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Summary

31 Ar is the last argon isotope that is stable against proton emission. It lies at
the proton drip-line (where the nuclei become unstable with respect to proton
emission) and has a large energy window for beta emission. This along with
small proton separation energies of the daughter make its decay very complex
with many open decay modes.

In this thesis we study the exotic three-proton decay mode, which was
only recently discovered in the decay of >'Ar and has only been observed in
two other nuclei. We perform the first spectroscopic analysis of this decay
mode made possible by the good resolution of our setup and its large solid
angle for particle detection.

All the proton decay modes are examined in detail to extract the beta-
strength and to investigate the evolution of the proton decay modes. From
this study we propose a simple model to predict the beta-delayed one-, two-
and three-proton branching ratios of other nuclei and test it on the decay of
¥Ti and *3Cr.

Finally, we use the decay of *'Ar to study the levels of the beta-proton
daughter %S, which are relevant to astrophysics. These levels are normally
studied in reaction experiments using stable nuclei, but we show that, even
though we populate the levels from the drip-line, we are able to study the
spectroscopic properties on a competing level. We provide the first experi-
mental limits on the ratio between the proton and gamma partial widths of the
levels in S just above the proton threshold. These influence the 2P (p,v)3°S
reaction rate, which are relevant when studying type I X-ray bursts and pres-

olar dust grains from classical novae.
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Dansk resumé
(Summary in Danish)

3LAr er det sidste argon isotop der er stabilt overfor protonudsendelse. Den
ligger pa protondryplinjen (hvor kerner bliver ustabile overfor protonudsen-
delse) og har et meget stort energivindue for betaemission. Dette sammen
med smd protonseparationsenergier af datteren gor dens henfald meget kom-
plekst med mange abne henfaldskanaler.

I denne afhandling studerer vi det eksotiske tre-protonhenfald, der kun
for nyligt er opdaget i henfaldet af > Ar og som kun er observeret i to andre
kerner. Vores kompakte opstilling med god oplesning og stor effektivitet for
protondetektion har gjort det muligt at lave den forste spektroskopiske ana-
lyse af denne henfaldstype.

Alle protonhenfaldskanalerne er undersogt i detalje for at ekstrahere be-
tastyrken og for at undersege udviklingen af protonhenfaldskanalerne. Pa
baggrund af denne undersogelse opstiller vi en model til at forudsige forgre-
ningsforholdene af det betaforsinkede en-, to- og tre-protonhenfald for andre
kerner og tester det pd henfaldet af *Ti og **Cr.

Endeligt bruger vi henfaldet af 3!Ar til at undersege niveauerne af beta-
protondatteren 3°S, som er relevant for astrofysik. Disse niveauer bliver nor-
malt studeret i reaktionseksperimenter med stabile kerner, men vi viser at vi
kan undersoge de spektroskopiske egenskaber pa et tilsvarende niveau selv-
om vi populerer niveauerne fra dryplinjen. Vi finder de forste eksperimen-
telle greenser péd forholdet mellem proton- og gamma-henfaldsbredderne af
niveauerne i %S lige over protonteerskelen. Disse pavirker reaktionsraten af
reaktionen 2P (p,~)3S, som er relevant for studier af type I rengtenstrale-
udbrud og stevkorn produceret i klassiske novaer for dannelsen af vores sol-
system.
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Preface

A single experiment form the basis of this thesis. The reason for this is that
the 3! Ar data set of this experiment has contained so much physics that it has
not been possible in the time of a PhD to study it all. I have focused on the
parts that have not previously been studied, i.e. what new physics we could
learn from the data.

The first year of my PhD I worked on “Li data from an experiment made
in 2005 and on production of neutron deficient carbon beams. I spend three
months from April 2010 at CERN working with the ISOLDE target group
helping with the latter. Throughout my PhD I have also taken part in a num-
ber of experiments and tests performed at ISOLDE.

The 3! Ar experiment IS476 was performed in August 2009 before I started
my PhD studies. I had made simulations of the setup as part of my Bach-
elor’s project and since I was a summer student at ISOLDE that summer I
participated in the experiment. The analysis presented here has mainly been
performed in a period from August 2011 to August 2015 (with a one year
break from March 2014). The work has resulted in three papers [Kol13,Kol14a,
Kol14b], which all form the basis of this thesis. In the time between the first
paper and the other two I made significant improvements to my analysis pro-
gram. For this reason I have re-analysed the data and present here improved
results of the first paper. Further analysis has been performed since the last
paper was published and are also presented here.
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CHAPTER 1

Introduction

The elusive Higgs boson was recently discovered at CERN [CMS12, ATL12]
providing the last missing piece of the Standard Model. Together with Ein-
stein’s general relativity, the Standard Model forms our current picture of the
world by describing the basic building blocks of matter and their interactions
through the four fundamental forces. The Standard Model was finalised in
the mid seventies as a gauge theory for the electromagnetic, the weak and the
strong interactions, including 18 elementary particles (not counting the anti-
particles of the fermions and colour states of the quarks and gluon). The the-
ory was verified with the discovery of a number of these particles predicted
by the model (the W and Z bosons, the gluon and the top, bottom and charm
quarks), but it was not until the discovery of the Higgs boson in 2013 that the
validation of the theory was finally cemented.

One of the major challenges for the Standard Model is to bridge between
the few-particle interactions between quarks and the many-body interactions
of collective states of nucleons and nuclei. This is due to the strong inter-
action, described by Quantum Chromo Dynamics (QCD), which is respon-
sible for the binding of quarks in nucleons and nucleons in nuclei. Unlike
the electromagnetic and the weak force, QCD is a strongly coupled theory at
low energy. This means that while observables can be computed to exqui-
site precision in both the weak and the electromagnetic part of the Standard
Model, this is not the case for QCD. Computing the spectrum of bound states
in QCD, for instance, is a non-trivial numerical task: The state-of-the-art is
currently limited to the proton and the deuteron [Diir08, Beal2]. Not even the
newly discovered pentaquark resonance [LHC15] and the recently confirmed
tetraquark resonance [Bel08, Bel13, LHC14] were predicted by the numerical
computations.

