.

Measurements T1/2 (ms)

Moltz ( PRL 42, 1979) 95+80
−50

Görres (PRC 46, 1992) 82± 4

Kubono (PRC 46, 1992) 144± 17

Dufour (unpublished) 95± 15

Piechaczek (NPA 584, 1995) 95± 3

Lund (EPJA 52, 2016) 91.4± 1.0

AME2012 90.8± 2.4

This work - average 88.8± 1.7

Table 3.12 – Summary of previous measurements of the 20Mg half-life and comparison to the present

work.

3.7 Conclusion

In the cocktail beam produced for studying 23Si decay, 20Mg ions were produced as a contam-

inant with high intensity. This provided an ideal case to test the correlation algorithm and

the analysis method that will be used in the analysis of 22,23Si decays that will be described in

the following chapters. After properly setting the A1900 separator and the RFFS for 20Mg, a

total of approximately 17 hours of calibration data were obtained. From the analysis of these
data, three γ-ray transitions at 238 keV, 275 keV and 1298 keV were observed in SeGA that

correspond to the excited states in 19Ne that are populated from the known β-delayed proton
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Figure 3.16 – The half-lives of 20Mg deduced in the present work using the γ-gated spectra,

T1/2 = 87.0 (23) ms is compared to previous measurements. In blue, the average half-life adopted in

the most recent evaluation from AME2012 and its uncertainties T1/2 = 90.8 (24) ms.

branches from 20Mg decay. The detailed study of the proton spectra in coincidence with γ rays

detected in SeGA allowed us to determine the excitation energies of the levels in 20Na populated

above the one-proton separation threshold.

Despite having a lower resolution than in previous 20Mg decay experiments and a stronger
β summing, the excitation energies of five discrete levels and two unresolved groups of levels

were measured. In all cases, the measured energies are in good agreement with two previous

measurements [Pie95, Wal12]. In particular, the γ-ray gated spectra were used to derive the

energy of the excited 0+ state in 20Na that is the isobaric analogue to the 20Mg ground state. The

result of the present work 6519(19) keV is in excellent agreement with the value of 6522(16) keV

obtained in Ref. [Wal12].

Relative proton branching ratios were deduced from the fits to the proton groups. Results

were, for the most part, in reasonable agreement with previous results although, in some cases,

the statistics were extremely limited. The intensities of the proton branches deduced to the
238-keV excited state in 19Ne do not agree with the values given in Ref. [Pie95].

The half-life of 20Mg was also measured in the present study using both γ-ray gated and

proton energy gates. The half-life obtained from the γ-ray analysis yielded T1/2 = 87.0(6) ms,
which is in good agreement with the adopted value of 90.8(24) ms from AME2012 [Wan12].

The high counting rate induces a significant amount of false correlation and thus makes the
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Chapter 3. β-delayed proton decay of 20Mg

fit difficult when using the proton-gated spectrum at low energy, as well as the total number

of events. Gating on the 1675-keV transition, we obtained a half-life of 91.4 (12) ms which is
closer to the reference value. We deduce a 20Mg half-life of 88.8 (17) ms from the average of the

fit results of the γ-ray gated spectra and the decay curve of the 1675-keV events. This value

is in good agreement with the adopted value from AME2012 [Wan12] but also with the most

recent and precise measurement, 91.4± 1.0 ms [Lun16].

The analysis protocol and methods have been thoroughly tested and validated using the
known decay of 20Mg. This same analysis procedure will now be applied to the decays of
23Si decay and 22Si where much less information is known about the decay level schemes and

where several additional exotic decay pathways such as β2p are open and could, in principle,
be observed.
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Chapter 4

β-delayed charged particle decays of
23Si

The previous chapter outlined the analysis procedure and applied this protocol to the implan-

tation and decay of 20Mg. The γ-rays emitted by the daughter nucleus were a powerful tool

to identify the known decay paths of 20Mg. Protons in coincidence with the daughter γ-rays
were used to reconstruct the level scheme of 20Na. The branching ratio and the energies of the

unbound levels that were deduced were in agreement with previous experiments, and validated

the experimental setup as well as the analysis procedure.

In this chapter, we present the study of the β-delayed proton emission of the more exotic
nucleus 23Si. The ground state of 23Si (TZ = −5/2) and its isobaric analogue state in the

daughter 23Al are part of an isobaric multiplet of 6 states (A=23, T = 5/2), of which 2 additional

states are presently known. By measuring the energy of the IAS in 23Al, the IMME can be

used to provide an indirect measurement of the mass of the 23Si ground state. In addition, the

full decay scheme of the daughter 23Al has been built using proton and γ-ray coincidences. The
relatively large β-decay Q-value opens several additional exotic decay channels, as presented in

Table 4.1.

Decay Daughter Q-value (keV)

β+ 23Al 16952

βp 22Mg 16811

β2p 21Na 11307

β3p 20Ne 8875

βpα 18Ne 8669

Table 4.1 – Summary of the Q-values for the possible β delayed charged particle decays of 23Si, using

the adopted value of 23Si mass excess from AME2012 [Wan12].
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Chapter 4. β-delayed charged particle decays of 23Si

The γ-rays detected in the SeGA detectors were used to identify the states populated in the

daughter nuclei and to deduce the corresponding decay paths. Several γ-ray gates were applied
to the charged particle spectra and were used to identify the unbound states populated in 23Al

which decay by the emission of one or two protons. A total of three γ-rays were observed

that correspond to the de-excitation of the first three excited states in 22Mg, and confirms

the βp decay channel that was already deduced from proton energy differences in the work

of Ref. [Bla97]. Another γ-ray transition, coming from the de-excitation of the first excited
state of 21Na, confirms the β2p decay branch through the IAS which was deduced in this same

study. A weak β3p decay branch was also tentatively deduced as we observed a proton group

in coincidence with the 1633 keV γ-ray in the daughter 20Ne.

The ungated charged particle spectrum, which gives information on the transitions going to
the daughter ground states was used to complete the level scheme of 23Al. This spectrum was

partially contaminated due to the presence of 20Na (T1/2=447.9 ms) in the secondary beam.

An estimation of this contamination and its subtraction were performed. This has led to the

identification and the measurement of a β2p transition to the ground state of 21Na. The energy

and branching ratio of this transition was measured in the ungated spectrum, as well as 14 new

levels, confirming most of the transitions that were previously observed in a decay experiment

at GANIL [Bla97].

4.1 Previous measurements

During a campaign of experiments at GANIL, focusing on neutron-deficient nuclei, 23Si was

produced using in-flight projectile fragmentation with the LISE spectrometer, and its β-delayed

charged particle decays were studied by B. Blank et al. [Bla97]. The 23Si nuclei, but also 20Na

which was a contaminant in the secondary beam, were implanted into two different detection

systems: a Micro-Strip Gas Counter (MSGC) used to detect the low-energy protons, and a

system of three silicon detectors. The MSGC had a better efficiency and resolution at low

energy and was nearly transparent to β particles thus significantly reducing the β-summing

effect. Figure 4.1 presents the spectra of charged particles that were obtained with both detector

setups.

The identification and the assignment of the unbound levels in 23Al were performed by

comparison between the energy differences between the proton groups and the values of the

transition energies in the daughter nuclei. The proton groups measured by B. Blank et al. are

presented in Table 4.2.

The IAS in Ref. [Bla97] was deduced from multiple decay paths. The energy difference

between proton groups 10 and 11 was close to the previously known first excited state in 21Na
at 332 keV. In addition, the proton group 14 at 10.41 MeV was consistent with a proton emission

from the IAS to the first excited state in 22Mg at 1247 keV. The energy difference between the
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4.2. Experiment analysis

Figure 4.1 – Charged particle spectra obtained at GANIL in the previous experiment by

B. Blank [Bla97]. Figure (a) presents the spectrum from the MSGC gas detector and Figures (b), (c),

and (d) are the proton spectra from the DSSD.

proton group 14 and 16 is about 1.25 MeV. For this reason, the proton group 16 at 11.62 MeV

was identified as a proton transition from the IAS to the ground state of 22Mg. Based on these

four proton transitions (groups 10, 11, 14 and 16), Blank et al. concluded that the energy of

the IAS feeding these transitions was located at 11.78-MeV excitation energy in 23Al. From the

energy of the IAS, the mass excess of the 23Si ground state was determined to be 23.42(10) MeV

using the IMME for the (A=23, T=5/2) multiplet. During the same experiment, the half-life

of 23Si was deduced to be 42.3±0.4 ms [Bla97].

4.2 Experiment analysis

The secondary beam implanted in DSSD2 had an average rate of 0.70 pps after the A1900 and

RFFS purification processes. A contour was applied to the ∆E-ToF PID spectrum in order
to select the 23Si implants. After the correlation process, a total of 1.50 × 105 events were

assigned to 23Si correlated implant-and-decays in this contour. The correlation time and area
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# Energy (keV) [Bla97] # Energy (keV) [Bla97]

1 600 (60) 9 4760 (60)
2 1320 (40) 10 5860 (100)

3 1700 (60) 11 6180 (100)

4 2400 (40) 12 8680 (70)

5 2830 (60) 13 9670 (70)

6 3040 (60) 14 10410 (70)

7 3650 (60) 15 10930 (80)

8 4370 (60) 16 11620 (100)

Table 4.2 – Proton energies as measured in the previous experiment performed by B. Blank et

al. [Bla97] at GANIL.

were fixed at Tmax = 0.4 s and 3x3 pixels around the implantation site, respectively. The purity

of the implanted beam, after the A1900 and RFFS selection, and after correlation process, was

approximately 19 %. Figure 4.2 presents the PID spectrum of the nuclei in the cocktail beam

and after the correlation process. The rate of the contaminants in the beam are summarized

in Table 4.3. The contour applied to the PID spectrum, is shown in Figure 4.2 and allows the

selection of the decays identified as charged particle decays from 23Si. Other conditions were

applied including |Efront − Eback| ≤ 400keV on the difference between both energies measured

in the front and back strips of the DSSD2 detector. This condition conserves about 80% of the
orginal set of correlated decays.

Purity (%) Half-life
23Si 19.0 42.3 ms
22Al 3.1 59 ms
20Na 75.7 447.9 ms
19Ne 1.1 17.22 s
18F 0.7 109.7 min

Table 4.3 – Purity of the secondary cocktail beam optimized for 23Si. The main contamination comes

from 20Na, which is a known β-delayed α emitter [Lau13].

To avoid pile-up phenomena and false correlations in a concentrated region of pixels, the

beam was defocused across the surface of DSSD2. Decays of 20Na, which was produced in the

cocktail beam with relatively high intensity, has a half-life that is only one order of magnitude
larger than 23Si. This nucleus emits β-delayed α particles, which could also trigger the data-

acquisition system. The presence of false correlations from 20Na in the 23Si correlated spectra
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Figure 4.2 – After the correlation process, the PID was made using ∆E-ToF method. Most of the

identified contaminants also decay via β-delayed charged particle emission.

was confirmed by applying a much longer correlation time window (2 s). As shown in Figure 4.3,

the slope of the longer-lived component was consistent with the half-life of 20Na.

4.2.1 20Na contamination

To maximize the overall statistics, the correlation time in the 23Si analysis was fixed to be

400 ms, which corresponds to 10 times the half-life of 23Si and approximately one half-life of
20Na. This induced a contamination in the charged particle spectrum because of the β-delayed

α particles emitted from 20Na. Strong peaks in the energy spectrum were observed at 2.7

MeV and 5.9 MeV [Lau13]. The energy spectrum of charged particles emitted from all long-

lived contaminants was obtained by increasing the maximum correlation time and using a time

gate on decay events with a half-life larger than 1 s. Assuming that the contribution of the

contaminants follows an exponential decay curve, the number of false correlations in the 0.4-s

time range can be deduced. The normalized spectrum is compared to the total charged particle

spectrum in Figure 4.4.

To quantify this contamination, we used proton groups observed in the previous experiment
and presented in Table 4.2. The ratio r between the integral of particle groups 4 at 2.3 MeV

(I = 32(5)%) and the sum of both groups 5 and 6 (I = 14 + 7.8 = 21.8(12)%) was plotted
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Figure 4.3 – The fit of the decay curve of all the particles detected in the DSSD was made assuming

an exponential decay of the parent (in black), the successive decay of the daughter (in green), a

constant background (off axis) and an exponential decay for the correlated decays from contaminants

(in yellow).

as a function of the correlation time. The evolution of this ratio is presented in Figure 4.5.

It decreases when the correlation time is increased, meaning that proton group at 2.8 MeV is

increasingly contaminated by 20Na β-delayed α particles.

The decay time spectrum of all correlated events obtained with a correlation time of 400 ms,

is presented in Figure 4.6. The charged-particle spectrum from the contaminants was normal-

ized before being subtracted from the total charged-particle spectrum. This normalization was

performed using the decay time spectrum: the integral of the contaminant energy spectrum

presented in Figure 4.4 was normalized to the integral of the exponential decay curve and the

constant background obtained by fitting the 400-ms decay time spectrum.

The ratio of the proton groups in the energy spectrum after the subtraction of the con-

taminants is (r = 1.24 (4)), which is in good agreement with the value deduced from B. Blank

previous measurement (r = 1.47 (24)) as presented in Figure 4.5.

After subtraction, Figure 4.7 shows the comparison between the resulting charged-particle

spectrum and the energy spectrum previously obtained by B. Blank et al. in Ref. [Bla97]. In

Figure 4.7.b), the absence of a low-energy β background is due to the background subtraction

process just described. The width of the proton group at 2.8 MeV is the result of two peaks that
could not be resolved as easily as in the previous experiment because of the lower resolution.

For this same reason, the proton groups associated to the β2p decay of 23Si are resolved but

98



4.2. Experiment analysis

Energy (keV)
0 2000 4000 6000 8000 10000

C
ou

nt
s 

/ 1
4.

8 
ke

V

1

10

210

Figure 4.4 – In black, the spectrum of the charged particles identified as β-delayed emission from
23Si in the second DSSD. In red, the normalized spectrum corresponding to the decay of the different

contaminants in the long decay-time (≥ 1000 ms) gated spectrum. The two strongest transitions are

the known βα branches from 20Na studied in Ref. [Lau13].

not as well defined as in the previous experiment, as shown in Figure 4.7.c).

The higher efficiency of the thick DSSDs used in the present work allows a better identifica-
tion of the weak proton transitions at high energy in Figure 4.7.d). A summary of the proton

group energies deduced in the present experiment is presented in Table 4.4. These energies are

also compared to the previous results from Ref. [Bla97]. As expected, the energy of proton

groups 2 to 9 which were used to calibrate the majority of the DSSD strips (from 0.8 MeV

to 5.5 MeV) are in good agreement with Blank’s results. For energies larger than 4.5 MeV, a

small systematic shift is observed that increases with proton energy. This most likely due to

small differences in the extrapolation of the calibration functions between the two experiments

towards the highest energies.

Because of the higher efficiency in the present experiment, we were able to observe that

proton group 10 is actually made up of two distinct components. A fit to this group with two
peaks yielded mean energies of 5745(47) keV and 5518(48) keV. In the case of the emission of 2

protons from the IAS, the average kinematic values after PHD corrections are 5802(47)(57) keV
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Figure 4.5 – The ratio r of protons from the βp channel of 23Si and the peak with both βp from 23Si

and α from 20Na decreases with a long correlation time (in black). This is the sign of contamination in

the raw proton spectrum. After the subtraction (in green), the ratio becomes close to the one obtained

with a short correlation time. For comparison purpose, the value and its uncertainties, deduced from

the previous measurement [Bla97], are indicated (in red).

and 5574(48)(56) keV, respectively where the first uncertainty is from the calibration and the
second kinematic. Proton group 11 was identified as the β2p branch from the IAS to the ground

sate. The difference between proton groups 10 and 11 is the closest to the energy to the known

first excited state in 21Na at 332 keV, and so confirms the identification previously made in

Ref. [Bla97].
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Figure 4.6 – The fit of the decay curve for all particles detected in the DSSD assuming an exponential

decay of the 23Si parent (in black), the 23Al daughter (in green), a constant background (≤ 1 count/bin

- off axis) and an exponential decay used to determine the rate of wrong correlations (in yellow). The

half-life of this decay is consistent with that of 20Na. The fit of this decay curve yields the half-life of
23Si, T1/2=42.5(10) ms

# EProtongroup (keV) Energy (keV) [Bla97] # EProtongroup (keV) Energy (keV) [Bla97]

1 - 600 (60) 9 4763 (47) 4760 (60)

2 1354 (71) 1320 (40) 10 5800 (57) 5860 (100)

3 1733 (62) 1700 (60) 11 6076 (57) 6180 (100)

4 2395 (50) 2400 (40) 12 8299 (95) 8680 (70)

5 2823 (44) 2830 (60) 13 9360 (109) 9670 (70)

6 3096 (42) 3040 (60) 14 9716 (117) 10410 (70)

7 3700 (38) 3650 (60) 15 10636 (132) 10930 (80)
8 4350 (41) 4370 (60) 16 11474 (148) 11620 (100)

Table 4.4 – Proton energies determined from the 23Si correlated decay spectrum and compared to

the previous values of B. Blank et al. Proton groups from 2 to 9 were used to calibrate the DSSD.

Uncertainties on the proton energies include contributions from the calibration and the fit procedure.

For proton groups 10 and 11, the energy given is the energy in the average value between a static

recoil ion and a diproton decay.
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Figure 4.7 – Comparison between the present experiment (bottom row) and the previous one (top row) from Blank et al. [Bla97].

The energy spectra presented here are for the decays of 23Si nuclei after background and contamination subtraction. A first

comparison between the strong transitions allows the assessment of the same proton groups as identified in this previous work.

The figure of low-energy range shows some counts under 500 keV, which are likely due to ground-state-to-ground-state β-only

decays.
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4.3. γ-ray spectrum from 23Si decay

4.3 γ-ray spectrum from 23Si decay

The 16 HPGe detectors surrounding the implantation site were used to detect β-delayed γ rays

and identify the decay pathways in the corresponding daughters. In the energy spectrum of
Fig. 4.8, six γ-ray transitions were observed that are summarized in Table 4.5.
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Figure 4.8 – γ-ray spectrum correlated to 23Si decays.

# Energy (keV) Ei(Jπ) → Ef (Jπ) Daughter nucleus

1 331.5 (10) 332(5/2+) → g.s.(3/2+) 21Na (β2p)

2 583.8 (12) 583(1+) → g.s.(3+) 22Na (ββp)

3 1247.6 (11) 1247(2+) → g.s.(0+) 22Mg (βp)
4 1634.4 (10) 1634(2+) → g.s.(0+) 20Ne (β3p) - 20Ne(β)

5 2061.9 (11) 3307(4+) → 1247(2+) 22Mg (βp)

6 3152.5 (14) 4402(2+) → 1247(2+) 22Mg (βp)

Table 4.5 – Six γ-ray transitions were observed and correspond to the βp and β2p decays of 23Si.

A transition at 583 keV in 22Na is probably due to the ground state to ground state β decay of 23Si

(5+/2) to 23Al (5+/2), which then decays via βp [Saa11, Iac06]. The γ-rays at 1634 keV has two

possible origins: a β3p decay from 23Si and a β decay from 20Na.

Apart from the 511-keV γ-rays, which originate from positron annihilation following β+ de-
cays inside the DSSD, these γ-ray transitions provide a clear means to identify three daughter

nuclei:
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Chapter 4. β-delayed charged particle decays of 23Si

• γ rays at 1247 keV, 2062 keV and 3152 keV are emitted from the de-excitation of the

three first excited states in 22Mg. The 2062-keV and 3152-keV γ rays are from the
γ decays of states at 3307 keV and 4402 keV, respectively, to the first excited 2+ state

at 1247 keV [Buc05]. Based on the SeGA efficiency at this energy, this state is the main

final state of the βp channel.

• γ rays at 332 keV are due to the de-excitation of the first excited state (5/2+) in 21Na.