Thus we find ourselves in the peculiar situation that we believe we have
the correct theory for the interactions but we cannot even compute the mass

1
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Figure 1.1: The nuclear chart indicating the regions of use for different
models. Note that the regions overlap; the hope is to be able to bridge
between the different models and to the basic theory QCD of the strong
interaction.

and structure of nuclei. To proceed we must rely on effective models of the
nuclear forces guided by experiments. However, we need different models
to describe different regions of the nuclear chart as illustrated in Figure 1.1.
Since the regions overlap the long term aim is to bridge between them and
possibly calculate some input parameters from the more basic theory lying be-
neath. The first bridge between QCD and ab-initio theories with free nucleon-
nucleon interactions (the green and the yellow part in Figure 1.1) is currently
limited by computational power, while the latter bridge between the yellow
and the red part in Figure 1.1 needs better comprehension of how nuclear de-
grees of freedom (e.g. collective behaviour) emerge from ab-initio theories.
Furthermore, new experimental data is needed to refine and test ab-initio and

effective field theories.

The field of nuclear physics is thus still very open, even though the fun-
damental interactions behind are believed to be more or less well known. The
reason for this is to a large extent that more is different [And72], so we need
not only to understand the interactions, but also the collective behaviour. The
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Figure 1.2: The decay scheme of 3! Ar. Different proton decays are drawn as
an illustration. Some of the most important levels for this thesis are shown
and labelled with their excitation energy. The levels marked by letters in 3°S
correspond to Figure 6.1 and the marked gamma transitions correspond to
Figure 6.2 from Chapter 6. The proton separation energies are also shown.
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nuclear chart currently counts about 3000 nuclei [Erl12] and we cannot wait
for the development of the theoretical models to answer some of the questions
arising: What are the boundaries of the nuclear chart? Which decay modes ex-
ist? How were the nuclei produced in the early Universe? And many more.
These questions can only be answered from experiments studying the struc-
ture of the nuclei. In principle all nuclei should be examined in detail, but this
is not possible and instead we focus on nuclei that can help answer as many
questions as possible and which can be produced in large enough numbers to
allow a detailed study.

The topic of this thesis is the decay of the nucleus 3'Ar, which is the last
argon isotope that is stable against proton emission. Since it lies at the proton
drip-line (where the nuclei become unstable with respect to proton emission)
the energy window for beta-emission is very large, which means that many
states, some even with high energy, are fed in the beta-daughter. This is of
course the case for most nuclei along the proton drip-line, but the beauty of
31Ar is that it can be produced with a high yield as a radioactive beam, and it
is thus possible to study the decay in great detail.

The decay of *'Ar is very complex as can be seen in Figure 1.2. To decipher
this decay we thus need a detailed understanding of both the weak, the strong
and the electromagnetic interaction. The extracted matrix elements between
the populated levels allow us to follow the development of the structure.

As seen in Figure 1.2 the large beta-window entails that many different
decay modes are open. The beta-delayed three-proton decay is a newly dis-
covered decay mode and has only been observed in two other nuclei so far
[Pom11, Aud12b]. In this thesis we present the first spectroscopic analysis
of this exotic decay mode (Chapter 7). The one- and two-proton decay have
been studied in many previous experiments (see Section 2) and are mainly
used here (together with subsequent gamma decays) as a tool for assigning
the beta-strength (Chapter 8) and for studying the structure of the levels of
the beta-proton daughter 3°S (Chapter 6), which are relevant to astrophysics
(Section 2.2).
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1.1 Beta decay

- an effect of the weak interaction

Beta decay is a decay through the weak interaction, which changes the isospin
of the nucleon, i.e. it changes a neutron into a proton and vice versa. There
are three types of nucleon changing weak decays: 5~, 31 and electron capture
(EC). In the 8~ decay a neutron is transformed into a proton and it is thus the
dominating decay mode on the neutron rich side of stability. In the 5T decay
and for electron capture the opposite reaction occurs creating a neutron from
a proton and these processes thus dominate the proton rich side of stability.
The three decay processes follow the reactions

B~ (A, Z) — (A, Z+1)+e” + 1, (1.1)
BT (A, Z) — (A, Z —1)+eT +u, (1.2)
EC : e” +(A,Z) — (A, Z —1)+ 1, (1.3)

where A and Z are the number of nucleons and protons in the mother nucleus,
respectively. The energy released in the reactions, called @) values, are given

by

Qs = M(Z)c* — M(Z +1)c* (1.4)
Qp+ = M(Z)? — M(Z — 1)¢* — 2m,.c? (1.5)
Qrc = M(Z)* — M(Z —1)c?, (1.6)

where M(Z) and M(Z — 1) are the atomic mass of the mother and daughter
nucleus, respectively, and m, is the electron mass. The beta decay may pop-
ulate excited states in the daughter nucleus (or atom) and the () value is then
reduced by the excitation energy.

Electron capture mainly occurs for nuclei close to stability, so in the case of
31Ar only the 3% decay is relevant. For that reason, we will limit the following
discussion to the beta decay with a focus on the 37 decay.

1.1.1 Fermi and Gamow-Teller decays

The weak interaction is a vector minus axial-vector (V-A) type transition, so it
can be decomposed into two parts, which we, for the % decay, can represent
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by the following operators (if we omit the lepton operators) [Jen87]:

Gr

Oy = —ﬁwp — 7)) T, (1.7)
A Grgag . .25

OF = ——=226(7, — 7)) —=T_. 1.8
A V2 gv (7 = 7a) h (18)

The vector part is called the Fermi interaction and the axial vector part is
called the Gamow-Teller interaction. G g is the Fermi constant and gy and
g4 are the free vector and axial vector coupling constants. We can consider
the decay to be a point interaction as seen by the J-function. 7_ is the iso-
spin lowering operator which changes the proton (73 = +1) into a neutron
(T5 = —%). The operators for the 3~ decay are similar, but with the isospin
lowering operator T replaced by the isospin raising operator T'y.. § = 1hé' is
the spin operator, which changes the spin of the nucleon (¢ is a vector of the
2 x 2 Pauli matrices). This means that the total spin carried by the leptons is
0 for the Fermi decays and 1 for the Gamow-Teller decays, which implies that
the angular momentum, J and the total isospin 7" of the nucleus can change
by one unit in the Gamow-Teller decay, but is conserved in the Fermi decay.
The nuclear parity P is conserved in both decays.

The strong interaction is charge-independent, and isospin is thus a good
symmetry for the nucleus, if we neglect the charge-dependent interactions.
The Fermi decay will therefore populate a single state in the daughter nucleus
belonging to the same isospin multiplet as the initial state. This final state in
the daughter is called the isobaric analogue state (IAS). The mass difference of
the members of an isospin multiplet is only due to the difference in Coulomb
energy and the mass difference between the proton and neutron. We therefore
get that

M(Z)e* — Mias(Z —1)c* = AEc + (M('H) —my,) ¢, (1.9)

where AFE( is the Coulomb displacement energy, m,, is the mass of the neu-
tron and M('H) is the mass of the hydrogen atom. The hydrogen mass is used
instead of the proton mass to account for the missing electron when using
atomic masses. Note that the Fermi transition is only energetically possible in
B decays for nuclei with N < Z.

Isospin is not an exact symmetry and the Fermi decay will thus not only
populate the IAS, but a small part (about 1-2 %) will go to other states mainly
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close to the IAS, but also some with higher energies. This is due to an incom-
plete overlap between the initial and final wave functions and isospin mixing
(together called isospin symmetry breaking). The isospin mixing is caused by
the Coulomb force and entails that the IAS is not a pure isospin state. Instead
it will consist of two contributions:

IAS) = V1 —al|T) +Va|T — 1), (1.10)

where 7' is the isospin of the mother nucleus. The impurities must lie close
to the IAS since the mixing amplitude a (typically at most 0.1 %) is inversely
proportional to the energy difference. The lowest state with isospin 7" in the
system consisting of the beta-proton daughter (e.g. 3°S in the case of 3'Ar)
plus a free proton will lie above the IAS (or at most a few hundred keV below):
We expect the proton separation energy for the ground state to be approxim-
ately the same as the energy needed to remove a proton from the IAS without
breaking isospin, and the proton separation energies in beta-daughters are
positive or small if they are negative. This means that the isospin 7" part of
the IAS cannot decay by proton emission and the proton decay will thus go
entirely through the 7' — 1 part. It can be seen from the proton width (I';) of
the IAS, which is only about 0.1 % of the proton widths of the nearby states.
This is the reason why the IAS has a longer lifetime than the nearby states,
and why we would expect the gamma branching ratio of this state to be large.

Due to the strong spin-dependence of the nuclear forces there does not
exist a state similar to the IAS for the Gamow-Teller decay. However, much of
the Gamow-Teller strength remains in a group of collective states close to the
IAS called the Gamow-Teller giant resonance (GTGR).

1.1.2 Beta strength

The intensity of the beta decay can be expressed in terms of its reduced tran-
sition probability, defined as the product of its partial half-life ¢ (in seconds)
and a dimensionless integral over the beta spectrum proportional to the de-
cay rate, called the phase space factor f. The reduced transition probability is
therefore also known as the ft value. The phase space factor depends on the
charge Z of the daughter and the maximum kinetic energy of the beta particle.
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It can be approximated by
5
fa
30 (mec?)®’

where the maximum kinetic energy of the beta is given as Eg = ()3 — E*, with

(1.11)

E* being the excitation energy of the final state [Bla08]. This approximation

is best for large E3 and low Z. A more detailed evaluation can be found in

Ref. [Wil74], which we will use here for evaluating f. The approximation can

be used to estimate the relative uncertainty on f as
ﬁ%5.@%5.w' (1.12)
f Es Qp — E*

The ft value is directly proportional to the inverse square of the nuclear
overlap matrix element [Jen87], so using the operators from Egs. (1.7)-(1.8) we
get

C

ft=———, (1.13)
Br + % Bar
9y
where Br = |Mp|?> and Bgr = |Mgr|? are the reduced matrix elements

squared for the Fermi and Gamow-Teller parts, respectively. They are often
referred to as the strengths of the interactions. (' is a constant dependent
on the coupling constant. The current best-fit values of the parameters are
C' = 6144.2(16) and %4 = —1.2694(28) [Tow10].

Employing the relation T} , = t - b between the partial half-life, ¢, and the
total half-life, T} ,, we obtain a relation between the branching ratio, b, and
the strength of the Fermi and Gamow-Teller decays, respectively:

C-br
B = 1.14
I (1.14)
-2
ga\ ~C-bar

Ber = <—> -—. 1.15
g gv I T1/2 ( )

1.1.3 Sum rules
Using Eq. (1.7) and that 75 = Z5% we can derive a sum rule for the Fermi

decay:
> _WFOHI =Y _IF10ylif? = Z ~ N. (1.16)
f I



1.1. Beta decay 9

When only 8" decays are allowed and if we neglect the isospin symmetry

breaking, i.e. assume that the whole Fermi strength is collected in the IAS, we

getthat Bp = > |(f \O li)|? = Z — N. A similar sum rule can be derived for
!

the Gamow-Teller decay [Pfii12b]

lew leka| =3(Z - N), (1.17)

where the factor of 3 comes from the contribution from the spin-term. When
calculating the Gamow-Teller strength in theoretical models the number of
final states has to be limited and the theoretical Bgr thus needs to be scaled
by a model-dependent factor g, called the quenching factor [Cau95].

1.1.4 The anti isobaric analogue state

A BT decay is essentially just an interchange of a proton with a neutron. Thus
in some sense we can view 'Ar as a core of 3°Cl (ground state) plus a proton
(in 1d3/2), which is changed into a neutron in the 3 * decay. However, the beta
decay could also happen in the core leaving the proton unchanged. If we look
at it in terms of isospin eigenstates |T" T3), we can write

PlAr) =13 8) =122,5 ) = |*°Cl+p). (1.18)

When using the isospin lowering operator on this state we get the IAS. But
since the operator works on both the core and the nucleon, the IAS consists of

two terms:
4
Penias) = [38) = /5 22,44+ (/5 21,5 8) (119)

_ 1 30 4 30g*
_\/;\ Cl+n>+\/;‘ S"+p). (1.20)

This state has an othogonal state consisting of the same two configurations,
but with different weights:

4
oLamms) - 35 -T2 p-\Ipiay  aa

_ A0 _\/jgo*
_\/;\ Cln)— /= |“S" +p). (1.22)
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where AIAS is the anti isobaric analogue state which lies below the IAS. Note
that since the isospin lowering operator (and thus the Fermi operator) only
changes the isospin of the state, the spin and parity of the core is unchanged.
In this energy region the main gamma decay of the IAS is normally M1 transi-
tions (defined in Section 1.3). The spin part of the M1 operator is very similar
to the Gamow-Teller operator [Wil69] and the main gamma decays from the
IAS will thus populate the same states as the Gamow-Teller decays of the
mother nucleus. A more detailed description of the AIAS and the gamma
decay of the IAS can be found in Ref. [Wil69].