Because 22Al was part of the cocktail beam and was also implanted in the DSSD, 21Na
excited states could be populated from one of two possible decay paths:

– 23Si
β2p−→ 21Na or

– 22Al
βp−→ 21Na

The β decay of 22Al was recently studied by Achouri et al [Ach06]. This experiment also

relied on proton and γ-ray coincidences and showed that the strongest proton group in

coincidence with the 332 keV γ ray is expected at an energy of 1.3 MeV. The 332-keV

γ-ray gated proton groups observed in the experiment of Ref. [Ach06] are summarized in

Table 4.9. Since no proton group with an energy above 2 MeV was identified, we assume

that the contribution from the 22Al decay can be ignored, and thus that the 332-keV

excited state in 21Na was populated purely by the β-delayed 2p emission of 23Si.

• γ rays at 584 keV appear in the spectrum that are due to the de-excitation of the first

excited state in 22Na. Since we have selected the events corresponding to 23Si decays, two

different decay paths can populate 22Na with different half-lives:

– 23Si
βp−→ 22Mg

β−→ 22Na or

– 23Si
β−→ 23Al

βp−→ 22Na.

The two different effective half-lives of these two pathways will be limited by the half-life

of the second β emitter, either T1/2(22Mg) = 3.86 s or T1/2(23Al) = 470 ms. After fitting

the decay curve with all of the low-energy events in coincidence with this transition, we

obtain a half-life of T1/2 = 164(90) ms with a reduced χ2 value of = 323/170. This
value is of the same order of magnitude as the half-life of 23Al. From this analysis it

is concluded that the 584 keV γ rays are probably the signature of the β decay of 23Si

to the 23Al ground state that is then followed by a βp decay to 22Na. This branch was

previously observed in other experiments focused on the decay of 23Al [Saa11, Iac06]

and [Per00] and would also confirm the spin-parity assignment of 23Si ground state as a

5/2+ [Cza97, Bla97].

• γ rays at 1633 keV also have two possible origins, which will be discussed later in this

chapter in Subsection 4.3.3.
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4.3. γ-ray spectrum from 23Si decay

4.3.1 βp decay channel in coincidence with γ rays.

In this section, we present the analysis method to deduce the excitation energies of the levels

populated in 23Al. Several γ-ray gates were applied to the charged particle spectrum in order to

identify, and measure, the energy of the proton groups. The same background subtraction pro-

cess as detailed in the βp decay of 20Mg was applied to deduce the proton emission from excited

levels above the one-proton and two-proton separation thresholds of 23Al, at Sp=141.0(5) keV

and S2p=5645.2(6) keV respectively.

Since the background-subtraction process can result in channels with zero or negative counts,

the fitting procedure was performed using the maximum likelihood method in ROOT. For all

fit functions, the width parameter (σ) was fixed according to the energy resolution previously

obtained (see Section 2.2.1). The value of the tail parameter due to β summing was deduced

from a fit to the most intense proton group (peak number 1.15 in Figure 4.13), and was bound

to be within ±0.2% of this value. In the following analysis, the assessment of the proton peaks

labelled with an ∗ is tentative, due to particluraly low statistics or huge uncertainties on the
bin contents after being background subtracted.

Eγ = 3155 keV

The Eγ = 3155 keV transition arises from the de-excitation of the second 2+ (at 4402 keV) to

the first 2+ excited state (at 1247 keV) of 22Mg. The spectrum of charged particles emitted

in coincidence with the 3155-keV γ rays, and after background subtraction, is presented in

Figure 4.9. A total of five proton groups were observed. From the reduced χ2 value to the

fitted data, one additional group at high energy is tentatively proposed despite the relatively
poor statistics for this transition. The energy of the proton groups are summarized in Table 4.6.

The particles in this spectrum were emitted from an excited state in 23Al above the proton

threshold. The energy of the associated initial proton-unbound levels in 23Al, calculated as the

sum of the proton threshold (Sp=141.0(5) keV), plus the energy of the γ-ray and the energy of

the protons, are also given in this table. The corresponding decay scheme from the unbound
levels in 23Al is presented in Figure 4.10.
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Chapter 4. β-delayed charged particle decays of 23Si

# Ecentroid (keV) Ep (keV) E∗
level (

23Al) Intensity (%)

1.01∗ 1648 (85) 1683 (92) 6226 (92) 0.30 (25)

1.02 2300 (52) 2345 (59) 6888 (59) 0.66 (24)

1.03 2766 (83) 2817 (86) 7360 (86) 0.82 (36)

1.04 3171 (65) 3227 (68) 7770 (68) 0.55 (23)

1.05 3643 (73) 3705 (75) 8248 (75) 0.44 (20)

1.06∗ 6218 (151) 6303 (158) 10846 (158) 0.053 (11)

Table 4.6 – Proton energies in the 3155-keV gated spectrum and their associated levels in 23Al.

The uncertainties on the proton energies are deduced from the fit and the calibration uncertainties.

Intensities are calculated from the ratio of the area of the peaks over the total number of decays,

corrected of the efficiency of the Ge array.

106



4.3.
γ
-ray

spectrum
from

23S
i
decay

Energy (keV)
0 2000 4000 6000 8000 10000

C
ou

nt
s 

/ 1
18

.4
 k

eV

0

10

20

30

40

1.07

1.08

1.09

1.10

1.11 1.121.12
1.13

Figure 4.9 – Because of the low statistics in this γ-ray gated spectrum (the SeGa efficiency at 3155 keV is around 3.6 %),

the spectrum has very low statistics and the identification of low-intensity transition is difficult. However, and according to the

resolution at this energy (σ ≈ 64 keV), the fit function made of 6 proton groups gives the best overall reduced χ2.
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Chapter 4. β-delayed charged particle decays of 23Si

Figure 4.10 – Decay scheme of 23Si built on the basis of the proton groups in coincidence with the

γ rays emitted by the de-excitation of the 4402-keV excited state of 22Mg.
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4.3. γ-ray spectrum from 23Si decay

Eγ = 2061 keV

The transition at Eγ = 2061 keV is due to the de-excitation of the first 4+ (at 3308 keV)

to the first 2+ state (at 1247 keV) in 22Mg. In Figure 4.11, which presents the background-

subtracted spectrum of protons in coincidence with this transition, we observed at least three

strong transitions. Based on the resolution of the DSSD detector at this energy, and comparing

with the broadness of the counts, the structure between 4.2 MeV and 5.6 MeV was fitted

with a doublet. The resulting uncertainty on the centroids are larger than any of the other

proton groups. The energies of the proton transitions, the energies of the excited states and

their associated uncertainties and branching ratios were calculated in the same way as in the

previous case for 20Mg. These results are summarized in Table 4.7. Figure 4.12 presents the

partial decay scheme of the proton-unbound levels in 23Al which decay to the 4+ excited state

in 22Mg. By adding the proton group 1.08 at 1432 keV, the reduced χ2 improves from 32/40

to 21/40. Despite the low branching ratio associated with this transition, we assume that this

confirms the existence of this transition.

# Ecentroid (keV) Ep (keV) E∗
level (

23Al) Intensity (%)

1.07 785 (84) 806 (97) 4255 (97) 0.13 (6)

1.08∗ 1432 (49) 1463 (63) 4912 (63) 0.50 (13)

1.09 1761 (21) 1798 (41) 5247 (41) 1.72 (22)
1.10 3309 (28) 3367 (34) 6816 (34) 0.93 (17)

1.11 4734 (44) 4809 (51) 8258 (51) 0.38 (10)

1.12 5151 (125) 5230 (128) 8679 (128) 0.23 (11)
1.13∗ 6084 (76) 5230 (93) 9533 (93) 0.12 (5)

Table 4.7 – Proton energies in the 2061-keV gated spectrum and their associated levels in 23Al.

The uncertainties on the proton energies are deduced from the fit and the calibration uncertainties.

Intensities were calculated from the ratio of the area of the peaks over the total number of decays,

corrected of the efficiency of the Ge array.
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Figure 4.11 – Spectrum of charged particles in coincidence with Eγ = 2061 keV, after background subtraction. Six transitions

were identified, and allows the identification of several unbound levels in 23Al. Using a fit function made of seven distributions

gives a reduced χ2 value of 32.2/30.
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4.3. γ-ray spectrum from 23Si decay

Figure 4.12 – Partial decay scheme of 23Al built on the basis of the proton groups in coincidence

with γ rays emitted from the de-excitation of the 3308 keV excited state of 22Mg.
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Chapter 4. β-delayed charged particle decays of 23Si

Eγ = 1247 keV

The γ-ray transition at 1247 keV is the signature of the de-excitation of the first excited 2+ state

in 22Mg to its ground state. Protons detected in coincidence with the 1247-keV γ ray correspond

to those protons emitted following the decay of a highly excited unbound level in 23Al to this
state. However, since the two more energetic states feed this first 2+ excited state from above

(the 2061 keV and the 3155 keV γ rays described above feed this state), their contribution in

the proton spectrum must also be subtracted. The two spectra, from both the Eγ=2061 keV
and the Eγ=3155 keV gates were subtracted after being normalized for their respective γ-ray

efficiencies. The energies of the remaining transitions were deduced from the energies of the
proton groups, and results are summarized in Table 4.8. Based on the previous measurement

in coincidence with the 3155-keV γ-ray transition, we conclude that the last proton group 1.27

at 8.18 MeV does not correspond to β-delayed proton emission from the IAS but from a state
at lower energy in 23Al. The corresponding partial decay scheme from the unbound levels in
23Al to the first excited state in 22Mg at 1247 keV is provided in Figure 4.13.

# Ecentroid (keV) Ep (keV) E∗
level (

23Al) Intensity (%)

1.13∗ 1137 (48) 1164 (65) 2551 (65) 0.40 (16)

1.14 1880 (46) 1918 (51) 3306 (51) 2.24 (39)

1.15 2334 (4) 2376 (28) 3764 (28) 18.68 (85)

1.16 2776 (9) 2834 (25) 4222 (25) 5.33 (60)

1.17 3398 (37) 3510 (41) 4898 (41) 0.83 (34)

1.18 3753 (22) 3863 (29) 5251 (29) 1.75 (35)

1.19 4156 (30) 4264 (36) 5652 (36) 0.92 (31)

1.20 4778 (21) 4864 (34) 6252 (34) 0.91 (42)

1.21∗ 5064 (52) 5142 (59) 6530 (59) 0.48 (36)

1.22 5441 (21) 5523 (41) 6910 (41) 0.69 (23)

1.23 5843 (21) 5943 (46) 7331 (46) 0.59 (23)

1.24∗ 6272 (60) 6361 (76) 7748 (76) 0.298 (117)

1.25 6680 (36) 6772 (64) 8160 (64) 0.225 (101)

1.26∗ 7408 (27) 7505 (70) 8893 (70) 0.145 (87)

1.27 8282 (77) 8384 (110) 9772 (110) 0.126 (75)

Table 4.8 – Energies of the proton peaks in the 1247-keV gated spectrum and their associated levels

in 23Al. Peaks labelled with an ∗ are tentative because of the poor resolution and the high density of

proton groups between 3 and 7 MeV. If we include these peaks in the fit function, it gives a reduced

χ2 value of 80/81.

The first nine proton groups in the energy spectrum are presented in Figure 4.14. Two
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4.3. γ-ray spectrum from 23Si decay

proton groups 1.15 and 1.16 were clearly identified. Proton group 1.15 at 2.4 MeV is the

strongest transition in this spectrum, and appears to be the main component of the proton
group 4 in the ungated spectrum. Above 3.5 MeV, the proton groups are less resolved and have

much lower intensities. Figure 4.15 presents the energy spectrum from 3 to 9 MeV.

Figure 4.13 – Decay scheme of 23Al based on the proton groups in coincidence with the γ-rays

emitted by the first excited state at 1247 keV in 22Mg.
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Figure 4.14 – Zoom in on the low energy part of the charged-particle energy spectrum emitted in coincidence with the 1247-keV

γ rays after background and γ-ray up-feeding subtraction. In red, the fit function.
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Figure 4.15 – The parameters corresponding to the β-summing tail and the width of the proton component of the fit function

were bound and fixed respectively to allow the identification of the proton groups in this wide structure.
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Figure 4.16 – Zoom in of the previous spectrum on the high energy part. In red, the function is fitted with the maximum

likelihood method.
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4.3. γ-ray spectrum from 23Si decay

4.3.2 β2p decay channel in coincidence with Eγ = 332 keV

The presence of the Eγ=332 keV transition in the γ-ray spectrum correlated to 23Si decays is a

clear signature of the β2p channel. This transition is due to the de-excitation of the first excited

state in 21Na. The gated and subtracted spectrum is shown in Figure 4.17. Table 4.9 summarizes

the energy of the proton groups. The PHD corrections are, in this case, calculated as the average

between the two extremes, when the two protons are emitted in the same direction and when

they are emitted in opposite directions (the recoil ion is static). The difference between these

two cases was then included as an uncertainty in addition to the uncertainties from the fit

and calibration processes. The two-proton separation energy is S2p = 5645 keV (deduced from

AME2012 [Wan12]) and this was added to the energy of the proton groups to determine the

excitation energies.

As explained above (see Section 4.3), this particular γ ray at 332 keV could also be the

signature of βp decay of 22Al, a known contaminant in the secondary cocktail beam. In this

case, the most intense proton group in coincidence with the 332-keV γ-ray transition has an
energy of 1.3 MeV [Ach06], with a branching ratio of ∼18.5%. In this work, a total of 17(16)

events were observed in the energy range between 1.0 and 1.6 MeV which could be evidence

for this group. This value and its uncertainty are compatible with zero, and thus any possible

contamination that arise from false correlations of 22Al decay in the 23Si decay spectra can be

considered negligible.

The most intense proton group in the 332-keV γ-ray gated proton spectrum is due to the

β-delayed two-proton emission from the IAS in 23Al to the first excited state in 21Na. In the

present work, the corresponding excitation energy of the IAS is 11.71(6) MeV, which is in very
good agreement with the previous measurement from Blank et al. [Bla97] who deduced an IAS

energy of 11.78(6) MeV. The decay scheme corresponding to the two-proton emission from

unbound excited states in 23Al is presented in Figure 4.18.

# Ecentroid (keV) Ekin (keV) E∗
level (

23Al) (keV) Intensity (%)

2.01⋆ 2137 (87) 2169 (45)(87) 8147 (98) 0.26% (14)

2.02 3789 (79) 3835 (48)(79) 9812 (91) 0.51% (16)

2.03 5145 (76) 5200 (55)(76) 11177 (94) 0.24% (8)

2.04 5683 (28) 5740 (57)(28) 11717 (64) 0.91% (16)

Table 4.9 – Energies of the proton groups in the 332-keV gated spectrum and their associated levels

in 23Al. In the column Ekin, the energy of the proton group takes into account the uncertainty of the

emission angle between the two protons.
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Figure 4.17 – Spectrum in coincidence with the Eγ=332 keV transition in 21Na. In red, the fit function.
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4.3. γ-ray spectrum from 23Si decay

Figure 4.18 – Decay scheme of 23Al based on the proton groups in coincidence with the γ rays

emitted by the first excited state at 332 keV in 21Na.
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Chapter 4. β-delayed charged particle decays of 23Si

4.3.3 β3p decay channel in coincidence with Eγ = 1633 keV

This γ-ray transition at Eγ = 1633 keV rises from the de-excitation of the first excited 2+ state

in 20Ne. This is the daughter nucleus of the β3p decay of 23Si and this rare decay channel is, in

principle, possible based on Q-value arguments. However, this 1633-keV state in 20Ne can also

be populated from the β decay of 20Na [Cli89, AS87] that is the most intense contaminant in

the secondary cocktail beam. The spectrum of charged particles in coincidence with this γ-ray
transition obtained for a maximum correlation time of 400 ms is presented in Figure 4.19.
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Figure 4.19 – Charged-particle spectrum in coincidence with the Eγ = 1633 keV transition in 20Ne.

In red, the fit function.

The charged particle group 3.00, at low energy, dominates the spectrum. The decay curve

obtained from a gate on this group can be compared to the decay curve from high-energy events.

The decay curves were fitted for a longer correlation time (2 s), as shown on Figure 4.20 and 4.21,

in order to better constrain the fit. The resulting half-life obtained for the low-energy events

has the same order of magnitude as the half-life of 20Na. These events are thus identified as
false correlations within the analysis process, and based on the energy recorded in DSSD2,

correspond primarily to β particles from 20Na decay in false coincidence with implants of 23Si.
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4.3. γ-ray spectrum from 23Si decay

Figure 4.20 – Decay curve of the events in

the group of particles with an energy lower

than 1 MeV. The fit of the decay curve is giv-

ing a half-life of 355 (148) ms, which is con-

sistant with the half-life of 20Na.

Figure 4.21 – Decay curve of the events with

an energy higher than 1.1 MeV. The fit of the

decay curve is giving a half-life of 41.0 (55)

ms, which is close to the adopted value of the

half-life of 23Si.

The half-life deduced for proton group 3.01, T1/2=41.0(55) ms, is much shorter that deduced

for the low-energy β particle events. Although this result is ten times less precise, its magnitude

is in good agreement with the previously measured 23Si half-life of T1/2=42.3(4) ms . If we

assume that these events are three-proton decays to the 1633-keV excited state in 20Na, the

corresponding excitation energy of the parent state in 23Al is deduced to be 11.71(11) MeV,

as presented in Table 4.10. This value is in good agreement with the previous measurement

of the excitation energy of the IAS in 23Al. The large uncertainties on the centroids and the

level energies are due to the PHD corrections in both extreme cases: when the recoil energy

is zero, and when it is maximal (meaning that the 3 protons are correlated). We propose that

this proton group is a candidate for the first observation of β3p decay from 23Si.

Ecentroid Eproton (keV) E∗
level (

23Al) Intensity (%)

3.00 320 (29) - - -

3.01 1890 (99) 1998 (100)(105) 11707 (111) 0.16% (12)

Table 4.10 – Energies of the proton peaks in the 1633-keV gated spectrum and their associated

levels in 23Al. The first proton group is identified as β particles from 20Na decays. Only the second

charged particle group at 1.9 MeV is identified as protons, and the corresponding excitation energy is

in agreement with the IAS energy in 23Al as determined from the γ-ray gated proton spectra.
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Chapter 4. β-delayed charged particle decays of 23Si

4.4 The ungated charged particle spectrum

All of the γ-ray gated particle spectra presented above were normalized (according the HPGe

detection efficiency at each γ-ray energy), summed and subtracted from the total charged-

particle energy spectrum. The resulting spectrum are only those particle decays that proceed

from excited states in 23Al to the ground states of the daughter nuclei. This spectrum is

presented in Figures 4.22, 4.23 and 4.24. The energy of the proton groups identified in this

complicated spectrum are presented in Table 4.11, as well as the corresponding excitation ener-

gies. The proton group 0.17 at 5.97 MeV is in good agreement with the energy expected for the

β2p channel to the ground state of 21Na and corresponds to an excited level at 11679(72) keV.
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Figure 4.22 – Zoom in on the low-energy part of the ungated ground-state charged-particle spectrum.