1.2 Beta-delayed particle emission

- an effect of the strong interaction

When approaching the drip-line the energy window for beta-decay increases
while the binding energy of the least bound nucleons decreases. It thus be-
comes more feasible for the states fed in the beta-decay to decay by particle
emission. Naturally, the number of open channels (decay types, which are
energetically allowed) increase the closer we get to the drip-line. The most
exotic decay modes observed so far are the beta-delayed three-proton decay
on the proton rich side of stability and the beta-delayed four-neutron decay
on the neutron rich side.

Multi-particle emission is of great interest, since the mechanism of the
breakup is not fully determined by energy and momentum conservation. For
a three-body breakup (for example two-proton emission) there are two pos-
sible mechanisms: Either the breakup can happen in two steps (the two pro-
tons are emitted one by one), which is referred to as a sequential breakup,
or it can break up directly into the three body continuum (the two protons
are emitted simultaneously), referred to as a direct or simultaneous breakup.
The four- or five body breakups (as the three-proton or four-neutron emis-
sions) can be either fully sequential, fully simultaneous or partly sequential
and simultaneous. The process is determined by the structure of the decaying
state and the barrier and the width of the resonances in the subsystem(s).

A consequence of the large fragmentation of the decay of the nuclei close
to the drip-line is a complication of extracting and assigning the beta strength.
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To do this we need to have detailed information on all the possible channels,
which we can obtain by detecting the emitted particles and possible gamma
rays with high resolution and efficiency. This is most easily obtained for pro-
ton rich nuclei, since the emitted particles carry charge. Another benefit of
studying the proton rich side is that the majority of the strength is accessible
in the beta decay.

Finally, it is possible to use beta-delayed particle emission to study the
structure of the nuclei involved. Again we need to detect the emitted particles
and possible gamma rays with a high resolution. However, this makes it pos-
sible to determine the energy spectra of the nuclei and for the intermediate
levels we can determine which decay channels are open and their correspond-
ing branching ratios. Furthermore, for the proton rich nuclei it is also possible
to extract the spin of intermediate levels as shown in Section 6.3. These fea-
tures are also studied in reaction experiments, but the selection-rules of the
beta-decay provides a selectivity, which means that the populated states can
be studied with a much lower background. For example, at high energies
(where the IAS is normally situated) the density of states is very large and it is
thus here significantly easier to separate and identify the populated states in
beta decay experiments. A detailed review of beta-delayed particle emission
can be found in Refs. [Pfii12b, Bla08].

1.2.1 (-values for multi-nucleon emission

For emission of ¢ nucleons (/V), where N can be either protons (p) or neutrons
(n), the Q-value can be found solely from energy and momentum conserva-

tion as
= F E. = =" J 1.23
Q’LN T+Z J 2Mr+ZQmN’ ( )
7j=1 7j=1
7
0=p+5 5 (1.24)
j=1

where E; and j; are the energy and momentum of the j* nucleon. my is the
mass of the nucleon, while E,, p, and M, are the energy, momentum and mass
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of the recoiling nucleus, respectively. For two-proton emission this reduces to

<E1 + Ey + 2+/ E1 E5 cos ®2p) , (125)

m
Q2p:E1+E2—|—M]:

where O, is the angle between the two protons given by

P1 - P2 1
~ Al Al (P1,P2, + P1,p2, + P1.P2.) - (1.26)

Note that these formula are all independent of the mechanism of the emission.

cos O,

1.2.2 Mechanism of sequential two-proton emission

The sequential two-proton decay can be used to study the intermediate levels.
In the following we will for simplicity use the decay of >'Ar as an example,
but the derived formula are generally applicable for the two proton emission.
In the decay of 3!Ar the two-proton emitting state is an excited state of 3'Cl.
In the rest frame of >'Cl the energy of the first emitted proton is given by

b = M(SOS) 1.27
1= m@h (1.27)

where M(3°S) are the mass of S and @ is the total energy released in the

emission:
Q1 = E(*'C1) — E(*S) — Sp1. (1.28)

E(3'Cl1) and E(3°S) are the excitation energies of 3'Cl and *S respectively,
and S, is the proton separation energy of >!Cl. Equivalently to this, the en-
ergy of the second emitted proton in the rest frame of the recoiling one-proton
daughter 3°S can be found as

E, = M(QQP) 1.29
5 = m@h (1.29)

Q2 = E(*S) — E(*P) — Sy, (1.30)

where M (*P) and E (*P) are the mass and energy of the two-proton daugh-
ter 2P and S, is the proton separation energy of *°S. The energy of the second
emitted proton in the rest frame of the emitter >!Cl is obtained by a Galilei
transformation:

m 2 m
By = E)+ (Wgs)) By = 25 bes\ B Bl cos Oy, (1.31)
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Rearranging (1.30) and combining with (1.27) gives

M(%S) + m,

E(?)OS) — Q2p 4 E(29P) _ W{)S)

Fy+ Spg, (1.32)

where ()2, = @1 + Q2 and can be found by (1.25).

1.3 Gamma decay

- an effect of the electromagnetic interaction

Gamma rays are electromagnetic radiation emitted when an excited nucleus
decays to a lower energy state. Gamma decays normally occur from states
below the threshold for particle emission, since particle emission is favoured
due to the strong interaction being much stronger than the electromagnetic
interaction. However, gamma decays can also occur from states where parti-
cle emission is retarded by the Coulomb or angular momentum barriers or by
selection rules.

The electromagnetic field can be expanded in multipoles (see Ref. [Jac98]),
where each term can be classified according to its total angular momentum
¢ and parity. The possible multipolarities in a transition are determined by
conservation of angular momentum and parity. The order of the multipole is
given by 2¢ and the parity is split into two types: electric with parity (—1)¢ and
magnetic with parity (—1)*"!. The transitions are normally denoted F¢ and
MY, respectively. The monopole term is zero, due to conservation of charge,
so the 07 — 0% gamma transition is not allowed. Conservation of angular

momentum requires
|Ji = Jf| << T+ Jy, (1.33)

where J; and J; are the spin of the initial and final state, respectively. The
transition rate in semi classical theory is given by [Jen87]

T 20+1
AeMm(f) = % <%> Bem(4), (1.34)

where (2¢ + 1)!! is the double factorial of 2¢ + 1 defined as the product of all
uneven integers from 1 to 2¢ 4 1. E,, is the photon energy and the function
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Bgm(¢) is the reduced transition strength, which contains all the nuclear in-
formation. Essentially it is just the squared matrix element of the operator
causing the transition and producing the photons. The function is different
for the two types of transitions and smallest for the magnetic multipoles. The
transition rate decreases rapidly with increasing ¢, so the gamma emission is
dominated by the lowest allowed multipolarity.

1.3.1 Doppler broadening of gamma-lines

Gamma decays that occur just after a proton decay (as the case for the gamma
transitions in 3°S in the decay of 31Ar), will be emitted from a moving nucleus,
since the nucleus will recoil after the proton decay to conserve momentum. A
gamma ray emitted from a nucleus moving with a velocity 7 in an angle 6 will
be Doppler shifted according to the formula:

E—Eoc
Eo 7}7

cosf =

(1.35)

where Ej is the initial energy and E is the measured energy. Again we use
the decay of >'Ar as an example, but the derived formula are generally ap-
plicable. If the gamma ray is emitted instantaneously after the first proton,
i.e. assuming that the momentum of 3°S is the same as the emitted proton but
in opposite direction, then we can find the energy of the gamma ray as

-1
2
Ey=E- <1—7V2Epmpc 59> , (1.36)

M(S) 2 co

where E, is the energy of the emitted proton. However, the levels populated
in %S do not decay instantaneously. This means that >°S will have been slowed
down or perhaps stopped entirely before the gamma ray is emitted, depend-
ing on the life-time of the level and the stopping power of the nucleus in the
material. Details on this process can be found in Ref. [Fyn03], which shows us
that the Doppler width of a gamma-line with energy £, is

2E,myc?



CHAPTER 2
The interesting properties of
31A1‘

2.1 The history of the 3! Ar research

The first interest in 3! Ar was due to the possible ground state two-proton
decay to the ground state of 2°S. 3!Ar is the last of the argon isotopes that
is one-proton stable, but at the time of the first experiments in the 1980s
the two-proton separation energy was predicted to be —233(206) keV, and it
was thus thought that this decay mode, originally predicted by Goldansky
[Gol60, Gol61], might exist for 31Ar. However, even though the decay of SIAr
was intensively studied at both GANIL [Bor87b, Bor91], Berkeley [Rei89] and
ISOLDE [Bor90] it was not possible to detect any two-proton radioactivity.
The current mass measurements indicate that the two-proton separation en-
ergy of 3 Ar is 130(210) keV, which makes a ground state two-proton decay
very unlikely.

Even though the first experiments were unsuccessful in their original goal,
they did provide the first information of what turned out to be a very frag-
mented beta-delayed proton decay of *'Ar. From comparisons with the de-
cays of ¥Ar [Bjo85] and 33Ar [Bor87a] one would expect the decay of the
isobaric analogue state (IAS) to dominate the proton spectrum for 3!Ar, since
their proton spectra are completely dominated by the proton decay of the IAS
to the ground state in sulphur. However, contrary to 2Ar and 33Ar, the IAS
in 3'Ar lies well above the two-proton threshold so it mainly decays via two-
proton emission. Even in the summed proton spectrum, this decay is only just
visible [Bor90, Bor91]. Instead the proton spectrum is dominated by ground
state proton decays of lower states in 3!Cl (see Section 5.1), which shows that
the beta-decay is much more fragmented than first anticipated.

15
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The first remeasurement of the 3!Ar decay was preformed at GANIL in
1992 [Baz92], where the setup was optimised for multi-particle detection. Here
the main beta-delayed one- and two-proton branches were confirmed and
a large beta-delayed three-proton branch of 2.1(10) % was observed. How-
ever, this signal was later shown to originate from a beta-delayed two-proton
branch [Fyn99]. The real beta-delayed three proton decay of 3!Ar was dis-
covered only a few years ago by an experiment performed at GSI with an
Optical Time Projection Chamber (OTPC) [Pfii12a, Lis15] and they measured
a branching ratio of 0.07(2) %. The beta-delayed three proton decay is the
most exotic decay mode on the proton rich side of stability, and it has only
been seen in two other nuclei so far: °Fe [Mie07] and **Cr [Pom11, Aud12b].
It was also observed in the experiment presented here, which was performed
at ISOLDE in 2009, making the first spectroscopic analysis of this decay mode
possible, see Chapter 7.

Two further experiments were made at ISOLDE in 1995 and 1997 where
the focus was to study the mechanism of the beta-delayed two-proton de-
cay and to extract the beta strength distribution. It was shown by the latter
experiment that the decay was dominated by sequential decays [Fyn00] as
the results from the first experiment were inconclusive [Axe98b]. However,
a (suppressed) simultaneous decay branch still remains possible originating
from levels just above the two-proton threshold in 3'Cl, which are relatively
strongly fed in the beta decay of *'Ar. This was one of the original motiva-
tions for the 15476 experiment presented in this thesis [Fyn08]. This part has
yet to be fully analysed, but a preliminary analysis showed no sign of a sim-
ultaneous decay branch [Kol09].

A complete analysis was made of the beta-delayed one- and two-proton
decay including proton delayed gamma rays in both P and S from the
1995 and 1997 ISOLDE experiments [Axe98a, Fyn00]. This made it possible to
extract most of the Fermi and Gamow-Teller strengths of the beta-decay. The
newly discovered three-proton branch suggests that more of the strength goes
through higher lying levels in ?°P than anticipated when these experiments
were analysed, see Section 7.2. The disclosure of the three-proton branch and
the population of the higher levels in ?°P make it possible to perform a better
determination of the beta-strengths as presented in Chapter 8.