Because of the β background at low energies, the fit function (in red) begins at 1 MeV.
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Figure 4.23 – Zoom in on the ungated ground-state charged-particle spectrum. In red, the fit

function.
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Figure 4.24 – Zoom in on the ungated ground-state charged-particle spectrum. In red, the fit

function. The last proton group (0.31) in the spectrum is a possible candidate for proton decay of the

IAS in 23Al to the ground state of 22Mg.
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# Ecentroid Eproton (keV) E∗
level (

23Al) Intensity (%)

0.01 1312 (5) 1342 (37) 1483 (37) 5.78% (28)

0.02 1698 (21) 1733 (38) 1874 (38) 2.03% (54)

0.03 2054 (51) 2095 (58) 2236 (58) 1.32% (38)

0.04 2369 (11) 2415 (27) 2556 (27) 8.4% (12)

0.05 2730 (8) 2780 (24) 2921 (24) 15.67% (84)

0.06 3016 (12) 3070 (25) 3211 (25) 7.68% (51)
0.07⋆ 3306 (35) 3364 (41) 3505 (41) 1.21% (31)

0.08 3580 (10) 3642 (25) 3783 (25) 4.02% (27)

0.09⋆ 3862 (31) 3927 (40) 4068 (40) 1.55% (26)

0.10 4242 (21) 4311 (36) 4452 (36) 1.28% (20)

0.11⋆ 4478 (36) 4549 (48) 4690 (48) 0.65% (15)

0.12 4716 (36) 4791 (50) 4932 (50) 0.78% (22)

0.13⋆ 4929 (53) 5006 (65) 5147 (65) 0.46% (19)

0.14 5243 (21) 5323 (47) 5464 (47) 0.91% (14)

0.15 5518 (15) 5601 (48) 5742 (48) 1.69% (20)

0.16 5745 (24) 5829 (54) 5970 (54) 1.06% (20)

0.17 6026 (11) 6084 (54) 11729 (79) 2.10% (10)

0.18⋆ 6284 (10) 6373 (58) 6514 (58) 0.39% (3)

0.19 6558 (7) 6649 (61) 6790 (61) 0.42% (2)

0.20⋆ 6852 (16) 6945 (68) 7086 (68) 0.17% (2)

0.21 7052 (9) 7147 (69) 7288 (69) 0.33% (2)

0.22 7355 (16) 7451 (75) 7592 (75) 0.10% (1)

0.23 7720 (14) 7818 (80) 7959 (80) 0.16% (1)

0.24 8089 (18) 8190 (87) 8331 (87) 0.14% (1)

0.25⋆ 8492 (46) 8595 (102) 8736 (102) 0.013% (6)

0.26 8779 (32) 8882 (101) 9023 (101) 0.03% (15)

0.27 9057 (35) 9162 (106) 9303 (106) 0.026% (8)

0.28 9345 (49) 9450 (116) 9591 (116) 0.011% (5)

0.29 9591 (31) 9697 (113) 9838 (113) 0.023% (3)

0.30 10526(47) 10634 (132) 10775 (132) 0.004% (2)

0.31 11365(54) 11474 (148) 11615 (148) 0.002% (1)

Table 4.11 – Energies of the proton peaks in the ungated ground-state charged-particle spectrum

and their associated levels in 23Al. The proton group at 5977 keV corresponds to the expected energy

for β-delayed 2-proton emission from the IAS to the 21Na ground state. Adding those proton groups

labelled with an ∗ does not significantly improve the reduced χ2 and so the corresponding excited

states in 23Al are considered to be tentative.
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4.5 Discussion on the excitation energies

Based on the above charged-particle spectra, an updated decay scheme of 23Si can be con-

structed that is presented here. A total of 14 proton-unbound levels were identified in 23Al,

compared to only 5 levels that were known previously [Bla97]. The criteria that were used to

propose a new level in 23Al was to have at least two independent decay pathways that originated

from the same energy level within an uncertainty of ± 90 keV. When several transitions were

identified as originating from the same unbound excited state in 23Al, the excitation energy of

this state was determined using the weighted average of the different pathways. If two distinct

decay pathways could not be established from the same state, a new level was proposed in
23Al only if the single proton group had a sufficient branching ratio (≥ 0.2%) and whose fit

yielded an area whose confidence threshold was larger than 3σ (proton peaks that do not satisfy

this condition are labelled with a ⋆ in the analysis presented below). Table 4.12 summarizes

all of the proton groups that were identified in the present study, and present the weighted

average excitation energies for each level in 23Al. The branching ratios were calculated with re-

spect to the total number of particles detected in the DSSD2 and corrected using the efficiency

distribution described in Section 2.2.1.

In the following section, a comparison of the excitation energies and branching ratios of the

already know from the previous measurement [Bla97] is also provided.

Discussion about the level at 1483 (37) keV

In the previous study of the β-delayed proton decay of 23Si [Bla97], the proton group 2 at

1.32(40) MeV in Table 4.2 was assigned to the proton decay from a state at 1.45 MeV excitation

energy in 23Al to the ground state of 22Mg with a branching ratio of ≈ 7.8% [Bla97]. Using the

2061-keV γ-ray gate, we observed that the main component in this proton group corresponds

to charged particle decay to the 3308-keV states in 22Mg. In the ungated spectrum, and after
the upfeeding subtraction, we still observed a proton transition at 1.34 keV. Thus, we confirm

the energy of the level but propose a lower branching ratio for this level (≈ 5.8%).

Discussion about the level at 1874 (38) keV

In the previous measurement, the energy of this level was deduced from proton group 3 in Table

4.2. In the present work, we observed that this peak is in fact a doublet, made of proton groups

0.02 and 1.09, which correspond to a proton emission to the ground state and to the 3308-keV
excited state in 22Mg, respectively. Therefore, we measured a lower β-decay branching ratio to

the 1874-keV state (∼2 %).
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Confirmation of the level at 3226 (23) keV

A proton group at 3.04 MeV was previously observed by Blank [Bla97] without any γ-gates.
In the present work, we confirm the energy of this proton and that it is a transition to the
22Mg ground state. A small component is also a transition to the first excited state in 22Mg as
confirmed by the existence of proton group 1.14 in the 1247-keV γ-ray gated spectrum.

Confirmation of the level at 3775 (19) keV

In the previous experiment [Bla97], this level was identified based on two protons that decay

to the ground state of 22Mg and the first excited state at 1247 keV. In the present work, we

observed a proton group at 2.38 MeV (group 1.15) in coincidence with the 1247 keV γ-ray

transition and a proton group at 3.64 MeV in the ungated ground-state spectrum. We confirm

the energy of this level at 3.78 MeV, in good agreement with the energy previously measured

at 3.77 MeV [Bla97]. We deduced a branching ratio for this state of 22.7% which is lower than

the previous measurement (39.4%). This difference is due to the fact that the proton group 7

(in Table 4.2) observed by Blank et al. [Bla97] is made of a transition in coincidence with a

3155-keV γ ray in addition to the transition to the ground state.

Confirmation of the level at 4224 (24) keV

This level was deduced by Blank et al. [Bla97] from the observation of the strong proton group

at 2.83 MeV. Using the γ-ray gates, we observed that this proton group is a doublet. Two

decay paths corresponds to this energy: from a previously unobserved level at 2921-keV to the

ground state, and from the previously known 4222-keV level to the first excited state in 22Mg

at 1247 keV.

Identification of the IAS at 11710 (43) keV

The energy of the Isobaric Analogue State was deduced from the spectrum gated on the γ-ray

transition at 332 keV. This was the signature of a β-delayed 2-proton emission from the IAS

to the first excited state of 21Na. The 332-keV γ-ray gate applied to the proton spectrum also
reveals the strong proton group 2.04 at 5683 keV. The identification of the proton group 0.17 in

the ungated and subtracted ground-state spectrum, at 5977 keV, also confirms the two-proton
decay from the IAS to the ground state of 21Na. From these results, the IAS energy deduced

in the present work is 11710(43) keV and is in good agreement with the value 11.78(6) MeV

obtained previously.

In the ungated spectrum, two counts were observed in proton group 0.31 and correspond
to an excitation energy of 11615(148) keV which in agreement with our estimation of the IAS

energy.
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4.5. Discussion on the excitation energies

A possible 3-proton emission from the IAS to the first excited state of 20Ne, in coincidence

with γ-rays at 1633 keV was identified in the spectrum presented in Figure 4.10. Because of the
very low statistics, the uncertainties on the energy are large (111 keV). Adding this excitation

energy to the set of data does not shift the average value.

The branching ratio for β decay of 23Si to its IAS in 23Al was determined to be 3.18 (25)%.

Using the deduced half-life of T1/2 = 42.80(27) ms (see below), we obtain a log ft value of

3.16 (13) which is in good agreement with the expected range of log ft values for allowed Fermi

decays [Sin98].

3-proton decay to 20Ne ground state

A weak transition from the IAS to the first excited state in 20Ne was observed in the 1633-keV

gated spectrum. We also expect a transition going to the ground state, and according to the

energy of the IAS, the energy of this transition should be around 3.6 MeV. In this work, we are

unable to conclude on a possible β3p decay to the ground state of 20Ne due to the high intensity

βp protons that decay with a similar energy. Figure 4.25 presents the range of energies where

such a β3p proton group would be expected.
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Figure 4.25 – The red dashed line indicates the energy range of a proton groups correspondig to

the β3p decay from the IAS to the 20Ne ground state. Due to significant amounts of βp decays with

similar energies, we could not conclude on this β3p transition.
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Chapter 4. β-delayed charged particle decays of 23Si

Level scheme of 23Si

In this work, 14 levels were identified, including 9 new levels above the one- and two-proton

thresholds. The 23Si decay level scheme obtained in the present work is presented in Figure 4.26.

Many of the levels presented in Figure 4.26 were only tentatively identified and some of the

weakest proton groups could be the result of an incomplete background subtraction. This sub-

traction was particularly difficult because of the shape of the contribution of the contaminant,
20Na, and the proton groups appearing in the energy range of the α-particle energy are am-

biguous.

The final 23Si decay level scheme used a strict set of criteria. Only those levels with branching

ratios that exceeded 1% were included and of those, only those proton groups whose fits yielded

a confidence interval that was larger than 3σ. The final level scheme, which includes a total

of 12 levels (7 levels are newly proposed), is presented in Figure 4.27 and is compared to the

previous measurements as well as a theoretical calculation using the USDB interaction [Bro].
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# 4402 keV 332 keV 3308 keV 1247 keV 22Mg g.s. 21Na g.s. 1633 keV E∗

level BR (%)

1 1483 (37) 1483 (37) 5.78 (28)
2 1874 (38) 1874 (38) 2.03 (54)
3 2236 (58) 2236 (58) 1.32 (38)
4 2551 (65) 2556 (27) 2555 (25) 8.80 (20)
5 2921 (24) 2921 (24) 15.67 (84)
6 3306 (51) 3211 (25) 3226 (23) 9.92 (54)
7 3505 (41) 3505 (41) 1.21 (31)
8 3764 (28) 3783 (25) 3775 (19) 22.7 (85)
9 4068 (40) 4068 (40) 1.55 (26)
10 4255 (97) 4222 (25) 4224 (24) 5.46 (60)
11 4452 (36) 4455 (42) 1.28 (20)
12 4690 (48) 4690 (48) 0.65 (15)
13 4912 (63) 4898 (41) 4932 (50) 4912 (28) 2.11 (43)
14 5247 (41) 5251 (29) 5147 (65) 5238 (22) 3.93 (45)
15 5464 (47) 5464 (47) 0.91 (14)
16 5652 (36) 5742 (48) 5684 (29) 2.61 (37)
17 5970 (54) 5970 (54) 1.06 (20)
18 6226 (92) 6252 (34) 6249 (32) 1.21 (49)
19 6530 (59) 6514 (58) 6521 (41) 0.88 (37)
20 6816 (34) 6790 (61) 6810 (30) 1.35 (17)
21 6888 (59) 6910 (41) 7086 (68) 6933 (27) 1.55 (33)
22 7360 (86) 7331 (46) 7288 (69) 7325 (35) 1.74 (43)
23 7592 (75) 7592 (75) 0.099 (12)
24 7770 (68) 7748 (76) 7959 (80) 7817 (43) 1.02 (26)
25 8147 (98) 8160 (64) 8156 (54) 0.49 (16)
26 8248 (75) 8258 (58) 8331 (87) 8270 (41) 0.96 (22)
27 8679 (128) 8893 (70) 8736 (102) 8815 (53) 0.40 (13)
28 9023 (101) 9023 (101) 0.030 (15)
29 9303 (106) 9303 (106) 0.026 (10)
30 9533 (93) 9591 (116) 9556 (73) 0.144 (61)
31 9812 (91) 9772 (110) 9838 (113) 9807 (60) 0.65 (16)
32 10846 (158) 10775 (113) 10799 (92) 0.057 (10)
33 11177 (94) 11177 (94) 0.24 (8)
34 11717 (64) 11615 (148) 11729 (79) 11707 (111) 11710 (43) 3.18 (25)

Table 4.12 – Energies of the unbound levels in 23Al populated by the β decay of 23Si deduced from the γ-ray gated spectra and

the ungated ground-state spectrum. This table includes the three identified channels to 22Mg, 21Na and 20Ne ground states. A

weighted average was used to calculate the energies of the excited levels in 23Al when more than one pathway was observed.)
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Figure 4.26 – Decay scheme of 23Si identified in the present work. The βp and β2p decay branches were identified and the

excitation energy of the levels in 23Al measured. A possible β3p decay through the IAS at 11.71 MeV was tentatively observed.
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Figure 4.27 – The level scheme of 23Al obtained in the present work is compared to the previous mea-

surement performed by Blank et al. [Bla97] and to the USDB shell-model calculation of B.A. Brown

[Bro]. On the left side, the decay level scheme of the mirror nucleus, 23F.
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4.6 The IMME for T = 5/2 and the mass of 23Si

The Isobaric Analogue State that was identified in this work at 11710(43) keV belongs to the

same isospin multiplet as the ground state of 23Si. Two other states in this multiplet, the
ground state of 23F and a level at 19.6 MeV excitation energy in 23Na are also known from

previous measurements. The mass excess of the ground states of these nuclei, and the excitation

energies of these states, are summarized in Table 4.13. These values were used to determine

the coefficients of the IMME and that were, in turn, used to deduce the mass excess of the 23Si

ground state.

The coefficients of the IMME quadratic function describing the A=23, T=5/2 multiplet

were derived to be: a = 12005.5(8.4) keV, b = −3993(17) keV and c = 205.9(8.3) keV. Ex-

trapolation of these results leads to an estimate for the mass excess of the 23Si ground state

to be 23274(68) keV. This value is in very good agreement with the previous measurement

[Bla97] and the most recent AME2012 [Wan12] estimation, as presented in Table 4.14. This

new indirect mass measurement was used to deduce the one-proton and two-proton separation

thresholds, as well as a new β-decay Q-value, whose energies are presented in Table 4.15.

Based on the theory of the IMME described in Chapter 1, coefficients b and c can be

calculated analytically using Equations 1.56 and 1.57, respectively. For the A = 23 multiplet,

we obtain b = -3892.7 keV and c = 215.15 keV, which are in good agreement with the coefficients

deduced in the fit. The ratio of the b and c coefficients is |b/c| = 19.4, which is also in good

agreement with the value of 18.3 that was obtained using Equation 1.58.

Nucleus TZ Mass excess (keV) Excited state (keV)
23Al -3/2 6478.1 (0.3) 11710 (43)
23Na 1/2 -9529.8525 (18) 19590.404 (2.000) [Mac]
23F 5/2 3310 (30) 0

Table 4.13 – Set of isobaric analogue states from the (A=23, T=5/2) multiplet used to determine

the coefficients of the IMME.

Mass excess (MeV)

B. Bank et al. [Bla97] 23.42 (10)

Audi (AME2012) [Wan12] 23.70 (50)

This work 23.27 (7)

Table 4.14 – The mass determined in this work is in good agreement with the previous measurement

by B. Blank et al., and the AME2012 extrapolation from Audi et al.

133



Chapter 4. β-delayed charged particle decays of 23Si

Q(β+) = 15504 (70) keV

Sp = 2195 (114) keV

S2p = 2218 (72) keV

Table 4.15 – Updated S2p and Qβ-value determined using the 23Si ground-state mass excess deduced

in the present work. In the case of Sp, the mass of the daughter 22Al is taken from [Ach06].

4.7 Half-life measurement

The half-life of 23Si was deduced using the same analysis techniques as described above for
20Mg decay. Several decay time spectra were generated both with and without γ-ray gates

applied. Results obtained are described below and are compared to the previous measurement

T1/2 = 42.3(4) ms in the previous experiment of Ref. [Bla97].

4.7.1 Using γ-ray gates

Application of a γ-ray gate to generate the decay curve provides a nearly pure and background

free spectrum because of the distinct energies and origins of each individual γ ray. A summary

of the 23Si γ-ray gated decay curves obtained from the present experiment are presented in

Figure 4.28. A background subtraction was performed, as described above, using gates placed
just below and above the γ-ray gate of interest and normalized to the same number of chan-

nels. Table 4.16 presents the results of the fit for the γ-ray gated and background subtracted

spectra. The fit function used a single exponential decay and a constant background. The half-

life of the decay events in coincidence with 1633-keV γ rays considered only charged-particle

events that deposited more than 1 MeV in DSSD2 to avoid contamination from the low-energy

β particles from 20Na decay. The half-lives from each of the five γ-ray gates are in very good

agreement (reduced χ2 value of 0.98 for 4 degrees of freedom) and thus the average half-life,

T1/2 = 41.7(9) ms, is adopted as the final result of the γ-ray analysis. This result is in good

agreement with the value T1/2 = 42.3(4) ms obtained in Ref. [Bla97] but is approximately two

times less precise. A summary of the results of Table 4.16 and the weighted average is presented

in Figure 4.30.

134



4.7. Half-life measurement

Figure 4.28 – Decay curves of 23Si corresponding to the 332-keV (a), the 1247-keV (b), the 2061-keV

(c) and the 3155-keV (d) γ-ray gates. In red, the fit function, which used an exponential decay and

a constant background. The fit included all data up to and including the maximum correlation time

range of 400 ms.

Eγ gate Half life (ms)

332 keV 44.2 (19)

1247 keV 41.3 (11)

2061 keV 42.2 (29)

3155 keV 37.0 (33)

1633 keV 41.0 (55)

Average 41.7 (9)

Previous value [Bla97] 42.3 (4)

Table 4.16 – Half-life determined as the average of the γ-gated spectra with a reduced χ2 of 0.96.
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Figure 4.29 – The weighted average of the different γ-gated spectra gives 41.7 (9) ms, which is in

good agreement with the previous measurement from [Bla97]. In red, the average half-life and its

uncertainties.
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4.7.2 Using proton gates

The other method used to deduce the half-life of 23Si was to perform several different proton

gates and to fit the corresponding decay curves. Proton gates were applied on an energy range

which was chosen to include only one of both decay branches, βp or β2p. Some gates were also

made to isolate proton groups that were contaminated by 20Na, in order to properly include

this component in the fit function. The energy gate applied in this analysis are described in

Table 4.17.

The grow-in and decay activity of the βp daughter, 22Mg, must also be taken into account in

the fit function. The half-life of 22Mg, T1/2 = 3.88 s [Wan12], was treated as a fixed parameter.

The contribution of the β2p daughter, 21Na (T1/2 = 22.5 s [Wan12]) was assumed to be suffi-

ciently long compared to the 400 ms time scale of the measurement that its contribution would

be included in the free constant background parameter. Decay curves gated on the proton gates

1, 2, 4 and 6 were fitted with the following function:

N(t) = λ1A0e
(−λ1·t) + ε · A0

λ1λ2
(λ2 − λ1)

(e(−λ1·t) − e(−λ2·t)) + C (4.1)

where λ1 =
1

T1/2(23Si)
was a free parameter, and T1/2(22Mg) was fixed at 3.88 s. The activity at

t = 0 is denoted A0, C is the constant background parameter and ε is a free parameter used to

describe the β-only efficiency.

In addition, the primary contaminant in the secondary beam was 20Na whose half-life is
T1/2 = 447.9 ms. Based on the spectrum of charged particles emitted by 20Na (see Figure 4.4),

an additional exponential decay was added to the fit function for the particular case of the
decay curves generated from proton gates 3 and 5 (corresponding to the energy range where

the βα particles would be recorded). The results of the fit to the proton-gated decay time

spectra are summarized in Table 4.17. The average value of the proton-gated decay spectra
is 42.67(23) ms with a reduced χ2 value of 1.13 for 5 degrees of freedom. This result is in

excellent agreement with the value obtained above T1/2 = 41.7(9) ms from the γ-ray analysis

and is nearly four times more precise. Figure 4.30 presents the half-life results and the average

half-life with its statistical uncertainties.