The sequential nature of the beta-delayed two-proton decay made it pos-
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sible to deduce the energies of the levels in %S above the proton threshold.
The levels just above the proton threshold are relevant to nuclear astrophys-
ics and a detailed analysis of these was the other main motivation for the
15476 experimen [Fyn08]. However, it turned out to be possible to extract
much more information about these levels from the decay of *'Ar than anti-
cipated and our results have proven competitive with reaction experiments,
see Chapter 6.

2.2 The beta-proton daughter *°S and astrophysics

2.2.1 The silicon isotopic abundance ratios in presolar grains

By studying presolar dust grains preserved in meteorites it is possible to study
stellar processes. The dust grains are created in stellar winds and outflows
before the solar system was formed so their composition can constrain the
current models of stellar structure and nucleosynthesis. The most extensively
studied grains are SiC since they are relatively abundant. A small fraction of
these have been suggested to originate from classical novae [Ama01, Nit05]
and are characterised by low 2C/3C and '“N/!°N ratios, high *°Si/?8Si ra-
tios and 2?Si/?8Si ratios close to or lower than terrestrial. Classical novae are
stellar explosions that occur in close binary systems consisting of a main se-
quence star and a white dwarf. Hydrogen rich matter is accreted from the
main-sequence star to the surface of the white dwarf where it ignites. As the
hydrogen fuses to helium the temperature increases. Eventually, when the nu-
clear burning is dominated by explosive hydrogen burning via the hot CNO
cycles!, a thermonuclear runaway sets in near the base of the accreted layers.
Finally an explosion occurs sending up to 10~* solar masses (M) worth of
material away with ejection velocities of around 102 km /s [I1i07]. In the ejecta
large amounts of matter from the white dwarf itself is present which could
explain why these objects do not reach the Chandrasekhar limit? and explode

as type la supernovae.

'A CNO cycle is a hydrogen burning cycle between carbon, nitrogen and oxygen creating
helium.

“The Chandrasekhar limit is the mass where the electron degeneracy pressure in the core
of the star becomes insufficient to balance the gravitational attraction from the star itself. The
value is 1.44 M.
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Figure 2.1: The main nuclear reaction paths in the region of interest
for the abundances of #Si and 3°Si produced by ONe nova. It has
been adopted from Ref. [Jos01] and the numbers shown are the half-lifes
known at the time. The half-life of %S has recently been measured to be
1175.9(17) ms [Soull].

The silicon isotopic abundance can provide information on the tempera-
tures attained in the explosion and the dominant nuclear-synthetic paths fol-
lowed by the thermonuclear runaway [Jos04]. In order to understand the ori-
gin of the observed isotopic ratios, the processes that create and destroy the
different silicon isotopes have to be well understood. One of the most impor-
tant processes is the 2P (p, v)3’S reaction. The main nuclear reaction paths in
the region for interest of an Oxygen-Neon (ONe) nova is shown in Figure 2.1.
From this figure it is clear that if the 2P (p, v)3"S reaction is faster than the
Bt decay of 2P, the amount of 3Si would increase and the amount of 2Si de-
crease. Iliadis et al. [11i02] showed that the abundances of 2°Si and 3°Si are very
sensitive to the uncertainty in the 2°P(p, 7)3°S reaction rate. This makes it im-
portant to determine the level structure of %S just over the proton threshold
as well as the proton and gamma branching ratios for these levels.

2.2.2 The rp-process in type I X-ray bursts

The 2°P(p, v)3°S reaction rate, and by extension the level structure of 3°S, is
also important for understanding type I X-ray bursts [Sch11]. Type I X-ray
bursts occur in close binary systems consisting of a neutron star with a strong
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magnetic field and a massive population I star (M 2 5M). They are fuelled
by explosive burning of the accreted matter on the surface of the neutron star.
These bursts are the most frequent type of thermonuclear stellar explosions
in the galaxy. The accreted matter consists mainly of ionised hydrogen and
helium and it is compressed in a thin electron degenerate shell in which hy-
drogen can fuse into helium via the hot CNO cycles. When the accretion rate
is high a breakout from the hot CNO cycles can occur, which is followed by a
sequence of rapid proton captures and 3+ decays. This process is called rapid
proton capture and referred to as the rp-process. The path of the rp-process
is defined by the competition between 5 decays and proton captures and
decays. The nucleus will continue to absorb protons via a (p,7) reaction and
thus move toward the drip-line until it becomes more feasible to decay by 5+
emission. This will either happen if the rate for beta emission is larger than
the rate of the (p,y) reaction or if the rate of the (p,7) reaction is smaller than
the reverse photodisintegration rate. In the latter case the nucleus has to wait
for the A decay. If the lifetime of such an isotope is long it will cause a bottle-
neck in the reaction flow and the isotope is called a waiting point nucleus. The
time scale of the explosion is mainly determined by a handful of these waiting
point nuclei. Due to the long half-life of S of 1175.9(17) ms [Soul1] and its
very low Q,, value of 282.8(44) keV [Saall] %S is a key waiting point in the
rp-process influencing the time scale of the explosion, the structure of the re-
sulting light distribution and the energy generation of the burst [Fis04, Fis08].

2.2.3 The current status of the 3°S research

The range of energies, where the 2P (p, v)3’S reaction can occur, is known as
the Gamow window. For the temperatures relevant to astrophysics it spans
100keV to 1100keV. The proton separation energy of %S is 4395.6(7) keV
[Wan12] and the levels in 3°S interesting for astrophysics thus lie below 6 MeV.
These levels are all narrow and the 2?P(p, 7)3"S reaction rate through one of
these levels just above the proton threshold is given by [11i07]

9\ 3/2 )
Ny (ov), = Na (Hk?—T> 12 (wy)pe Pr/ET 2.1)

The subscript r specifies that it belongs to a level or resonance with energy £,
and (ov) denotes the thermally averaged cross section. y is the reduced mass
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and the resonance strength (wv), is given by

@2+1) r,T
(@) = (270 + 1)(2Jy + 1) ( r 7)7} (2.2)

where J, is the spin of the resonance, J, and J, are the spins of the original

particles (in this case the proton and ?P), and I', and T, are the proton and
gamma partial widths of the level with total width I' = I',, + I',. The total
reaction rate is the sum over the relevant resonances r of (2.1).