137



Chapter 4. β-delayed charged particle decays of 23Si

Proton Energy (keV) Half life (ms)

division

1 [1135 ; 1570] keV 42.87 (77)

2 [2150 ; 2635] keV 42.94 (30)

3 [2640 ; 3310] keV 41.92 (58)

4 [3520 ; 4105] keV 41.91 (62)

5 [6035 ; 6365] keV 44.34 (139)

6 ≥ 8000 keV 44.09 (390)

Average 42.67 (23)

Previous value [Bla97] 42.3 (4)

Table 4.17 – Half-life determined from the average of the proton-gated spectra. The decay curve of

proton groups 3 and 5 were fitted with two exponential decays to take into account the possibility of

false correlations from 20Na β-delayed α decays. The average half-life is T1/2 = 42.67(23) ms with a

reduced χ2 of 1.13.
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Figure 4.30 – The weighted average of the half-life results gated on several different proton groups

gives a value in good agreement with the previous average from the γ-ray gated spectra and has a

reduced χ2 value of 1.1. In blue, the average half-life of 23Si is 42.67(23) ms.
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4.8. Conclusion

4.7.3 Conclusion on the half-life

As presented in Figure 4.31, the 23Si decay curve obtained from all charged particles (with no

energy gates applied) was also fitted, assuming four components:

• one exponential decay curve describing the β decay of 23Si,

• a function describing the grow-in and decay of the 22Mg daughter, with its half-life fixed

to T1/2(22Mg) = 3.88 s, and ε satisfying the boundary conditions as described in the 20Mg

analysis,

• a second exponential decay to describe false correlations with 20Na decay but with a free

half-life T1/2 ≈ T1/2(20Na) = 447.9ms,

• a constant background.

The half-life obtained with this fit (see Figure 4.31) is T1/2 = 42.80(27) ms. This value is

slightly less precise than the average of the proton-gated spectra due to the presence of several
additional free parameters but the result is in excellent agreement with the proton-gated and

γ-ray gated measurements presented above.

We therefore adopt the value T1/2 = 42.67(23) ms, obtained from the average of the proton

group gates, as the half-life of 23Si deduced in the present experiment. This result is in good
agreement with the previous value 42.3(4) ms [Bla97] and is nearly a factor of two times more

precise.

4.8 Conclusion

Because of a large β Q-value, several β-delayed charged particle decays of the TZ = −5/2

nucleus 23Si were studied to perform detailed spectroscopy of the daughter 23Al. Five excited

states in the daughter 23Al were previously measured by B.Blank et al. in Ref. [Bla97], in-

cluding the IAS at ∼ 11.8 MeV. This energy was deduced from two proton groups which were

observed in the charged particle spectrum and identified as the β2p decay of 23Si.

In the present work, the addition of HPGe detectors to the implant-and-decay station were

used to detect γ-rays coming from the electromagnetic decay of excited states in the daughter

nuclei. We observed three γ-ray transitions corresponding to the first excited states of 22Mg,

as well as the 332-keV transition in 21Na, confirming the β2p decay path of 23Si via the IAS
and measuring its β2p branching ratio. By applying γ-ray gates to the proton spectra, we

performed the spectroscopy of 23Al, measuring excitation energies, and β branching ratios. As
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Figure 4.31 – The fit to the decay curve for all particles detected in DSSD2 was performed assuming

an exponential decay of the parent (in black), the successive decay of the daughter (in green), an

exponential decay for false correlations (20Na) and a constant background (in red). The constant

background parameter was consistent with zero and does not appear on the figure.

a result of this work, 9 additional levels in 23Al were observed for the first time. In addition,

the half-life of 23Si was determined to be T1/2 = 42.67(23) ms, a result that is two times more

precise than the previous measurement of Ref. [Bla97].

The energy of the IAS to 23Si was measured at an excitation energy of 11710(43) keV in 23Al.

The mass excess of the 23Si ground state was estimated using the IMME for the (A=23, T=5/2)

multiplet, and the value obtained is in good agreement with both the previous measurement of

Ref. [Bla97] and the recommended value from AME2012 [Wan12]. Because of the value of the
one-proton and two-proton separation thresholds, the 23Si ground state cannot be a 1-proton

or 2-proton emitter. However, the more exotic isotope of 22Si, with TZ = −3, is a candidate

for 2-proton radioactivity. In the next chapter, we follow the same analysis as presented above

but focus on decays of 22Si to its daughter 22Al.
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Chapter 5

β-delayed charged particle decays of
22Si

In the previous chapter, β-delayed charged particle decays of 23Si were used to probe the

structure of the exotic nucleus 23Al near the proton drip-line. The level scheme consisting of
several previously unobserved excited was built and the energy of the IAS to the 23Si ground

state was deduced. The excitation energy of the IAS was then used to derive an indirect mass

measurement of the 23Si ground state using the IMME. The β-delayed proton decay of the even

more neutron deficient nucleus 22Si will be presented in this Chapter. Using the SeGA array,

two γ rays corresponding to the de-excitation of the first two excited states in the βp daughter
22Mg were observed. One weak γ-ray transition was also observed that led to the identification

of β2p decay from this nucleus for the first time. The level scheme of the daughter 22Al was

constructed using the γ-ray gated spectra and the ungated proton spectrum using the same

methods as described in previous chapters. The identification and measurement of both the

energy and the partial half-life of the IAS in 22Al was performed.

Based on a parametrization of the statistical rate function for known superallowed Fermi

transitions, a new method is proposed to determine the Q-value of the decay from the 0+

ground state of 22Si to its IAS in 22Al from the partial half-life measured in this work. Results

of this method were used to determine the mass excess of 22Si and the one- and two-proton

separation thresholds. Results will be presented and compared to several model predictions.

5.1 Discussion on the particle thresholds

Very early, 22Si was predicted to be a ground-state two-proton emitter [Gol61, Gol60]. Its dis-

covery at GANIL in 1987 [SL87] proved that this nucleus is bound, despite it being extremely
neutron deficient as it is the lightest known TZ = −3 nucleus. The 22Si nucleus has a N = 8

neutron closed shell configuration and 6 protons in the sd shell that could gain additional sta-
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bility if there were an appreciable subshell closure at Z = 14. This semi-double shell closure

would imply a spherical shape [Lal98] and therefore an even stronger binding energy than in
neighbouring nuclei. Recent predictions suggest a very weakly-bound ground state with respect

to two proton emission [Hol13] and have stressed that three-body forces may play a key role.

The search for two-proton radioactivity in 22Si is motivated by the fact that its mass excess

and S2p values have never been determined experimentally and several mass predictions suggest
a very small or even negative S2p threshold. Table 5.1 presents the different values of the mass

excess and the associated Sp and S2p values obtained from various models. These values clearly

span a wide range and carry significant uncertainties thus offering very little in the way of
predicting whether or not 22Si is a candidate to decay by 2p radioactivity. With the exception

of the NL-SH [Ren96] and the Hartree-Fock [Col98] models, most predictions suggest that 22Si

could decay by 2p radioactivity despite the fact that it is already known to β decay [Bla96]. It is

therefore crucial to provide an experimental measurement of the mass of the ground state before

definitive conclusions about the structure and decay modes of this nucleus can be reached.

Model Mass excess of 22Si (keV) Sp (keV) S2p (keV)

NL-SH [Ren96] 31016 (2000) 3263 (2000) 1121 (2000)

NL1 [Ren96] 33066 (2000) 1213 (2000) -929 (2000)

Coulomb-shift syst. [Col98] 32166 (90) 1450 (64) (90) -18 (63)

Hartree-Fock [Col98] 32916 220 700
AME03 [Aud03] 32160 (200) 2119 (200) -23 (200)

AME12 [Wan12] 33340 (400) 940 (400) -1200 (400)

Table 5.1 – Mass excess, single and two-proton separation values of 22Si deduced from non-linear

relativistic mean-field (NL-SH, NL1) and Hartree-Fock models. These are compared to the Coulomb-

shift systematics and the most recent atomic mass evaluations (AME03, AME12).

In the previous chapter on 23Si, the excitation energies of the resonances in the 23Al daughter

were deduced using the sum of the measured decay energy and the proton separation threshold.

In the case of 22Si, the ground state of the daughter 22Al that would be required to determine

the excitation energies of the proton-emitting states has not yet been measured experimentally.

Estimations of the 22Al mass excess presented in the latest atomic mass evaluations (AME03

and AME12) are both entirely consistent (see Table 5.2) although they differ by from a recent

determination using the IMME by approximately 200 keV [Ach06]. As part of this thesis work,

the mass excess of the 22Al ground state has been investigated and updated using the IMME

and the most recent experimental data.

The isospin projection of the 22Al ground state is TZ=-−2. Application of the IMME
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5.1. Discussion on the particle thresholds

across the A=22, T=2 isospin multiplet was recently performed by Achouri et al [Ach06]. The

coefficients of the IMME equation were determined using the three known isobaric analogue
states of the multiplet:

• the ground state of the 22Si mirror nucleus 22F (TZ = +2), with a mass excess of

2793(12) keV,

• an excited state at 14011.7(35) keV in 22Mg (TZ = −1), with a mass excess of−399.9(3) keV,

and

• the excited state at 14070(40) keV in 22Ne (TZ = +1), with a mass excess of−8024.714 (18) keV.

It should be stressed that the spin of this latter state is not definitively known. It is therefore

only an hypothesis that this state belongs to the isospin multiplet. Several reaction experiments

were performed to probe low-energy excited states in 22Ne [G83]. Spectroscopy of high-energy

states was also performed in Ref. [Wil87] but the assignment of spins and parities (1+ or 2−) was

incompatible with the IAS that must be Jπ = 4+. Other experiments including (p, p′) and (t, t′)

inelastic scattering reactions[Sza83] were used to populate higher-spin excited states in 22Ne.

Although no spin and parity assignment was provided, they observed a state at 14.07(40) MeV

that was later identified in [Sto69] as a part of the T = 2 multiplet. Another state at slightly

lower energy was populated via the (α,α′) reaction [Gol04]. This state was measured to be

13.88(10) MeV and its spin and parity were firmly established to be 4+. This excited state

could therefore also be a potential candidate for the T = 2 IAS in 22Ne. However, according to

Ref. [Sto69], T = 2 states cannot be below 14.07 MeV and thus the state found in Ref. [Gol04]

at 13.88(10) MeV is more than likely a 4+ state with T = 1.

Coefficients of the IMME for the (A = 22, T = 2) multiplet were obtained using both
of these candidate states at 13.88(10) MeV and 14.07(40) MeV. The resulting mass excesses

derived for 22Al are summarized in Table 5.2 along with the AME predictions.

EIAS in 22Ne (keV) Mass excess of 22Al (keV) Sp (keV) S2p (keV)

AME03 [Aud03] 18180 (90) 20 (100) 3240 (90)

AME12 [Wan12] 18200 (400) 0 (400) 3230 (400)

14070 (40) 17932 (99) 271 (100) 3496 (100)

13880 (100) 18312 (30) -109 (34) 3116 (34)

Table 5.2 – Mass excess, proton and two proton separation threshold as calculated using the IMME

and compared to the previous mass evaluations. For comparison, the value used in the previous 22Si

decay experiment[Bla96] was Sp = 18 keV.
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Using the excited state from Ref. [Gol04] at 13.88(10) MeV leads to a mass excess for 22Al

that would be proton unbound (Sp = −109(34) keV). As a result, this state was discarded
from the analysis and the discussion below. This is perhaps additional confirmation that

this state is probably not part of the T = 2 multiplet but rather an excited 4+ state with

T = 1. The two values from the atomic mass evaluations are nearly identical but these are

not independent results. Both are estimated using the same analysis protocol that is based

on trends in neighbouring nuclei. In the present work, we therefore adopt the mass excess
of 17932(99) keV from the IMME as this value is better constrained using experimentally

measured states from the same multiplet. This value is also in agreement with the value of

18200(400) keV from the latest mass evaluation [Wan12].

Using the IMME mass excess for 22Al, the corresponding one- and two-proton thresholds

are Sp =271(100) keV and S2p = 3496(100) keV, respectively. These are also summarized in

Table 5.2. These low-energy separation energies combined with the relatively large Qβ value of
22Si imply that several β-delayed charged particle channels are potentially open. The daughter

nuclei and the Q-values are summarized in Table 5.3.

Decay path Daughter Q-value (keV)

β+ 22Al 14387

βp 21Mg 14115

β2p 20Na 10889

β3p 19Ne 8699

βpα 17Ne 6104

Table 5.3 – Summary of the update Q-values for the possible β-delayed decay branches of 22Si.

5.2 Previous study of 22Si decay

First decay spectroscopy of β-delayed proton emission from 22Si was performed by Blank et al.

at the LISE facility of GANIL [Cza97, Bla96]. A secondary beam of 22Si was implanted into a

Si detector and a MSGC. This was the same setup that they used to study 23Si decay [Bla97]

and that was described above in Chapter 4. The two spectra obtained in this experiment are

presented in Figure 5.1. Four proton groups were observed, at 1.63(5) MeV, 1.99(5) MeV,

2.10(5) MeV and 2.17(5) MeV. A total of three proton transitions from two excited states pro-

posed in 22Al at 1.85 MeV and 2.21 MeV (see Fig. 5.1). The fourth proton group at 2.17(5) MeV

could not be placed in the decay scheme. No candidate for the IAS of the 22Si ground state
was observed. The half-life of 22Si was also measured in this work and was determined to be

T1/2 = 29(2) ms [Bla96].
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Figure 5.1 – (Left) The spectrum of the β-delayed protons emitted after the implantation of 22Si in

a MSGC (a) and a Si detector (b). (Right) The level scheme deduced from the energy of the observed

proton groups[Cza97, Bla96].

In his recent review [Bla08], Blank calculated the Coulomb displacement of 22Si with respect

to 22O under the hypothesis of a uniform charged sphere. An energy of the IAS in 22Al

was deduced, at 8840(220) keV above the one-proton separation threshold. Using the IMME

prediction for Sp as described above, this leads to an excitation energy of the IAS to the 22Si

ground state of 9111±242 keV in 22Al.

5.3 Present experiment

In the present work, a 22Si secondary beam was produced and purified at NSCL using the A1900

and the RFFS devices. The production rate of 22Si at the exit of the RFFS was 15 ions per

minute, which represented approximately 0.03% of the total cocktail beam. As shown in the

PID spectrum presented in Figure 5.2, the only β-delayed proton emitter implanted into DSSD2

at this setting was 22Si. In particular, the known βp emitter 20Mg, which was present in the

secondary fragmentation beam at the exit of the A1900, does not appear in the spectrum. This

is because it was essentially fully suppressed by the RFFS. The 20Mg data that was presented in

Chapter 3 of this thesis was obtained using the 22Si setting shown here with the only difference

being the position of the vertical slits at the end of the RFFS. All lighter nuclei that were

present in the beam are either stable or they decay by β+ decay only and have relatively long

half-lives. These are listed in Table 5.4. In the analysis, the maximum correlation time used
for the implantation-and-decay events was 300 ms (approximately 10 half-lives of 22Si). The

correlation area was fixed to a 3x3-pixel area centred around the implantation site in DSSD2.
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A total of 7.16×104 decay-and-implant events were identified as β-delayed charged particles

emitted from 22Si. This represents 4.2% of the beam purity after the correlation process.

22Si

20Mg

18Ne
17F

16O

Figure 5.2 – Particle identification spectrum of all implant-and-decay events identified after the cor-

relation process. As with the analysis presented for the previous nuclei 20Mg and 23Si, the identification

of the implants was performed using the ∆E-TOF method.

Parents Decay path Purity (%) Half-life
22Si βp, β2p 4.2 29 ms

20Mg β+,βp 0.003 91 s
18Ne β+ 0.7 1.67 s
17F β+ 94.0 64.49 s
16O β+ 0.48 stable

Table 5.4 – Purity of the secondary cocktail beam with A1900 settings optimized for 22Si after the

implant-and-decay correlation process. In this work, the contaminants in the beam are either stable

or emit only β particles and have relatively long half-lives compared to that of 22Si.

The charged-particle spectrum obtained was corrected for the efficiency of the DSSD and

is shown in Figure 5.3 where it is compared to the previous study of Blank et al. [Bla96]. A
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5.4. γ-ray spectrum from 22Si decay

detailed description of each of the four proton groups observed previously and their comparison

to the present experiment can be summarized as follows:

• A first proton group at 1.63(5) MeV was identified in the previous measurement. In the

present work, we confirm this proton group and measure its energy to 1.69(8) MeV, in

good agreement. The uncertainty of 80 keV on the energy of this centroid is limited

by the statistics of this transition due to its low branching ratio. The energy difference
between proton groups 2 and 4 is close to the energy of the first excited state in 21Mg,

at 201(4) keV[Dig08]. For this reason, the two main groups were identified by Blank et

al. as coming from the same excited level in 22Al and populating either the ground or

first excited state in 21Mg. The energies in the ungated proton spectrum are presented

in Table 5.5 and these are in very good agreement with the previous measurement.

• Proton group 3 could not be resolved in the present work. The Si detector used for the

implantation in the present experiment was almost two times more thick (525 µm rather

than 300 µm) than used in the previous experiment. This implies more β-summing in

the present work that hid any possible evidence for this small proton group.

• In the previous experiment, several counts between 2.5 and 6.0 MeV were observed but

no information as to their possible origin could be deduced. In addition to having more

statistics in the present experiment along with a higher detection efficiency, a very strong

transition was observed at 5.5 MeV that will be discussed in detail below.

# Eproton (keV) Eproton (MeV) [Bla96]

1 1.69 (8) 1.63 (5)

2 1.95 (4) 1.99 (5)

3 – 2.10 (5)

4 2.16 (5) 2.17 (5)

Table 5.5 – Comparison between the four main proton groups observed in Ref. [Bla96] and the

present work.

5.4 γ-ray spectrum from 22Si decay

From the correlated γ-ray spectrum presented in Figure 5.4, a total of five γ-ray transitions (in
addition to the 511 keV) were observed. The energy and the origin of these γ rays are described

below and summarized in Table 5.6:
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Figure 5.3 – The energy spectra obtained in Ref. [Bla96] (top) are compared to the ungated proton

spectrum in the present experiment (bottom). In the bottom spectrum, the three proton groups

determined via the fit procedure have been labelled to ease comparison with the previous measurement.
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5.4. γ-ray spectrum from 22Si decay

• The first γ ray (1) at Eγ = 203.8 (5) keV arises from the de-excitation of the first 1/2+

excited state of 21Mg. This level is populated after the β-delayed one-proton emission of
the 22Si ground state with high intensity.

• The third γ ray (3) at Eγ = 713.7 (8) keV is the sum of this 204-keV γ ray with the

511-keV γ ray from positron annihilation.

• A weak γ-ray transition was observed at E4 = 880 (1) keV. This transition was observed

in Ref. [Dig08], and is the signature of the de-excitation of the second excited state in
21Mg at 1084(4) keV that decays into the 204-keV excited state.

• The second γ-ray transition (2) at 596(1) keV corresponds to the de-excitation of the first

excited state (3+) in 20Na to its ground state (2+). Since virtually all of the 20Mg ions from

the beam were suppressed by the RFFS, and given that 20Mg decay does not populate

this state in 20Na, this nucleus must have been populated from the decay of 22Si or one
of its daughters. This state furthermore not populated in the βp decay of the daughter
21Mg [Lun] and therefore we propose that this γ-ray transition is emitted following the

β-delayed two-proton emission of 22Si through proton unbound levels populated above

the S2p threshold in 22Al.

• The γ-ray 5 at 1631(1) keV arises from the de-excitation of the first excited 2+ state
at 1633 keV in 20Ne. This state could be populated following the β2p decay from the
22Al ground state [Ach06]. However, because the 22Al ground state is 4+ this cannot be

populated via a direct branch from the β decay of the 0+ ground state of 22Si. Given

the very low one-proton separation threshold in 22Al we further assume that there are

no proton-bound states in 22Al that could decay via γ-ray emission to the 22Al ground

state. The only decay path that could lead to this daughter nucleus must therefore be a

two-step βp decay: 22Si
βp−→ 21Mg

βp−→ 20Ne∗.

# Energy (keV) Ei(Jπ) → Ef (Jπ) Daughter

1 203.8 (5) 201 (1+/2) → g.s. (5+/2) 21Mg (βp)

2 596.2 (10) 596 (3+) → g.s. (2+) 20Na (β2p)

3 713.7 (8) Sum of 511-keV and 204-keV γ-rays 21Mg (βp)

4 879.6 (10) 1081 (1−/2) → 201 (1+/2) 21Mg (βp)

5 1631.4 (14) 1633 (2+) → g.s. (0+) 20Ne (β)

Table 5.6 – Five γ-ray transitions were observed following βp and β2p decays of 22Si. The transition

at 1631 keV is due to a sequential set of βp decays that populate the first excited state in 20Ne (see

text).
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Figure 5.4 – Correlated 22Si decay γ-ray spectrum. A summary of the γ-ray energies are presented

in Table 5.6.

5.5 βp decay channel with γ-ray coincidence

The γ rays at 204 keV (peak 1 in Fig. 5.4) and 880 keV (peak 4) are emitted from excited

states in 21Mg, and correspond to the β-delayed one-proton decay channel. In this case, the

excitation energy of the initial level in 22Al can be derived using the expression:

E∗

l = Sp + Elevel + Eproton, (5.1)

where Sp = 271(100) keV for 22Al (from the IMME analysis described above), Elevel is the

excited state level energy in 21Mg and Eproton is the energy of the proton group detected in

DSSD2. In order to facilitate the comparison of the levels from different gated spectra, the 100-

keV uncertainties on the one-proton or two proton separation thresholds are not propagated to

the excitation energy, but in the final summary (see Table 5.12).

In the following analysis, the tail parameter used in the fit function for the proton groups

was determined by fitting proton group 1.06, which was assumed to consist of a single proton

transition. A fit to this proton group yielded a value of ∼30 for the tail parameter, which is

about two times lower than the value deduced in the analysis of 23Si decays.
The relatively high-statistics spectra obtained for the ungated proton spectrum as well as the

204-keV γ-ray gated proton spectrum permitted the use of the β-particle coincidence procedure
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5.5. βp decay channel with γ-ray coincidence

from DSSD1 and DSSD3 that was described in Section 2.2.1. This procedure suppresses the

β-summing tails on the high-energy side of the proton transitions, improves the overall energy
resolution thus simplifying the identification of the proton transitions. The results of the fit

procedure for these particular cases are described in detail below.

5.5.1 γ-ray at E = 880 keV

The 880-keV γ-ray transition is the de-excitation of the second excited state in 21Mg at

1084(4) keV to the first excited state at 201(4) keV [Dig08]. The proton groups detected

in coincidence with this γ ray were used to identify levels in 22Al that were populated above

the one-proton separation threshold. Figure 5.5 presents the energy spectrum of these protons

after background subtraction. Fits to these proton transitions were particularly challenging

because of the low statistics. The branching ratio to this state is of the order BRβp ∼ 1.2 %.

A total of five transitions have been tentatively identified in this spectrum. However, as

in the previous analyses of 20Mg and 23Si, a confidence threshold of 3σ has been applied as

a condition to identify the existence of a proton group. Proton groups 1.02 and 1.03 do not

satisfy this confidence criterion. In addition, the energy of the proton group 1.02 is very close to

2 MeV, which is the highest intensity proton observed in the ungated proton energy spectrum.

The few counts observed at this energy in the 880-keV γ-ray gated spectrum could be false

correlation with this intense transition.

# Ecentroid Eproton (keV) E∗
level (

22Al) Intensity (%)

1.01 1080 (66) 1106 (101) 2461 (101) 0.20 (7)
1.02 2363 (100) 2409 (112) 3764 (112) 0.21 (10)

1.03 4291 (47) 4363 (62) 5718 (62) 0.10 (5)

1.04 4798 (60) 4876 (76) 6238 (76) 0.10 (6)

1.05 5637 (28) 5723 (68) 7078 (68) 0.35 (9)
∑

0.97 (17)

Table 5.7 – Energies and intensities of the proton groups emitted in coincidence with γ rays at

E = 880 keV. The branching ratios are given with respect to the total implant-and-decay events and

corrected for the γ-ray efficiency.

5.5.2 γ-ray at E = 204 keV

In the previous experiment of Ref. [Dig08], a γ-ray transition was measured at 201(4) keV that

was identified as the de-excitation of the first excited 1/2+ state in 21Mg to its 5/2+ ground
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Figure 5.5 – Spectrum of β-delayed protons emitted in coincidence with 880-keV γ rays. This

spectrum includes corrections for the DSSD and SeGA detection efficiency.

state. In this work, the energy of this γ ray was determined to be 203.8(5) keV, in good

agreement with the previous work. Population of the 204-keV state in 21Mg is the signature of

β-delayed proton emission from resonances in 22Al.

Figure 5.6 presents the low-energy part of the 204-keV γ-ray gated proton spectrum and

following a background and up-feeding subtraction. A proton group at 2 MeV was observed

with a branching ratio of 18.4%, which corresponds to the main proton group observed by

Blank et al. [Bla96]. Another strong proton group at 0.75 MeV is likely emitted from a state

with an excitation energy of 1234(59) keV in 22Al. From the protons identified in Table 5.8, 8

proton groups are tentatively identified in the broad structure between 3.2 and 8.0 MeV.

The energies and the branching ratios are summarized in Table 5.8. The results of the

fitting procedure are presented in Figure 5.7 and give an overall reduced χ2 value of 13.1. This

value is dominated by several bins between 2.5 and 3.0 MeV that have very few counts. At

high energy (∼ 7 MeV), the very weak branching ratios and the low backgrounds allowed a
tentative fit to be performed on the last few counts at 7.5 MeV and 8.1 MeV. The last few

counts above 8.1 Mev, and assuming this is a proton emitted from an excited state in 22Al to
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5.5. βp decay channel with γ-ray coincidence

the ground state in 21Mg, yields an excitation energy of ≈8735 keV. This is lower than the

expected energy of the IAS, 9111 ± 228 keV that was deduced in Ref. [Bla08].
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Figure 5.6 – Spectrum of β-delayed protons emitted in coincidence with 204-keV γ rays.

The use of a coincidence gate with β particles detected in DSSD 1 and 3 is a powerful

tool for the identification of the strongest transitions. As described above, the efficiency for

this procedure is relatively low (about 3%) and thus this analysis does not allow the weakest

transitions above 3.5 MeV to be clearly identified. Nevertheless the two main transitions are

visible on a negligible background. The analysis of this spectrum presented in Figure 5.8 and

confirms the identification of proton groups 1.10 and 1.13. In addition, the energies of the events

selected by this procedure are only the proton-decay group energies that are nearly free of the

β-particle summing effect. Thus, the energy distribution can be described as a simple Gaussian

distribution, with a fixed σ parameter to reflect the resolution of the detector. Based on this
argument, we identify 4 additional proton groups, whose energies Eproton′ are summarized in

Table 5.9 and are compared to the transitions previously measured in Table 5.8.
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Figure 5.7 – High-energy part of the spectrum of β-delayed protons emitted in coincidence with

204-keV γ rays.

5.6 β2p decay channel with γ-ray coincidence

A γ-ray transition was observed at 596 keV that is due to the de-excitation of the first excited

3+ state in 20Na to its ground state. This observation provides the first confirmation for β-

delayed 2 proton decay from 22Si. The spectrum of charged particles emitted in coincidence

with the 596-keV γ-ray transition and after background subtraction is presented in Figure 5.9.

This low-statistics spectrum and weak peak-to-background ratios do not permit any conclusive

evidence as to the initial levels in 22Al that were populated.

At higher energy, tentative proton groups were identified for four weak transitions. The

energy and the branching ratios for each proton group are summarized in Table 5.10 along

with the corresponding excited states in 22Al. Although these proton groups suffer from very

low statistics, the maximum excitation energy of 8984(91) keV was derived from the highest-
energy proton group. This result is in good agreement with the expected value of the IAS

9111 ± 228 keV that was deduced from systematic trends in Ref. [Bla08].
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5.6. β2p decay channel with γ-ray coincidence

# Ecentroid Eproton (keV) E∗
level (

22Al) Intensity (%)

1.06 722 (4) 742 (85) 1218 (85) 4.89 (20)
1.07 1616 (12) 1651 (66) 2127 (66) 1.25 (12)

1.08 1936 (3) 1976 (59) 2452 (59) 26.3 (10)

1.09 2086 (10) 2128 (56) 2604 (56) 8.35 (86)

1.10 2297 (4) 2342 (52) 2818 (52) 1.11 (24)

1.11 3297 (32) 3357 (50) 3833 (50) 0.18 (6)

1.12 3670 (26) 3734 (46) 4210 (46) 0.52 (7)

1.13 4105 (27) 4175 (47) 4651 (47) 0.16 (5)

1.14 4621 (31) 4697 (54) 5175 (54) 0.27 (5
1.15 4989 (25) 5069 (55) 5545 (55) 0.21 (4)

1.16 5419 (21) 5503 (61) 5979 (61) 0.15 (4)
1.17 6271 (35) 6363 (83) 6839 (83) 0.06 (2)

1.18 6679 (40) 6774 (93) 7250 (93) 0.06 (3)

1.19 6887 (32) 6984 (94) 7460 (94) 0.06 (2)

1.20 7573 (69) 7675 (125) 8151 (125) 0.02 (2)
∑

43.6 (14)

Table 5.8 – Proton group energies in coincidence with γ rays at E = 204 keV. As in the previ-

ous chapter, the uncertainties on the energy of the proton groups are the quadratic sum of the fit

uncertainties and systematic uncertainties in the DSSD calibratio. Branching ratios are provided in

percentage, with respect with the total number of decay events, and corrected for the SeGA HPGe

γ-ray detection efficiency.

# Eproton′ Eproton (keV)

1.05 781 (34) 728 (4)

1.07 1982 (12) 1935 (3)

1.09 2165 (18) 2086 (10)

- 2447 (55) -

1.11 3543 (150) 3670 (26)

1.14 4785 (153) 4621 (31)

Table 5.9 – Proton group energies in coincidence with γ rays at E = 204 keV. As in the previ-

ous chapter, the uncertainties on the energy of the proton groups are the quadratic sum of the fit

uncertainties, and the systematic uncertainties in the DSSD calibration. Branching ratios are given

in percentage, with respect with the total number of decay events, and corrected form the SeGA

efficiency.
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Figure 5.8 – Energy spectrum of the β-delayed protons in coincidence with 204-keV γ rays. A veto

condition was also applied when a β particle was detected in coincidence in DSSD 1 and 3.

# Ecentroid Eproton (keV) E∗
level (

23Al) Intensity (%)

2.01 3785 (49) 3833 (62)(48) 7925 (78) 0.17 (7)

2.02 3417 (51) 3462 (64)(45) 7554 (78) 0.10 (6)

2.03 4384 (50) 4437 (65)(53) 8529 (84) 0.10 (5)

2.04 4837 (55) 4892 (72)(55) 8984 (91) 0.11 (4)
∑

0.48 (11)

Table 5.10 – Energy of the proton groups emitted in coincidence with γ-rays at E = 596 keV. In

the second column the systematic uncertainties due to calibration are presented separately from the

uncertainties on the angular distribution of the two protons.

5.7 Ungated proton spectrum with γ-ray subtraction

As for the case of 23Si describe in Chapter 4, an ungated ground-state proton spectrum was

constructed by taking the sum of all γ-ray coincident proton spectra, normalizing each of them
by their respective γ-ray detection efficiency and subtracting their sum from the ungated proton

spectrum. The resulting spectrum, presented in Figs. 5.10 and 5.11, corresponds to only those
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5.7. Ungated proton spectrum with γ-ray subtraction
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Figure 5.9 – Spectrum of β-delayed protons emitted in coincidence with 596-keV γ-rays.

transitions from unbound states in 22Al to the ground states of the daughter nuclei.

Gating on events in the ground-state proton spectrum with energies below 500 keV and
looking at their decay time yields a half-life of ∼ 500 ms. These were therefore identified as

β-particles coming from false correlations with the beam contaminants. The strong proton

group (0.01) yields an excitation energy of 993(59) keV in 22Al which does not correspond to

any other state observed in the previous γ-ray gated spectra.

The two main transitions at 1.9 MeV and 2.2 MeV observed by Blank et al. [Bla96] are

confirmed although they are not resolved in our detector. Adding the updated proton sepa-

ration energy Sp = 271(100) keV from the IMME analysis leads to excited-state energies of

2298(60) keV and 2488(59) keV, respectively. In coincidence with 204-keV γ rays, a proton

group was observed from a level at 2467(59) keV, which agrees with the value of 2488(59) keV.

Although they had no γ-ray information, Blank et al. relied on energy differences and decay

patterns in the mirror nucleus to correctly assign this proton as populating the 204 keV state
in 21Mg. The γ-ray gate in the present experiment unambiguously confirms this assignment.
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Figure 5.10 – Low-energy part of the spectrum of β-delayed protons emitted to the ground states

of the daughter nuclei 21Mg and 20Na. Events measured with an energy below 500 keV are identified

as β particles from contaminants in the secondary beam falsely correlated to 22Si implants.

The very broad structure of counts observed between 3 and 6 MeV is consistent with a high

density of states. The width of the proton component in the fit function was fixed at ≈ 70 keV

for the average resolution. In the fit procedure, the minimization of the reduced χ2 value was

performed with a free parameter describing the area of the proton group. This was done in
order to optimize the number of individual proton components in this distribution . The energy

of the proton groups and the energy of the initial levels derived from this analysis are summa-

rized in Table 5.11. The proton group 0.15 at 5596(84) MeV is in good agreement with the

expected decay energy of 5614(228) keV for two-proton decay from the IAS that was evaluated

in Ref. [Bla08]. Using the mass excess of 20Na = 6850.6(11) keV, the excitation energy of the

IAS to the 22Si ground state in 22Al is determined to be 9092(84) keV.

Assuming that the highest-energy proton group is βp to the ground state of 21Mg, it is

emitted from a state in 22Al with an excitation energy of 8803 (126) keV. This result is in good

agreement with the previous energy of approximately 8.7 MeV obtained for the last excited

state in the βp branch.
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5.7. Ungated proton spectrum with γ-ray subtraction
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Figure 5.11 – High-energy part of the spectrum of β-delayed protons emitted to the ground states

of the daughter nuclei 21Mg and 20Na. Proton group 0.15 corresponds to the β2p decay branch from

the IAS in 22Al to the ground state of 20Na.
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Chapter 5. β-delayed charged particle decays of 22Si

# Ecentroid Eproton (keV) E∗
level (

23Al) Intensity (%)

0.01 713 (4) 734 (85) 1006 (85) 2.50 (8)

0.02 964 (14) 989 (80) 1261 (80) 0.39 (5)

0.03 1357 (10) 1389 (71) 1661 (71) 0.65 (4)

0.04 1708 (6) 1744 (63) 2016 (63) 1.47 (8)

0.05 1969 (1) 2010 (58) 2282 (58) 17.08 (26)

0.06 2182 (2) 2226 (54) 2498 (54) 13.13 (26)

0.07 2612 (3) 2662 (47) 2934 (47) 0.77 (6)

0.08 2987 (15) 3043 (44) 3315 (44) 0.44 (5)
0.09 3250 (10) 3309 (41) 3581 (41) 1.27 (9)

0.10 3433 (12) 3495 (40) 3767 (40) 1.19 (9)

0.11 3668 (11) 3733 (39) 4005 (39) 1.16 (9)

0.12 3869 (7) 3937 (38) 4209 (38) 1.39 (15)

0.13 4038 (6) 4108 (39) 4380 (39) 2.04 (14)
0.14 4255 (8) 4327 (41) 4599 (41) 1.47 (9)

0.15 4519 (8) 4595 (43) 4867 (43) 1.22 (7)

0.16 4759 (9) 4837 (47) 5109 (47) 1.05 (7)
0.17 5003 (10) 5083 (51) 5355 (51) 0.93 (6)

0.18 5271 (6) 5354 (55) 5626 (55) 0.48 (4)
0.19 5545 (4) 5575 (60)(30) 9071 (67) 1.53 (15)

0.20 6060 (28) 6151 (76) 6423 (76) 0.20 (2)

0.21 6407 (10) 6501 (79) 6773 (79) 0.30 (3)

0.22 6650 (227) 6745 (242) 7017 (242) 0.08 (2)

0.23 7120 (12) 7219 (95) 7491 (95) 0.19 (2)

0.24 8424 (17) 8531 (126) 8803 (126) 0.06 (1)
∑

51.0(5)

Table 5.11 – Energy of the proton groups in the ungated ground-state spectrum after subtracting the

upfeeding contributions from the γ-ray transitions. We conclude that proton group 0.15 at Eproton =

5596 keV corresponds to the β2p decay from the IAS in 22Al to the ground state of 20Na.
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5.8. Decay level scheme of 22Si

5.8 Decay level scheme of 22Si

To build the final decay scheme, level energies were obtained from the weighted average of

the excitation energies in the event that several decay branches orginate from the same excited

state. In case of large uncertainties on the energies, for example the 596-keV and 880-keV γ-ray

gated proton spectra, the level energy is assumed to be the value obtained from the branches

that have higher statistics. In the final level scheme, we apply the rule of a double confirma-
tion, meaning that each level requires two independent decay branches to have been observed.

Otherwise, when only one transition is observed, there must be a minimum amount of statistics

associated with this transition. A minimum threshold on the branching ratio of ≥ 0.4% was

therefore applied. The final excitation energies of the proton-unbound levels in 22Al that were

deduced in this work are summarized in Table 5.12 and in the decay scheme of Figure 5.12.
From this analysis, a total of 13 new levels were observed. Level energies and β-decay branching

ratios are compared to the USDBpn predictions and the mirror nucleus 22F [Hub89, Wei05] in

Figure 5.13.

It should be emphasized that there is, in general, very good agreement between the proton

energies measured by Blank et al. in Ref. [Bla96] and those of the present work. However,

the resulting level energies are different because Blank used an 22Al one-proton separation

energy of Sp = 18 keV (deduced from the 1993 atomic mass evaluation) while the value of

Sp = 272(100) keV was adopted in the present work. This leads to a systematic shift of

∼ 250 keV between how the level energies are presented between the two experiments.

5.8.1 Discussion on E∗
level = 2181 (44) keV

In the previous study of Ref. [Bla96], a level in 22Al was at 1.85 MeV was deduced from a

weak proton group that was measured in the MSGC at 1.63 MeV. This transition was not

convincingly observed in the Si detector. Nonetheless, this transition was tentatively identified

as a proton decay to the first excited state in 21Mg and a branching ratio of 6(2) % was obtained.

In this work, applying a gate to the 204-keV γ-ray transition was performed and a weak

transition was observed at 1717(60) keV. This energy agrees reasonably well with the previous

measurement and yields an excitation energy of 2181(44) keV. A branching ratio of 2.1(2)%

was derived for this transition which is about a factor of 3 smaller than, but in agreement with,

the previous work. Another proton transition from the decay of this level at 2181(44) keV in
22Al to the ground state of 21Mg was also observed. The total β-decay branching ratio for this

state is 5.9(13) %.
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Chapter 5. β-delayed charged particle decays of 22Si

5.8.2 Discussion on E∗
level = 2466 (38) keV

Evidence for a level at 2466(38) keV was deduced from both the 204-keV γ-ray gated spectrum

and the ungated ground-state proton spectrum. These two proton transitions were already

observed by Blank et al. [Bla96], and the total β-decay branching ratio was predicted to be

>22 %. In the present work, a β-decay branching ratio of 47.5(10)% was derived for this state.