liadis et al. [11i01] predicted that the reaction rate of the 2P (p,~)3°S re-
action was dominated by two resonances in %S with spins 3* and 2% and
excitation energies of 4733(40) keV and 4888(40) keV, respectively. The liter-
ature list both as unobserved at that time and acknowledge the 32S(p, t)3°S
reaction experiments by Bardayan et al. [Bar07] and Setoodehnia et al. [Set10]
for the first observation of the 37 and 27 state, respectively. However, a level
at 4.85(6) MeV was observed already in 1990 in the decay of 3'Ar [Bor90].
Table 2.1 shows the results of all the experiments from the last two decades,
which focused on the low-lying levels of %S just above the proton threshold. Tt
is not clear how the uncertainties are extracted in the measurements by Lotay
et al., but from the measured gamma lines it seems as though the uncertainty
on the calibration is not included. The uncertainties on the energies measured
by Fynbo et al. do not include the uncertainty on the calibration. Further-
more, the effect of the detector dead layers (see Section 3.3) was not included,
which implies that the extracted energies for the levels just above the proton
threshold are underestimated as discussed in Section 6.1. It should also be
noted that the 5168(6)-keV level measured by Bardayan ef al. is an unresolved
doublet consisting of a 0" and a 4T level. Lotay et al. assigns this to represent
the 0T level, since the level measured at 5132 keV is found to be spin 4%, How-
ever, it should be stressed that the energy of the 0" state is not 5168 keV, since
this energy is the mixture of both the 0" and the 47 level. There is still some
disagreement about the assignment of the spin of the levels in this energy re-
gion as can be seen from Table 2.1. The spin assignments are only tentatively
made from comparisons with the spin assignment of the mirror nucleus *°Si.
Figure 2.2 thus summarises what is known today about 3°S and 3°Si.

From Egs. (2.1)-(2.2) we see that the reaction rate is calculated using the
energy, spin, and the proton and gamma partial width of the relevant res-
onances. The improvements on the energies of the 37 and 27 levels have
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reduced the uncertainties of the 2P (p, v)3°S reaction rate significantly for the
relevant temperatures. Calculations made by Setoodehnia et al. [Set13] and by
Richter and Brown [Ric13] show that the uncertainties are now so small that
they no longer significantly influence the silicon abundances. These calcula-
tions, however, use proton and gamma partial widths, which are calculated
based on the shell model and comparisons with the mirror nucleus. Experi-
mental values for these would clearly be preferred. In Section 6.2 we present
the first experimental limits on the ratio between the proton and gamma par-
tial widths.



Table 2.1: Energy and spin of the 3°S levels below 6 MeV for experiments
from the last two decades focusing on the levels just above the proton
threshold. The proton separation energy of S is 4395.6(7) keV [Wan12].

[Fyn00] [Bar07] [Set10,Set11, Set13] [Lot12] [AIm12]
31Ar(62p) 32S(p, t)3OS 28Si(3He, n’y)?’OS 32S(p, t)3OS 28Si(3He7 n’y)3OS 32S(p, t)3OS 2881(3He, n)30S
E, (keV) FE, (keV) JT E, (keV) E. (keV) J™  E,(keV) JT E, (keV) E. (keV)

g.s. 0t g.s. 0t g.s. ot g.s. g.s.
2010.7 2t 2210.7(3) 2208(3) 2T 2210.1(1) 2F 2208.5(22) 2200(210)
3402.6 2t 3404.7(3) 2T 3404.1(1) 2t 3405.8(12)
3667.2(4) 0T  3668.04) Ot 3600(260)
3677.3(70)
3680(6) 1+ 3676.9(4) 3681(3) 1t 3677.1(4) 1T
4704(5) 3t 4688.1(4) 4688(2) 3T 4687.6(2) 3* 4682.5(57)
4809.8(5) 4812(2) 2T 4808.7(3) 2F
5132.3(5 4+ 5132.1(1 4+ 5130.0(18
5168(6) 4T+0% ©) (47) M (18)
5217.4(7) 5225(2) (0T) 5218.8(3) 3T 5217.8(28) 5200(44)
5315(2) (37) (37) 5312.1(20)
5389(2) 5383(8) 37,2% 5393(2) 3t (27)  5382.0(7) 5400(43)
5842(4) 5849(2) (27) 5848.0(4) 4" 5835.5(13)
[5947()]  (47)
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Figure 2.2: The level scheme of *’S below 6 MeV and of its mirror nucleus
%Si. The energies of 3°S are a weighted average of the energies listed in
Table 2.1 while the energies of 305i are from Ref. [Bas10]. The observed
gamma transitions are marked by arrows scaled in size to match the in-
tensities. The most dominant transition from each level corresponds to an
intensity of 1 [Bas10, Set13, Lot12]. For states above 5MeV in 3°Si, only
transitions having a strength of minimum 10 % of the main transition are
included. The spins listed are measured spins. The spin of the remaining
395 levels have been tentatively assigned by comparison with %Si, these
are shown with grey lines where the assignment is unambiguous. The pro-
ton separation energy for *S is 4395.6(7) keV [Wan12] and the resonances
above this energy are thus proton unbound. The corresponding levels in
39G; are not particle unbound and therefore decay only by gamma emission.






CHAPTER 3

The Experiment

As described in the previous chapters a number of things are important when
studying the decay of >*Ar. First of all it is essential that the setup used offers
a large angular coverage for detection of both protons and gamma rays, to
ensure that all particles in the decay can be measured with a high efficiency.
Furthermore, the detectors should have a good energy and angular resolution.
Finally, it is of course crucial to be able to study a large number of >' Ar decays
with as little background as possible. The ISOLDE facility at CERN, Geneva
are able to produce a high-yield 3'Ar beam, which is why most of the 3!Ar
decay studies have been performed here. The experimental data presented in
this thesis originate from an 3! Ar experiment carried out in August 2009 at the
ISOLDE facility at CERN, Geneva.