5.8.3 Discussion on the IAS

In the ungated proton spectrum obtained following decays of 22Si that was presented in Fig-

ure 5.16, we observed a strong transition at 5545 (4) keV and with an intensity that is larger

than expected when considering simple β-decay Q-value arguments. In the 23Si decay presented

in Chapter 4 and again in Fig. 5.16, a similar intense structure was also observed at ∼ 6 MeV

and this was unambiguously attributed to β-delayed two-proton decays from the IAS in 23Al.

Similar structures have also been observed from decays of 22Al [Ach06], 43Cr and 50Ni [Dos07]

and these have all been identified as β2p decay branch through the IAS. In the 22Si spectrum

obtained in the present work, proton group 0.15 in the ungated spectrum is therefore identi-

fied as β-delayed two-proton decay from the IAS in 22Al to the ground state of the daughter
20Na. The excitation energy of the IAS derived from this hypothesis is in good agreement with

the value obtained from a few counts observed in the proton spectrum that was gated on the

596-keV γ ray. This γ-ray corresponds to the de-excitation of the first excited state in 20Na

to its ground state and provides additional confirmation for the existence of the previously

unobserved β2p decay branch from 22Si.

The alternative hypothesis was also considered, namely that the intense proton group at

5545 keV is simply a one-proton emission process from an excited level in the 22Al that populates

the ground state of 21Mg. Such a level would be situated at 5816(60) keV excitation energy

in 22Al. One could also reasonably expect that this state should also decay by the emission

of a 5341 keV proton to the 204-keV excited state in 21Mg. However, analysis of the 204-keV

γ-ray gated proton spectrum does not provide any evidence for such a transition. In addition,

there are no strong theoretical arguments as to why a particular state at mid excitation energy

would be much more strongly populated than any of the the neighbouring 1+ states. Given

these considerations, this βp hypothesis was ruled out.

162



5.8. Decay level scheme of 22Si

1006 (85)
+1

1241 (58)
+1

1661 (71)
+1

2069 (46)
+1

2282 (58)
+1 2477 (40)
+1 2575 (50)
+1

2882 (35)
+1

3315 (44)
+1

3581 (41)
+1

3791 (30)
+1

4005 (39)
+1

4209 (29)
+1 4380 (39)
+1

4621 (31)
+1

4867 (43)
+1

5137 (35)
+1

5355 (51)
+1

5586 (39)
+1 5718 (62)
+1

5979 (61)
+1

6331 (54)
+1

6819 (69)
+1

7078 (68)
+1 7220 (87)
+1

7509 (51)
+1

7988 (66)
+1

8529 (84)
+1

8803 (12)
+1

9040 (54)
+1

20Na+2p

21Mg+p
)+22Al (4

596

1084

204

Figure 5.12 – Decay scheme of 22Si summarizing all the transitions observed in the present work.

The βp and β2p decay branches have been identified and the excitation energy of the levels in 22Al

have been deduced using Sp = 271(100) keV (see text). However only 13 levels were unambiguously

identified based the sufficient statistics in the corresponding proton groups (see text).
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Figure 5.13 – Level scheme of 22Al derived in the present study using Sp = 271(100) keV (see text).

The excitation energies of the proton-unbound levels are compared to the USBBpn model [Bro] and

the mirror 22F. One has to keep in mind that a systematic uncertainty of 100 keV, associated with

the mass of 22Al ground state, has to be added to the uncertainties of the levels determined in this

work. In red, the IAS was deduced to be 9040(54) keV, in good agreement with the predictions.
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# 204 keV 1084 keV 596 keV 21Mg g.s. 20Na g.s. E∗

level BR (%)

1 1006 (85) 1006 (85) 2.50 (8)
2 1218 (85) 1261 (80) 1241 (58) 5.28 (21)
3 1661 (71) 1661 (71) 0.65 (4)
4 2127 (66) 2016 (63) 2069 (46) 2.72 (14)
5 2282 (58) 2282 (58) 17.08 (26)
6 2452 (59) 2498 (54) 2477 (40) 39.4 (10)
7 2604 (56) 2461 (11) 2575 (50) 8.55 (86)
8 2818 (52) 2934 (47) 2882 (35) 1.88 (25)
9 3315 (44) 3315 (44) 0.44 (5)
10 3581 (41) 3581 (41) 1.27 (9)
11 3833 (50) 3764 (11) 3767 (40) 3791 (30) 1.58 (15)
12 4005 (39) 4005 (39) 1.16 (9)
13 4210 (46) 4209 (38) 4209 (29) 1.91 (17)
14 4380 (39) 4380 (39) 2.04 (14)
15 4651 (47) 4599 (41) 4621 (31) 1.63 (10)
16 4867 (43) 4867 (43) 1.22 (7)
17 5175 (54) 5109 (47) 5137 (35) 1.32 (9)
18 5355 (51) 5355 (51) 0.93 (6)
19 5545 (55) 5626 (55) 5586 (39) 0.69 (6)
20 5718 (62) 5718 (62) 0.1 (5)
21 5979 (61) 5979 (61) 0.15 (4)
22 6238 (76) 6423 (76) 6331 (54) 0.3 (6)
23 6839 (83) 6773 (12) 6819 (69) 0.36 (4)
24 7078 (68) 7078 (68) 0.35 (9)
25 7250 (93) 7017 (24) 7220 (87) 0.14 (4)
26 7460 (94) 7554 (78) 7491 (95) 7509 (51) 0.35 (7)
27 8151 (12) 7925 (78) 7988 (66) 0.19 (7)
28 8529 (84) 8529 (84) 0.1 (5)
29 8803 (12) 8803 (12) 0.06 (1)
30 8984 (91) 9071 (67) 9040 (54) 1.64 (16)

Table 5.12 – Energies of the unbound levels in 22Al populated by the β decay of 22Si. The method of the weighted average was

used to calculate the energies of the excited levels in 22Al. The sum of β strength emitting a proton with a least 500 keV is ≥ 98%.
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Chapter 5. β-delayed charged particle decays of 22Si

When applying the β coincidence on DSSD1 and 3, the shape of the proton group is defined

by a Gaussian distribution as the beta background is removed/eliminated. Figure 5.14 shows
the superposition of the fit to the proton group 0.19 and a Gaussian function with a width

fixed by the resolution of the Si detector for single protons (≈65 keV). The result of the fit

to the data gives a σ of 154 (23) keV, which is larger than the expected resolution for single

proton emission at this energy. This discrepancy would suggest two-proton emission due to the

kinematics and angular distribution between the two protons.
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Figure 5.14 – The width of the proton group identified as an IAS is larger than expected for a

single proton emission. This wider distribution would be expected for a two-proton distribution, due

to the angular distribution between the two protons. In red, the best fit function gives a resolution of

σ = 154 (23) keV, while the expected one-proton resolution at this energy is ≈65 keV, as shown by

the dashed line.

The 5545 (4) keV transition is therefore proposed to be β-delayed two-proton emission from

the IAS in 22Al. From the proton decay energy and the S2p value of 3496(100) keV, the IAS

excitation energy is E∗
level = 9071(60)(30) keV where 100 keV are due to the uncertainty on the

Sp value as explained in Section 5.1. This value is in good agreement with the predicted value

of 8840(220) keV from Ref. [Bla08].

As observed in the decay of 23Si, the branching ratio for one-proton decay from the IAS to
the 22Mg ground state was extremely low (≈ 0.002%). In Figure 5.15 an emphasis on the energy

range above 8 MeV in both the ungated and the 204-keV γ-ray gated spectrum is presented.
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5.8. Decay level scheme of 22Si

Assuming an IAS energy of 9092 keV, one would expect to observe a similarly weak proton

group at the energy marked by the arrow around 8.8 MeV in the ungated spectrum. In the
γ-ray gated spectrum, this energy would be shifted to 8.6 MeV, but the number of events

would be reduced by an order of magnitude due to the SeGA efficiency for this γ-ray energy

(approximately 11%). Based on the branching ratio deduced for the βp decay from the IAS in
23Al to the 22Mg ground state (and correcting for the DSSD efficiency) approximately 2 counts

are expected in the ungated proton spectrum around 8.8 MeV while less than one count would
appear in the 204-keV γ-gated spectrum around 8.6 MeV. Although there are relatively very

few counts in both spectra that seem to be close to this energy, it should be emphasized that

not a single count was observed in either spectra above these energies. This is consistent with
the fact that the total β-decay strength is almost entirely exhausted above the IAS.

The total β-decay branching ratio to the IAS of was deduced to be 1.64(16)%. This was

obtained from the sum of the β-delayed two-proton decay branches that populate the ground

state (BR = 1.53(15)%) and first excited state (BR = 0.11(4)%) of 20Na. As described above,

β-delayed proton decay branches from the IAS to the ground and first excited state at 204-keV
in the 21Mg daughter can be considered negligible. However, it could be possible for several

additional weak βp transitions to feed higher lying states in 21Mg. These protons would be lower

in energy and could therefore be potentially missed in the analysis as they would lie underneath

the signals produced from the higher intensity protons. Although each branch may itself be

negligible, the sum of all of these undetected transitions may not be. Without considering this

possibility, the branching ratio to the IAS obtained from the observed transitions can therefore

only be considered as a lower limit. To estimate the amount of βp feeding that was potentially

missed in the experiment, the theoretical work of Detraz [Dét91] is used to provide estimates

for the ratio of β2p/βp decays from the IAS. These theoretical predictions have been verified

for decays of several proton-rich nuclei including 35Ca [Tri99] and 23Si [Bla97]. The ratio of

β2p/βp for the case of 22Si is predicted to be 2.0. Assuming this theoretical prediction, it

would imply that a total of 0.82(8) % of βp strength from the IAS was potentially missed in

the experiment. To be conservative, we adopt half of this total and assign a relative uncertainty

of 100% on its value and add the result BRβp = 0.41(41) % to the overall branching ratio to

the IAS. The total decay branching ratio from the IAS is therefore evaluated in this work to

be BRIAS = 2.05(44)%.
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Figure 5.15 – The β-delayed one-proton decay channel from the IAS in 22Si is expected to have a

very low branching ratio. In both the ungated spectrum (a) and 204-keV γ-ray gated spectrum (b),

the expected energies of the proton groups from the IAS are marked with an arrow. Only a few counts

are observed and do not allow a firm conclusion as to the existence of this decay branch.
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Si

22Si

Figure 5.16 – In the ungated and subtracted proton spectrum of 22Si decay (bottom), a strong

proton transition was observed at 5.5 MeV, labelled with a star. Based on the similarities with the

proton spectrum from 23Si decay (top), we propose that the charged particle group in 22Si is due to

β-delayed two-proton decay from the IAS whose excitation energy was derived to be 9092(84) keV.

169



Chapter 5. β-delayed charged particle decays of 22Si

5.9 Half-life measurement of 22Si

A precise measurement of the half-life of 22Si is necessary to obtain a precise value for the

partial half-life t. Two methods were applied, using the same methods as described above for
23Si. In the PID spectrum, 22Si was the only β-delayed proton emitter in the secondary beam,

which simplifies the analysis significantly compared to the case of 23Si that was contaminated

by decays of 20Na. Fits to the decay curves were performed over the time range from 10 ms to

290 ms and used the maximum likelihood method.

5.9.1 Using proton gates

The energy spectrum of charged particles was divided into six energy ranges. All ranges con-

sidered only those energies above 500 keV to avoid contamination from low-energy β particles

emitted from the decays of long-lived nuclei that were present in the secondary cocktail beam.

The corresponding decay curves were fit using a single decay exponential with a constant

background and examples are presented in Figure 5.18. The fit results are summarized in Ta-

ble 5.13. A weighted average of the results presented in Figure 5.21 yields a 22Si half-life of

T1/2 = 31.88(29) ms with a reduced χ2 of 2.35 for 5 degrees of freedom.
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Figure 5.17 – The weighted average of the 22Si half-lives obtained by fitting the proton-gated spectra

yields T1/2 = 31.88(19) ms with a reduced χ2 value of 11.73/5.
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Figure 5.18 – Decay curves corresponding to the different energy gates applied to the proton spectrum. In red, the fit function,

using an exponential decay and a constant background. The fit extends to 300 ms, which was the maximum correlation time used

in the analysis program. Energies of the proton gates are given in Table 5.13.
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Energy range p0 p1 p2 p3 p4 p5

(keV) [1135;1570] [2150;2640] [2645;3310] [9520;4105] [5387;6330] [8000;10490]

Half-life (ms) 33.53 (78) 31.60 (23) 31.36 (79) 33.19 (58) 31.6 (12) 31.4 (17)

Table 5.13 – Half-life determined by fitting the decay curves of different proton groups with an

exponential decay and a constant background.

5.9.2 Using γ-ray gates

In addition to the proton gates, two γ-ray gated decay curves were generated using the E = 204

keV and E = 880 keV γ rays. The use of a γ-ray gate provides a clean decay curve that is es-

sentially free of all contaminants and false correlation events. The decay time spectra obtained

with this method does however suffer from low statistics due to the γ-ray detection efficiency.

The decay time spectrum gated on the most intense γ ray at 204 keV is presented in Fig-

ure 5.19. A fit to these data yields a 22Si half-life of 31.13(41) ms with χ2 value of 2.7.
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Figure 5.19 – Decay curves corresponding to the 204-keV γ-ray gate. In red, the fit function,

that used an exponential decay and a constant background. The half-life obtained from this fit is

T1/2 = 31.13(41) ms with a reduced χ2 value of 370/136.

Figure 5.20 presents the time spectrum obtained while applying the second γ-ray gate cen-

tred on the γ-ray transition at 880 keV. The result of the fit to this decay curve yields a half-life
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5.9. Half-life measurement of 22Si

of 30.4(34) ms for 22Si, which is in agreement with the previous values but is significantly less

precise due to statistical limitations.
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Figure 5.20 – Decay curves corresponding to the 880-keV γ-gate. Due to the low statistics, we

obtain a half-life with high uncertainties, T1/2 = 30.4 (34) ms, but in agreement with the previous

measurements

5.9.3 Final result: the half-life of 22Si

The total decay curve obtained from all of the implant-and-decay events detected in DSSD2 was

also fitted. Because the half-life of daughter, T1/2(21Mg) = 122.5 ms, is about 4 times longer

than 22Si and because the correlation time extended to only 300 ms, the fit function included

only a single exponential decay plus a constant background parameter. An energy condition of

E > 500 keV was applied to reject β-particles from the decays of the other implanted nuclei.

The half-life obtained from the fit to the data shown in Fig. 5.21 was T1/2 = 31.79(20) ms

with a reduced χ2 value of 1.20. If the 21Mg daughter is included in the fit function and the

data refit, the result was T1/2 = 30.38(45) ms with a reduced χ2 value of 1.18. Both of these

values are in reasonably good agreement with both the average of T1/2 = 31.88(19) ms from the

average of the individually gated proton time spectra and T1/2 = 31.13(41) ms from the 204-

keV γ-gated spectrum. The half-life of 22Si obtained in this present work is therefore adopted

to be T1/2 = 30.38(45) ms from the proton analysis, which is in very good agreement with the

previous measurement of T1/2 = 29(2) ms measured by Blank et al. in Ref. [Bla96].
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Figure 5.21 – Decay curves of all the correlated implant-and-decay events. The fit gives a half-life

of T1/2 = 30.38(45) ms (45) ms, with a reduced χ2 of 692/575.
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5.10. Mass excess of 22Si ground state

5.10 Mass excess of 22Si ground state

The β-decay of the 22Si ground state to its IAS in 22Al is a superallowed Fermi decay, since the

transition occurs between 0+ isobaric analogue states. As previously described in Section 1.1.4,

the weak interaction formalism leads to an expression of the ft value, which for all superallowed

Fermi decays can be expressed as a constant. The most precise and up-to-date value measured

for T = 1 superallowed Fermi decays is FtT=1 = 3072.27 ± 0.72 s[Har15]. For T = 3 states,

the matrix element is modified to 6 (from 2 in the T = 1 case) and thus, we obtain a ft value

given by:

ft =
1

g2|M ′
fi|2

2π3!7ln2

m5
ec

4
=

1

6 · g2
2π3!7ln2

m5
ec

4
(5.2)

=
FtT=1

3
= 1024.2 s. (5.3)

where t is the partial half-life, defined as BRIAS/T1/2, and f is the statistical rate function. To

deduce the mass excess of 22Si, the strategy is then to use the experimentally deduced half-life
and branching ratio to the IAS in 22Al at 9092 keV and compare this result to the constant of

Equation 5.3 in order to deduce the f value. From the f value, the β-decay Q-value can be be

derived and hence the mass excess ∆E along with the one- and two-proton separation energies.

5.10.1 Statistical rate function for T = 3

In order to extract the ft value from the half-life, branching ratio and Q-value measurements, a
parametrization of the statistical rate function for the set of T = 1 superallowed Fermi β decays

was presented by Towner and Hardy in Ref. [Tow15]. In their work, f was divided into two

parts in order to treat the shape corrections as an overall small effect δs, such as:

f = f0(1 + δs) (5.4)

where δs stands for small shape corrections and f0 was fitted with the form:

f0 = a0Q0
4p0 + a1Q0

2p0 + a2p0 + a3Q0 ln(Q0 + p0) (5.5)

where a0, a1, a2 and a3 are the parametrization parameters provided by Towner and Hardy in

this same study. The constant p0 is defined as p0 =
√

(Q0
2)− 1) where Q0 is the maximum of

the total positron energy in electron-mass units. This function gives the direct link between

the Qβ-value and the statistical rate function. This parametrization is not what Towner and

Hardy actually use to calculate their final f value that are presented in their review articles.
They instead use a master code that takes into account all possible effects and numerically

evaluate the full expression of the f value. In the present, the fit parameters ai were fixed to

175



Chapter 5. β-delayed charged particle decays of 22Si

the values derived from the limit that Z = 0, giving a0 = 1/30, a1 = −3/20, a2 = −2/15 and

a3 = 1/4. This convenient parametrization is, however, valid at the level of 0.1% precision and
allows the evaluation of f values without complicated computing [Tow15].

In this approximation, the δs correction factors provided by Towner and Hardy are no longer

valid and therefore need to be recalculated. The ratio of the f values provided in Ref. [Har15]
(that use their full calculation) divided by the f0 values calculated using Equation 5.5 are plotted

in Fig. 5.22 as a function of the number of protons Z in the parent nucleus. These values follow

a very smooth trend that was approximated using a quadratic function to parametrize (1+ δs)

as

(1 + δs) = 0.9566− 0.016Z + 0.0001Z2. (5.6)

Thus, one can calculate f0 for any nucleus using Equation 5.5 and apply the correction factor

from above to deduce the final f value as if the full Towner and Hardy calculation had been

performed.

Z
5 10 15 20 25 30 35 40

m
ea

s
/f 0f

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

Figure 5.22 – The ratio of f0/fmeas can be plotted as a function of the charge Z of the parent. In

dashed red line, the quadratic fit used to calculate the corrections.
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Figure 5.23 – Distribution of the differences between the parametrized f values and the f value

obtained from the full calculation of Towner and Hardy [Har15]. Most values are significantly below

0.5% and only 10C exhibits a difference that exceeds 1%.

Parametrization for known T=1 β decays

For a few of the known superallowed Fermi decays, the accuracy of this procedure was tested.

Table 5.14 presents the TZ = −1 and TZ = 0 nuclei studied in Ref. [Har15] and that were
used to parametrize the statistical function in this work. The QEC-value as well as the f value

from Towner and Hardy’s full calculation are compared to the f0 parametrization procedure

described above. In Figure 5.23, the differences between these two methods are presented. They
indicate that for the 20 nuclei considered, the difference between the full calculation and the

parametrized values are typically below 0.5%, with only value (10C) that exceeds 1%. The mean
of this distribution is consistent with 0 and the standard deviation is σ = 0.25%. Uncertainties

on the f values obtained from this approximation are given by

∆f = σQ ·
[

2

15
W 3

0 p0+
W 5

0

30p0
−

3

10
W0p0 −

3W 3
0

20p0
−

2W0

15p0

+
W0(1 +

W0
p0
)

4(W0 + p0)
+

1

4
ln(W0 + p0)

]

(5.7)

where σQ is the uncertainty on the QEC-value in electron-mass units.

Given measurements of the branching ratio of the superallowed Fermi β-decay to the IAS

and the corresponding half-life of the parent of T = 1 nuclei, one can calculate the expected f

value for 22Si using Equation 5.3. By applying the correction factor (1+δs) that we parametrize
in Equation 5.6, we can provide an approximate Q-value between the IAS in the daughter and

the ground state of the parent. Figure 5.24 presents the difference between this calculated Q-
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Parent QEC (keV) Adopted f [Har15] f value (this work)
10C 1907.87 (0.11) 2.3004 (0.0012) 2.32946 (0.0056)
14O 2831.24 (0.23) 42.772 (0.023) 42.742 (0.064)
18Ne 3401.99 (0.6) 134.47 (0.15) 134.529 (0.36)
22Mg 4124.55 (0.28) 418.39 (0.17) 418.255 (0.37)
26Si 4842 (1.8) 1029.4 (2.2) 1028.81 (4.6)
30S 5459.5 (3.9) 1966.9 (3) 1966.22 (16)
34Ar 6062.98 (0.48) 3414.5 (1.5) 3414.16 (3.0)
38Ca 6611.75 (0.41) 5327.2 (1.8) 5325.5 (3.7)
42Ti 7000.5 (5.4) 7040 (30) 7042.84 (61)
26mAl 4232.66 (0.12) 478.237 (0.08) 478.95 (0.18)
34Cl 5491.64 (0.23) 1995.96 (0.47) 1997.73 (0.98)
38mK 6044.4 (0.11) 3297.88 (0.34) 3300.05 (0.69)
42Sc 6426.28 (0.3) 4472.24 (1.15) 4478.21 (2.4)
46V 7052.49 (0.16) 7209.47 (0.9) 7213.21 (1.9)
50Mn 7634.45 (0.07) 10746 (0.51) 10742.8 (1.12)
54Co 8244.37 (0.28) 15766.6 (2.9) 15752.8 (6.1)
62Ga 9181.07 (0.54) 26400.2 (8.3) 26362.4 (18.2)
66As 9579 (26) 32125 (470) 32094 (1038)
70Br 9970 (170) 38600 (3600) 38592 (7973)
74Rb 10417.3 (4.4) 47300 (110) 47400 (246)

Table 5.14 – Comparison of the f value determined by the parametrization in the present work with

the adopted values from the full calculations of Towner and Hardy [Har15].
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5.10. Mass excess of 22Si ground state

value and the ones in the literature for the superallowed Fermi β-decays used to parametrized

our statistical Fermi function, as a function of the Q-value. The dispersion is about 1.6 keV.
For the decay of 22Si, one does not require such a high-precision evaluation of the Q-value and

thus this parametrization can be safely applied to convert between the f value and the Q-value.
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Figure 5.24 – Top: the difference between the Q-value that we determined with our parametrization

and the very precise measurement for T = 1 nuclei is below 5 keV and doesn’t diverge with high decay

energies. Bottom: the dispersion is about 1.6 keV and will be included as a systematic uncertainty.
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Predictive power for T ≥ 1

The accuracy of using a superallowed ft value to derive the Q value and mass excess will now

be tested using several cases where the mass excess is already known. This is also done to

ensure that accuracy of the method with larger isospin as all of the Towner and Hardy nuclei

are T = 1 cases. The Q-values for several T = 2 and T = 3 nuclei were calculated using the

average Ft value from Ref. [Har15] and the experimental partial half-life measured in several

β-delayed proton decay experiments. The mass excess of the parent, defined as the sum of

the Q-value, the energy of the IAS and the mass excess of the daughter ground state (from

[Wan12]), is compared to the value from the latest mass evaluation [Wan12] or determined

using the IMME as described in Ref. [Dos07].

• Mass excess of 20Mg

In a recent experiment [Lun16] that focused on the β-delayed proton emission of the

TZ = −2 nucleus 20Mg, new measurements of the half-life (T1/2 = 91.4(12) ms) and

β-decay branching ratios were performed. Some new β-delayed proton transitions were
identified, and the IAS was measured, with an energy of 6298.4(5) keV [Gla15]. The

absolute branching ratio for the β decay from 20Mg ground state to its IAS in 20Na was
measured to be 2.2 (2)%, which is higher than the value of 3.3(4)% [Pie95] obtained in

the previous measurement.

With a partial half-life of t = 2.18(11) s deduced from [Lun16], the corresponding f

value is 370(34). Using the parametrization described above, we calculate a Q-value of

4042(27) keV. Adding the energy of the IAS, we determine the mass excess of 20Mg to be
∆ M = 17391(28) keV. This value can be compared with the adopted value from [Wan12],

which is ∆ M = 17559(27) keV. The difference is therefore about 150 keV. Using the pre-

vious partial half-life t= 2.75(34) s [Pie95], we find a mass excess of ∆ M = 17680(42) keV
which is in a similar agreement with this AME adopted value.

• Mass excess of 24Si

The half-life of 24Si is T1/2 = 140.5(15) ms, and its IAS in the daughter 24Al was measured

with an energy of 5953(8) keV [Ich09]. A measurement of the β branching ratio to the

IAS yielded 9.9(9) %.

The partial half-life for the decay to the IAS is thefore t = 1.42 (13) s, and the cor-

responding f value for this (T = 2,TZ = −2) transition is 1085(99). The Q-value for

this decay is calculated to be 4888 (37) keV and the mass excess of 24Si is deduced to be

∆ M = 10793 (40) keV, which is in very good agreement with the adopted value in the
most recent mass evaluation [Wan12], ∆ M = 10744 (19) keV. The difference in this

case is only ∼ 50 keV.
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5.10. Mass excess of 22Si ground state

• Mass excess of 32Ar

A precise measurement of the partial half-life of the superallowed Fermi β decay of 32Ar to

its IAS was performed in Ref. [Bha08] to quantify isospin symmetry breaking. Using the
measured half-life (T1/2 = 100.5 (3) ms) and branching ratio (22.71 (16) %) to the IAS,

we calculate the corresponding f value for this transition which is f = 3475 (27). Using

the parametrization of the f value, we determine a decay energy of Q = 6082 (4) keV for
the transition from the 32Ar ground state to its IAS in 32Cl.

Using the 5046-keV energy of the IAS and the mass excess of the daughter, we determine

a mass excess of ∆ M = −2206 (4) keV for the 32Ar ground state, which is only 6 keV

different from the adopted value in [Wan12], ∆M = −2200.4 (18) keV.

• Mass excess of 36Ca

The partial half-life of the decay of 36Ca to its IAS was deduced in Ref. [Dos07]. With a

half-life of T1/2 = 100.1 (23) ms and a branching ratio of 37.9(8)% for this transition, the

partial half-life is t = 0.264(1) s. The resulting Q-value is then 6718(21) keV.

Adding the average energy of the IAS in 36K (4281.9(8) keV) and the mass excess of the

daughter, we determine the mass excess of 36Ca ground state, ∆M = −6417 (21) keV

which differs from the AME value, ∆M = −6450(40) keV [Wan12] by only 32 keV.

• Mass excess of 40Ti

With an average half-life of T1/2 = 52.4(3) ms and a branching ratio of 25.2(6) % measured

in Ref. [Dos07], the partial half-life for the superallowed Fermi β decay of 40Ti to its IAS at

4367.7(60) keV is t = 0.208(5) s. For this (T = 2, TZ = −2) transition, the corresponding

value of f is therefore 7395(181).

Using the present parametrization, a decay energy of Q = 7062 (15) keV is deduced,

which leads to a mass excess of ∆M = −9094 (17) keV for the 40Ti ground state. This

value is in very good agreement with the value derived from the IMME [Dos07], ∆M =

−9059.7 (78) keV but does not agree (within 1σ) with the evaluated mass in Ref. [Wan12],

∆M = −8850 (160) keV. The difference between AME12 and the value obtained in this

work is ∼ 250 keV.

• Mass excess of 44Cr

From the measurements of the half-life (T1/2 = 43.1 (17) ms) and the branching ratio

(1.7(3) %) performed in Ref. [Dos07], we calculate an f value of 7395(181). Using the

parametrization and the correction factor for Z = 22, we find a decay energy of Q = 4548
(56) keV. If we consider the energy of the IAS at 9298 (20) keV, this leads to a mass

excess of ∆M = −10274 (189) keV for the 44Cr ground state.
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This value is not in agreement with both the most recent mass evaluation [Wan12],

∆M = −13640 (300) keV, and the value deduced from the IMME [Dos07],∆M = −13644
(21) keV. However, in Ref.[Dos07], it was mentioned that the experimental branching ra-

tio of 1.7(3) % deduced for this decay is in a clear disagreement with the theoretical

value of 28 %. Using the corresponding theoretical half-life, we obtain a mass excess of

∆M = −7314 (183) keV that disagrees even further.

Due to the lack of a precise experimental branching ratio, the mass excess of 44Cr cannot
be evaluated.

• Mass excess of 48Fe

Using the half-life (T1/2 = 45.3(5) ms) and branching ratio (31.9(5) %) measured for the
β decay of 48Fe to its IAS [Dos07], we can calculate the partial half-life and the value of

the corresponding statistical rate function, f = 10826.5 (1700) for this transition.

Using the energy of the IAS, measured at 3036.7 (9) keV, and the mass excess of 48Mn,

we deduce a mass excess of ∆M = −18617 (199) keV. This value is in good agreement

with the value proposed by Dossat et al. [Dos07], ∆M = −18049 (56) keV, using the

IMME.

However, it is also mentioned that the measured branching ratio is slightly lower than

the theoretical prediction (45 %) for this Superallowed Fermi decay. Using the value from

theory, we find a mass excess of about ∆M = −18113.3 (170) keV, in better agreement

with our calculation and within 1σ.

• Mass excess of 52Ni

Using the experimental half-life of T1/2 = 40.8 (2) ms and branching ratio of 48.3 (5) %,
we determine that the f value for the superallowed Fermi β decay of 52Ni to its IAS in
52Co is f = 18204 (1884). This value leads to a Q-value of 8492 (77) keV for this branch.

Adding the mass excess of the IAS in 52Co as determined in [Dos07], we find a mass excess
of ∆M = −22568 (216) keV. The IMME for the (A = 52,T = 2) multiplet, composed by

4 analogue states, gives a mass excess in very good agreement, ∆M = −22639 (33) keV

[Dos07], as well as the most recent mass evaluation, ∆M = −22654 (84) keV [Wan12].

The maximum difference in this case is only ∼ 15 keV.

In [Dos07], it was mentioned that a part of the β feeding of the IAS could have been
undetected due to γ-ray de-excitation. The measured branching ratio may be compared to

the theoretical one, about 66 %, which leads to a mass excess of∆M = −22058 (202) keV.

• Mass excess of 56Zn

For this high-Z nucleus, an IAS was identified in its daughter 56Cu with an energy of

2929(31) keV [Dos07] above the proton threshold Sp = 190 (200) keV [Wan12]. The
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measurements of the half-life (T1/2 = 30.06 (17) ms) and branching ratio (20 (5) %) allow

us to calculate the partial half-life of this decay, t = 0.15(4) s.

This leads to a decay energy of Q = 7674(160) keV using the parametrization of the

statistical rate function. Thus, we determine the mass excess of 56Zn ground state to be
∆M = −27447 (326) keV.

For the decay to its IAS, a theoretical branching ratio is predicted to be 54%. Using

this value, we find a lower mass excess of ∆M = −25887 (288) keV, which is in

better agreement with the value obtained by from a Coulomb displacement calculation,

∆M = −25927 (65) keV.

• Mass excess of 50Ni, a TZ = −3 nucleus

The decay of 50Ni is the only TZ = −3 nucleus measured with enough statistics to allow

precise measurements of both the branching ratio and the excitation energy of the IAS.

Its half-life is already well known, and the average value is T1/2 = 17.2 (13) ms.

In [Dos07], the IAS was identified with an energy of 4835 (47) keV and a β strength

of 14 (5)% was measured. Using the Ft value corrected for the (T = 3,TZ = −3)
superallowed Fermi β decay and the parametrization described above, we find a decay

energy of Q = 7346 (230) keV. The mass excess of the IAS in 50Co was determined in

Ref. [Dos07] at ∆M = −12750 (67) keV.

Added to the Q-value determined in the present work, this yields a mass excess for 50Ni

ground state of ∆M = −5402 (230) keV, which is in about 4 standard deviations larger
than the value determined with the IMME, ∆M = −4136 (25) keV.

• Other T = 3 nuclei

The β-delayed proton emissions of 42Cr and 46Fe, two other TZ = −3 nuclei, were studied

[Gio01, Dos07] and the accuracy of our method was investigated for these proton-rich

nuclei. Their respective half-lives are known with sufficient precision, but the low statistics

and the β-summing present in the decay energy spectra did not allow the identification

of the transition corresponding to the decays of the IAS. For these reasons, comparisons

cannot be made between the mass excesses for these nuclei.

For the decay from the 46Fe to its IAS, a branching ratio of 7.9 (32) % was measured in

Ref. [Gio01]. This value does not agree with the theoretical value which is about 20 %

[Dos07]. Using the experimental value, the mass excess derived from the corresponding

partial half-lives gives a mass excess of ∆M = −641 (248) keV, which is in good agree-
ment with the mass deduced from the IMME applied in [Dos07], ∆M = −759 (96) keV.

Using the theoritical value, we obtain a mass excess of 663 keV.
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Mass excesses determined in the present work based on the measured branching ratio and

half-lives for each transitions are summarized in Table 5.15. These values are also compared to
the adopted values obtained by calculating the Coulomb displacement or the IMME when at

least three analogue states are known.

Parent Mass excess (keV) Mass excess (keV)

- adopted value - - this work -
20Mg⋆ 17559 (27) 17391 (28)
24Si 10744 (19) 10793 (40)
32Ar -2200 (18) -2206 (4)
36Ca -6450 (40) -6417 (21)
40Ti -9095 (78) -9094 (17)
44Cr⋆ -13644 (21) -10274 (189)
48Fe⋆ -18049 (56) -18617 (199)
52Ni -22639 (33) -22568 (216)
56Zn⋆ -25927 (65) -27447 (326)

50Ni⋆, TZ = −3 -4136 (25) -5402 (230)

Table 5.15 – Mass excesses of TZ = −2 nuclei determined using our parametrization (see Equation

5.5) and the measured partial half-life are compared to the adopted values, from the AME2012 [Wan12]

or [Dos07]. When the branching ratios have not been measured with enough confidence, the nucleus

is labelled with a star. For comparison purpose, the mass excess of the TZ = −3 nucleus 50Ni is also

presented.

Figure 5.25 presents the values calculated in this work as a function of the adopted mass

excesses. When all the decay branches have been unambiguously identified, and the complete

branching ratios have been measured with good accuracy (in red), the difference is lower than

100 keV over the whole energy range. In three cases, theoretical predictions of the branching

ratio allow us to calculate a different mass excess, which is also compared in this figure. The

trend of these values for a wide energy range shows a very good agreement with the adopted

value but with bigger uncertainties. The case of 20Mg is still debated since the two branching

ratio measurements lead to mass measurements which vary with more than 5σ. The mass

excess calculated for the TZ = −3 nucleus 50Ni is also plotted (black star in Figure 5.25) and
agrees with the general trend of our calculations.
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Figure 5.25 – Top: Mass excesses as determined using our parametrization, and based on the

branching ratio and half-life measurements (in red) are in good agreement with adopted values. Mass

excesses calculated with the theoretical branching ratios (in green) are displayed when they differ

from the measured one. Bottom: Differences between the adopted and the calculated mass excesses.

The mass excess calculated for 50Ni (black star) also seems in good agreement with the adopted mass

excess. The only nucleus with a significant difference between the calculated and the adopted masses

is 44Cr.

5.10.2 Mass excess of 22Si ground state

In this work, the β-decay half-life of the Tz = −3 nucleus 22Si and the branching ratio to its IAS

in 22Al were measured to be T1/2 = 30.38 (45) ms and BR = 2.05 (44) %, respectively. These

measurements allow us to calculate the partial half-life for this superallowed Fermi transition,

t = 1.48 (32) s. As this nucleus is part of the T = 3 multiplet, we expect the f value to be

f =
1024.2

1.48
= 692 (150) (5.8)

Using the approximation defined by Equation 5.7 for the Si isotopes (Z = 14), and after

applying the correction factor obtained from the fit of the measured statistical function, we
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Chapter 5. β-delayed charged particle decays of 22Si

obtain a Q-value for the decay of the ground state to the IAS of Qβ = 4580 (91) keV.

In Section 5.1, the IMME applied to the multiplet (A = 22,T = 5/2) allowed us to deter-

mine the mass excess of 22Al that is 17932(99) keV. With this result, we obtain the mass excess

of 22Si ground state

∆M = 9040 (54) + 4520 (78) + 17932 (99) = 31492 (137) keV. (5.9)

This value is about 2 MeV below the estimation from AME2012 which predicted a mass

excess of 33340(500) keV. Using our result, new values for the Qβ-value, Sp and S2p energies are

presented in Table 5.16. The use of the mass excesses of 22Al as provided by the AME03 and

AME12 leads to an identical conclusion about the particle threshold, although the uncertainties

are significantly larger.

Present work

Q(β+) 12350 (95) keV

Sp 2787 (429) keV

S2p 645 (140) keV

Table 5.16 – Updated Sp, S2p and Qβ-value determined with the mass measurement performed in

the present work. One has to keep in mind that the mass excesses of the daughters 21,22Al are still

unknown, and so this value is given using the AME12 estimation.

As expected from many models, we deduced a Sp energy that is larger than 2 MeV and

therefore single-proton radioactivity to the unbound 21Al nucleus is forbidden. The decay

process of 22Si is dominated by the large β+-decay Q-value. The S2p obtained in this work

is positive, and larger than expected. With a value of 645(140) keV, this threshold implies

a bound ground state with respect to two-proton emission. In Figure 5.26, we compare this

measurement with the previous predictions from Table 5.1 which were all consistent with a

two-proton radioactive nucleus.

5.11 Conclusion

The study of the β-delayed proton emission of the even-even nucleus 22Si was performed by

measuring the energy of the proton groups emitted by proton-unbound excited states in 22Al.
Two γ-ray transitions arise from the de-excitation of the first two excited states in the daughter
21Mg, and have allowed for the identification and the measurement of the branching ratio of
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Figure 5.26 – Comparison between the S2p value determined in this work and the previous predictions

using different models. In red, the two-proton separation threshold as determined in the present work

(645 (140) keV).

more than 13 new states.

The ungated spectrum confirmed the excitation energies, and we observed a proton group

at 5596(84) keV which was identified as the β-delayed two-proton emission of the IAS to the

ground state of 20Na. The branching ratio of this transition has been measured and is lower

than expected from shell-model calculations. The γ rays corresponding to the first excited state

in 20Na at 596 keV were also observed, but we were unable to draw a conclusion on the decay

of the IAS to this state. The β-decay branching ratio to the IAS is 1.54 (38), which is several

times lower than the USDBpn predictions. One has to keep in mind that this theoretical value

is very sensitive to the mass excess defined as an input: a decrease by 2 MeV of the β-decay

Q-value induces a factor-2 decrease of the branching ratio to the IAS.

A precise measurement of the half-life has been performed using γ-ray and proton gates,

and we propose T1/2 = 30.38 (45) ms as the new half-life measurement, which is a factor of ten

times more precise than the presently adopted value. Using this half-life and the branching ratio

measured in the current work, we calculated the expected Q-value in the case of a superallowed
Fermi decay to the T = 3 IAS in 22Al. Added to the energy of the IAS and the mass excess of

the daughter, we provide the first indirect mass measurement of 22Si. With a mass excess of
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31604 (155) keV and a two-proton separation threshold of S2p = 645 (140) keV, we conclude

that the ground state of 22Si is bound with respect to the two-proton emission.
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Conclusion and Future work

The knowledge of the masses of neutron-deficient nuclei is one of the keys to understand the

behaviour of weakly bound nuclei near or at the proton drip-line. β-delayed one-proton emission

favored by an increasing Qβ-value has been used to perform detailed the spectroscopy of proton-

unbound excited states in the daughter nuclei. Depending on the position of the particle

separation energies with respect to the Q-value of the β-decay, several exotic decay paths such

as β2p and β3p can also occur. The latter was predicted to occur in 23Si, but has thus far never

been observed.

These rare decay processes result in a large branching ratio when decays occur between
Isobaric Analogue States. The mass excesses of these IAS are linked by the Isobaric Mass

Multiplet Equation. This relation treats the Coulomb displacement as a perturbation and

allows the prediction of one state if at least three other members of the same multiplet have
been previously measured.

When the mass excess of the ground state allows it, particle decay from the ground state
can also occur. At the proton drip-line, the more exotic two-proton ground state radioactivity

was observed when the S2p is negative, but when single proton emission is forbidden. The

measurement of angular correlations and the energy sharing between the two protons can be

used to identify the orbital in the parent nucleus. This decay was predicted in several light

proton-rich nuclei and 22Si is one of the lightest candidates to decay via two-proton radioac-

tivity. However, discrepancies in the models predicting its binding energy did not yet allow to

assess whether or not it is a two-proton emitter.

At the National Superconducting Cyclotron Laboratory, a primary fragmentation beam of
36Ar was used to produce beams of the neutron-deficient nuclei 20Mg, 23Si and 22Si. Purification

of the beam and reduction of the beam intensity were required to avoid contamination and
false correlations from other β-delayed charged particle emitters. This was achieved using the

A1900 Fragment Separator and the Radio Frequency Fragment Separator. The cocktail beam
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was implanted in the Beta Counting System, made of an arrangement of 3 Double-Sided Si

Strip detectors to provide time and energy signals. An analysis program allowed the correlated
the implant-and-decay events based on the energies, times sequences and spatial coordinates.

An array of 16 HPGe surrounding the BCS was used to detect the γ rays emitted in coincidence

with the decays of interest.

6.1 Conclusion

The presence of 20Mg in the cocktail beam was used to test the analysis program and the

calibration of the detectors by studying its β-delayed proton decay. Three γ rays arising from
the de-excitation of the βp daughter were observed. The proton spectra in coincidence with

these transitions allowed us to deduce the excitation energies of the levels above the one-proton
separation threshold in the daughter 20Na. The level scheme built by measuring the decay

energy was in good agreement with previous measurements. In particular, the IAS in 20Na

was measured at 6519 (19) keV, that is in excellent agreement with the value 6522 (16) keV
obtained in a previous experiment[Pie95]. We also performed the measurement of the relative

β-decay branching ratios. The efficiency of the central DSSD2 was particularly low, due to an

implantation depth very near to the surface. However, for most of the branches, results after
efficiency correction are in good agreement the previous measurements. Uncertainties on low

branching ratios were mainly due to a lack of statistics in the γ-gated spectra. The decay-
and-implant correlation process provided the decay time spectrum. Several proton and γ-ray

gates were applied to measure the half-life of 20Mg. The fit of these data as well as the overall

statistics, was particularly difficult. The contributions of the long half-life daughters as well as
wrong correlations were investigated. We propose a half-life of 88.8(17) ms, as the average of

the 1675-keV proton-gated and the γ-gated spectra. This value is in agreement with the previ-

ous adopted value 90.8 (24) ms [Wan12], and the most recent measurement 91.4 (10) ms [Lun16].

The β-delayed spectroscopy of the TZ = −5/2 nucleus 23Si was performed using the same
method. Three γ rays, corresponding to the de-excitation of the three first excited states in the

βp daughter 21Mg were observed. One γ-ray transition at 332 keV, corresponding to the first

excited state in 21Na, confirmed the β2p decay channel. The energy of the IAS was deduced
from the 332-keV γ-gated spectrum. A proton group in the ungated spectrum corresponding

to the two-proton emission of the IAS to the ground state of 21Na was also measured. We
measured an excitation energy of 11710 (43) keV that is in good agreement with the previous

measurement, 11.78 MeV[Bla97]. More than 25 new proton-unbound levels were measured in
23Al.

The energy of the IAS was added to the set of analogue states in the (A = 23,T = −5/2)

multiplet to determine the mass excess of the 23Si ground state. In this work, we deduced a
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value of 23.24 (7) MeV, a few hundred keV less than the previous measurement[Bla97] and

the adopted value in the AME2012[Wan12]. The corresponding particle emission thresholds
are Sp = 2195 (114) keV and S2p = 2218 (72) keV. Based on this new measurement, the β3p

decay is allowed by its high Q-value Qβ3p ≈ 7.4 MeV. This decay may have been observed

in the present experiment because of the presence of a proton group in the 1633-keV γ-gated

spectrum.

The half-life of 23Si was measured by applying γ-ray and proton gates on the decay time
spectrum. We propose a half-life of 42.67 (23) ms, a result that is twice more precise than the

previous measurement of 42.3 (4) ms[Bla97].

The level scheme of 22Al was built by studying the β-delayed proton decay of the lighest

Tz = −3 nucleus, 22Si. Two γ rays were observed, corresponding to the de-excitation of the

first two excited states in the βp daughter 21Mg. In addition, the ungated proton spectrum

allowed us to determine the energy of 13 proton-unbound states in 22Al and confirmed the two

levels observed in the previous measurement of Blank et al.[Bla96].
The presence of γ rays at 596 keV, that corresponds to the de-excitation of the first excited

state in 20Na, supports the identification of the β2p decay channel. Based on the similarities

with the other proton-rich nuclei, we measured the energy of the two-proton emission from the

IAS to the ground state at 5596 keV, which corresponds to an IAS energy of 9040 (54)(100) keV.

In this work, the measurements of the β-decay branching ratios were also performed. In par-

ticular, the branching ratio of the β decay from 22Si to the IAS in 22Al was measured to be

BRIAS = 2.06(56)%. The half-life of 22Al was also measured at 30.38 (45) ms, using both

proton ang γ-ray gates. This value is in good agreement with the previous measurement, 29

(2) ms[Bla96].

We proposed a new method based on the β-decay theory to determine the mass excess of the

0+ ground state of 22Si, for which the ft value is predicted to be a constant. Following the work

of Towner and Hardy [Tow15], the statistical rate function f was parametrized using the precise

measurements of superallowed Fermi β decays of T = 1 nuclei. Since the statistical rate function

depends on the Q-value, we were able to test these estimations on more exotic nuclei with a

relatively good accuracy. This method allowed us to calculate the Q-value of the superallowed

Fermi decay from the 22Si ground state to its IAS. The mass excess was determined as the sum

of energy of the IAS (9040 (54)(100) keV), the mass excess of the daughter as determined from

the IMME in this work (17932 (99) KeV), and the Q-value (4520 (85) keV).

We propose the first indirect mass measurement of the 22Si ground state, ∆M = 31492

(137) keV. In agreement with all the predictions, we conclude that 22Si is bound with respect

to the one-proton decay. However, contrary to most of the recent predictions, we deduce a S2p

value of 645 (140) keV which prohibits two-proton radioactivity from the ground state.
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6.2 Future Work

6.2.1 New measurement of 20Mg decay

In 2015, an experiment focusing on the β-delayed charged particle decays of 21Mg and 20Mg

was performed at the ISOLDE Decay Station [Lun16]. A new measurement of the energy and
the branching ratio of the T = 2 IAS in 20Na was performed. With an energy of 6496 (3) keV,

this measurement is in good agreement with this work 6519 (19) keV but about six times more

precise. The energy of the proton transtions were measured using a gas detector which was not
sensitive to the β particles. In addition to the absence of β-summing, the discrimination be-

tween proton and α particles hitting the Si detector allowed the identification of excited states
in 20Na without contamination from the decay of the 20Na ground state. A new half-life was

also provided by measuring the protons and yields to T1/2 = 88.8 (17) ms, which is in agreement

with the previous measurements, but suffers of uncertainties due to the normalization of the
long half-life components.

Therefore, to provide a confident half-life measurement from the present work, an estimation

of the false correlations would be necessary. A full simulation of the setup, taking into account
the implantation pile-up phenomenon and the βα decay of 20Na would be needed to constrain

the fit parameters of the events with a long decay time.

Also, in Section 5.10.1, we calculated the mass excess of 20Mg ground state using the partial

half-life measured in [Lun16]. We noticed a difference of about 150 keV, more than 5σ, between

the adopted value of the mass excess of 20Mg and the one calculated using the parametrization

described above. The value of the Q-value between the ground state and its IAS is highly

dependant of the branching ratio of this superallowed Fermi transition. One could therefore
detemined a theoritical branching by using the reverse logic: if we consider that the half-life

measured in [Lun16] is correct, the branching ratio should be ≈2.8%. For future experiments

of β-decay of proton-rich nuclei, this method could be used to expose irregularities in the

measurement of the partial half-life, and determined if some β-delayed charged particle branches

from the IAS were missed.

6.2.2 Observing the β3p channel in 23Si

In the study of the β-delayed charged particle decays of 23Si, we observed the emission of γ

rays at 1633 keV. That transition arises from the de-excitation of the first excited state in 20Ne.

Because the secondary beam was contaminated by 20Na, we identified that this level can be
populated by two different decay paths:

• 23Si
β−→ 23Al∗

3p−→ 20Ne∗ or
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• 20Na
β−→ 20Ne∗

As we expressed above, the Q-value corresponding to the β3p decay channel is quite high. The

total decay energy from the IAS would be around ≈ 4.3 MeV, which makes it impossible to

observe in our DSSD because of the high density of βp transitions. Up to now, only three β3p

emitter have been observed(31Ar[Kol14], 45Fe[Mie07] and 43Cr[Pom11a, Aud12]) with various

branching ratios.

The observation of such a decay proces is very challenging because its weak branching ratio

never exceeds a few percent. Thus, a detector with a high luminosity and a high detection

efficiency is required. The recent development in Time Projection Chamber (TPC) have en-

lightened the possibility to observe this rare decay path: the parent is implanted in the gas

volume which acts as a thick Si detector. After a certain decay time, the three protons are

emitted and observed separately. The reconstruction of the full kinematics allows the deter-

mination of the decay energy. Because this detector is transparent to the β-particles, the use

of the TPC in studying the β-delayed proton decay is even more appropriate. The lack of

β-summing allows the measurement of transitions with low branching ratios, and with a better

precision on the decay energy. High-efficiency γ-ray detectors can also be coupled to TPC’s in

order to observing the de-excitation of low-energy bound states, and to identify the daughters.

6.2.3 The spectroscopy of 22Al

Although the study of the β-delayed charged particle decay of 22Si was performed in this

work with a good accuracy, the energy resolution was limited because of β-summing. In the

ungated spectrum, the broad structure between 3.2 and 8 MeV was tentitavely fitted with 8

proton groups. The uncertainties on the branching ratio and the energy of the corresponding

transitions are mainly due to the low resolution, which barely allows us to resolve these groups.

As described above, the β particles are not detected in the TPC volume and would guarantee

a better resolution in this high-density region. Such a detection setup would also enable the

identification of the decay paths in the case of two proton emission from the IAS, providing

informations about the unbound states populated in 21Mg.

The mass excess of the 22Si ground state was determined with respect to the mass excess

of its IAS in 22Al. As discussed in Section 5.1, the direct mass measurement of the ground

state of 22Al has not yet been performed and the current uncertainties on the estimation is

400 keV[Wan12]. In this work, an updated value of the IMME prediction was determined

by the mean of the IAS in 22Mg whom the spin and parity remain unknown and so another

way to provide a direct measurement of the mass of 22Al has been investigated. In a transfer
experiment, the mass of the neutron-rich 11Li was performed by measuring the Q-value of the
11Li(1H,3H)9Li reaction in an active target[Rog09]. The uncertainties on the mass obtained
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with this method is about 20 keV, which is 5 times better than the IMME prediction used in

this work. In the same way, the mass measurement of 22Al could be performed by measuring the
Q-value of the reaction 21Mg(4He,t)22Al using the novel active target ACTAR TPC developped

at GANIL, where a 21Mg beam with suitable intensity and energy for this kind of experiment

are planned to be delivered in the near future following the upgrade to SPIRAL1.
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Santos, G. Georgiev, S. Grévy, I. Stefan, J. C. Thomas, N. Adimi, C. Borcea, D. C.

Gil, M. Caamano, M. Stanoiu, F. Aksouh, B. A. Brown and L. V. Grigorenko. Two-
proton radioactivity studies with 45Fe and 48Ni. Phys. Rev. C, 72: (2005) 054315.

doi:10.1103/PhysRevC.72.054315.

URL http://link.aps.org/doi/10.1103/PhysRevC.72.054315

[Dos07] C. Dossat, N. Adimi, F. Aksouh, F. Becker, A. Bey, B. Blank, C. Borcea, R. Borcea,

A. Boston, M. Caamano, G. Canchel, M. Chartier, D. Cortina, S. Czajkowski,

G. de France, F. de Oliveira Santos, A. Fleury, G. Georgiev, J. Giovinazzo, S. Grvy,

R. Grzywacz, M. Hellstrm, M. Honma, Z. Janas, D. Karamanis, J. Kurcewicz, M. Le-

witowicz, M. L. Jimnez, C. Mazzocchi, I. Matea, V. Maslov, P. Mayet, C. Moore,

M. Pftzner, M. Pravikoff, M. Stanoiu, I. Stefan and J. Thomas. The decay of

proton-rich nuclei in the mass a = 36− 56 region. Nuclear Physics A, 792 1: (2007)

18 – 86. ISSN 0375-9474. doi:http://dx.doi.org/10.1016/j.nuclphysa.2007.05.004.

URL http://www.sciencedirect.com/science/article/pii/S0375947407005507

[Fae84] T. Faestermann, A. Gillitzer, K. Hartel, P. Kienle and E. Nolte. Evidence for proton

radioactivity of 113Cs and 109I. Physics Letters B, 137 1: (1984) 23 – 26. ISSN

0370-2693. doi:http://dx.doi.org/10.1016/0370-2693(84)91098-0.

URL http://www.sciencedirect.com/science/article/pii/0370269384910980

[Fer34] E. Fermi. Versuch einer theorie der β-strahlen. i. Zeitschrift für Physik, 88 3: (1934)

161–177. ISSN 0044-3328. doi:10.1007/BF01351864.

URL http://dx.doi.org/10.1007/BF01351864

[Fre77] S. Freedman, R. Cousins, C. Gagliardi, G. Garvey and J. Greenhalgh. βα correlation
in the decay of 20Na. Physics Letters B, 67 2: (1977) 165 – 168. ISSN 0370-2693.

doi:http://dx.doi.org/10.1016/0370-2693(77)90093-4.

URL http://www.sciencedirect.com/science/article/pii/0370269377900934

[Gio01] J. Giovinazzo, B. Blank, C. Borcea, M. Chartier, S. Czajkowski, G. de France,

R. Grzywacz, Z. Janas, M. Lewitowicz, F. de Oliveira Santos, M. Pfützner,
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F. de Oliveira Santos, C. Dossat, S. Grévy, L. Hay, J. Huikari, S. Leblanc, I. Matea,

J.-L. Pedroza, L. Perrot, J. Pibernat, L. Serani, C. Stodel and J.-C. Thomas. First

direct observation of two protons in the decay of 45Fe with a time-projection chamber.

Phys. Rev. Lett., 99: (2007) 102501. doi:10.1103/PhysRevLett.99.102501.

URL http://link.aps.org/doi/10.1103/PhysRevLett.99.102501
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Résumé

Les ions d’intérêts riches en protons de 20Mg, de 23Si et de 22Si ont été produits par fragmentation au laboratoire
NSCL, MSU (USA), puis implantés dans un dispositif composé de 3 détecteurs Si pistes (DSSD) entouré de
16 détecteurs HPGe. Cet ensemble a permis la détection des particules chargées émises depuis les états non
liés, en coincidence avec les rayons γ émis par la désexcitation des noyaux fils. La décroissance βp du 20Mg,
particulièrement bien connue, a été étudiée afin de tester et d’optimiser l’analyse. En particulier, les voies de
décroissance βp peuplant les 3 premiers états excités du 19Ne ont pu être identifiées. Le temps de demi-vie,
les rapports d’embranchement des transitions et les énergies d’excitation des états, y compris l’état isobarique
analogue (IAS), ont été mesurés. L’étude de la décroissance β du 23Si a permis l’identification de 14 états
dans l’23Al. L’émission de deux protons depuis l’IAS dans l’23Al a pu être mise en évidence avec certitude.
La mesure de l’énergie de l’IAS a permis une détermination plus précise de la masse de l’état fondamental
du 23Si, 23.27 (7) MeV. Une possible transition β3p a également été observée. La plupart des prédictions
théoriques de la masse du 22Si sont en accord avec une radioactivité 2-protons (2p). Les décroissances β2p
vers le premier état excité et l’état foncamentale du 20Na ont été identifiées. Le rapport d’embranchement vers
l’IAS est de 2.05 (44) %, et son energie d’excitation a été mesurée 9040 (54) keV. La mesure supplémentaire du
temps de demi-vie, T1/2 = 30.38 (45) ms, a permis de calculer le temps de vie partiel de cette transition. Dans
cette étude, nous proposons une paramétrisation de la fonction statistique de Fermi f pour les décroissances
de Fermi super-permises, permettant la première mesure indirecte de l’excès de masse de l’état fondamental
du 22Si, 31.49 (14) MeV. L’énergie seuil correspondante est alors S2p = 645 (100) keV, et ne permet pas une
radioactivité 2p depuis l’état fondamental.

Abstract

The neutron-deficient nuclei 20Mg, 23Si and 22Si were produced by fragmentation at NSCL, at MSU (USA),
and implanted into an array of 3 double sided stripped Si detectors, surrounded by 16 high-purity Ge detectors.
This novel arrangement allowed the detection of the charged particles emitted by the unbound excited states
in coincidence with the γ rays emitted by the de-excitation of the daughter. The βp decay of 20Mg is very well-
known and therefore was used to test and optimize the analysis programm. The β-delayed proton transitions
to the first 3 excited states in 19Ne were identified and compared to previous measurements. The half-life, the
branching ratio of the transitions and the excitation energies, including the IAS, were measured and are in good
agreement with the adopted values. The study of the β+ decay of 23Si allowed the identification of 14 excited
states in 23Al. The emission of 2 protons from the IAS was unambiguously identified. The measurement of
the IAS energy allowed a better determination of the mass excess of 23Si, giving 23.27 (7) MeV. A possible
β3p decay channel was also tentitavely identified. Most of the theoritical predictions are in favor of a 2-proton
radioactivity in 22Si. The β2p decays to the first excited state and the ground state of 20Na were identified.
The branching ratio of the decay to the IAS is 2.05 (44) %, and the IAS excitation energy was measured to
be 9040 (54) keV. The additional measurement of the half-life gives T1/2 = 30.38 (45) ms, and allowed the
determination of the partial half-life. In this study, we propose a parametrization of the statistical rate function
f for the superallowed Fermi β decays. This allow the first indirect mass measurement of 22Si ground state,
31.49 (14) MeV. The two-proton threshold is then S2p = 645 (100) keV and does not allow 2p radioactivity.
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