3.1 Beam production at ISOLDE

ISOLDE is, as implied by the name, an ISOL (Isotope Separator On-Line) fa-
cility used for production and separation of radioactive nuclear isotopes. An
overview of the facility is shown in Figure 3.1. ISOLDE receives a 1.4 GeV
pulsed proton beam from the CERN PS Booster, which is directed to one of the
two target stations and aimed at a thick primary target kept at a high voltage
of 60kV. A variety of nuclei are then produced by fragmentation or spallation
and evaporate through the target to the transfer line. The evaporation is nor-
mally made faster by heating the targets to temperatures between 700 °C and
2500 °C. The nuclei are ionised (positively) in the transfer line using surface,
plasma or laser ionisation depending on the requested element. The beam
line is kept at ground potential to accelerate the ionised nuclei through a mass
separator. There are two separators, the High Resolution Separator (HRS)
and the General Purpose Separator (GPS), each connected to one of the tar-
get stations. They separate the nuclei according to their masses using a series
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Figure 3.1: A schematic view of the ISOLDE hall. The facility is di-
vided into three parts: The radioactive laboratory (top left), the target area
(middle top) and the experimental hall. The target area houses the two
target stations and corresponding mass separators (GPS and HRS) and
is shielded from the radioactive laboratory and the experimental hall by
massive concrete walls (the grey parts). The beam lines from the separa-
tors run to the different experiments located in the experimental hall. The
experiment described in this thesis was performed at LA1 (marked by a
green arrow).
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of bending magnets, one for GPS and two for HRS. The final beam is then
guided by means of electrostatic deflectors to the detector setup.

For the production of 3!Ar, a powder CaO target was used with a versatile
arc discharge plasma ion source [Pen10]. The 60-keV ion beam was guided
through the GPS to separate the desired argon isotopes. However, a signifi-
cant contamination of nitrogen isotopes was present during the experiment,
which also included runs with 3*33Ar. In the case of 3!Ar the contamination
consisted of '®1”N, which were present in the beam as N, (°N 16N or N 7N)
and N,H (N 1N'H). This contamination have been analysed in detail and
can be found in Ref. [Kus11]. Due to technical problems the target heating
was switched off half way during the experiment. This did not change the
yield of 3! Ar significantly, while the yield of the nitrogen contamination was
considerably reduced. The target heating was thus kept off for the remaining
part of the experiment. In the case of 3! Ar there was also a substantial amount
of contamination from °C, which together with the nitrogen contamination
is used to improve the gamma calibration. An average 3'Ar yield of approx-
imately 1 ion per second during the runs was obtained for a total run time of

seven days.

3.2 Detector setup

The detector setup consisted of a silicon cube detector [Mat09] containing six
double-sided silicon strip detectors (DSSSDs) in a cube formation, see Fig-
ure 3.2. The DSSSDs are segmented into 16 strips in the front and in the back,
each 3mm wide and 0.1 mm apart. For this experiment we used one detector
with a thickness of 69 ;ym with a 100-nm dead layer (no. 1), one detector with
a thickness of 494 ym and 800-nm dead layer (no. 5) and four detectors with
thickness close to 300 ym; three with a 800-nm dead layer (nos. 2, 3, 4) and
one with a 100-nm dead layer (no. 6). For backing behind four of the detectors
(nos. 1, 2, 3, 6) 1500-pm thick 50 x 50-mm unsegmented silicon pad detectors
were used. The beam enters between detectors 5 and 6 and is stopped in a
50 ug/cm? carbon foil mounted on a small metal holder entering between de-
tectors 3 and 5. Two MINIBALL germanium cluster detectors [Warl3] were
situated outside the cube chamber behind detectors 3 and 4. Each MINIBALL
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Figure 3.2: The experimental setup used for the experiment. Left: A pic-

ture of the setup with the cube opened. The lid is shown above with three
of the detectors mounted. The beam enters between detectors 5 and 6 and
is implemented in a thin foil mounted on a target latter entering between
detectors 3 and 5. Right: A schematic view of the setup. The top of the
cube is lifted with three of the DSSSDs, following the dotted line, for better
visualisation on the bottom drawing. The coordinate system used for the
analysis is shown. It is placed at the center of the beam spot with the z axis
pointing towards detector 1, the = axis pointing towards detector 3 and the
y axis pointing towards detector 4.

cluster consists of three crystals, but unfortunately one of the crystals of the
cluster behind DSSSD 3 gave no signal.

3.3 Energy loss calculations

Particles travelling through matter lose energy. An understanding of this en-
ergy loss is important when reconstructing the initial energy of particles de-
tected in an experiment. We can divide the particles into three groups: un-
charged particles (such as gamma-rays), light charged particles (beta particles)
and heavier charged particles (here protons and alpha particles).

Gamma rays lose energy by interacting with the material through electro-
magnetic interactions such as the photoelectric effect, Compton scattering and
pair production. All energy will be lost in just a few interactions. The interac-
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tion cross section is very small so the total energy absorption of a gamma ray
requires a large volume. Since the energy from a gamma ray is not necessarily
deposited in a single interaction, some of the energy can escape the detector.
For a MINIBALL germanium detector, which consists of three crystals situ-
ated directly next to each other, this means that an incoming gamma ray can
cause a signal in more than one crystal. Due to the limited angular coverage
of the detectors, the probability of having multiple gamma rays in an event
in the same cluster is very small. We can thus remove all gamma events with
signals in neighbouring crystals with no significant loss of statistics.

Charged particles lose their energy by multiple interactions with the elec-
trons and nuclei of the material. In contrast to gamma rays, the interac-
tion cross section is very high and the charged particles lose their energy by
many successive interactions that gradually decrees the energy. The scatter-
ings cause beta particles to be spread in a detector due to their small mass,
while heavier charged particles will only deviate a little from their incoming
trajectories. In a DSSSD this means that a proton or alpha particle will deposit
energy in only one pixel (unless it enters close to the edge) while a beta parti-
cle will deposit energy in multiple pixels. Furthermore, since the interaction
cross section increases as the energy of the charged particle decreases, high
energy beta particles will only deposit a small amount of their energy in the
DSSSD and then the remaining in the pad detector (if this is sufficiently thick).

The energy deposited in a detector will not be equal to the energy of the
emitted particle, since the energy loss is gradual and the particle will lose
energy travelling out of the target and through the dead layer(s) of the de-
tector(s). This effect needs to be taken into account. Since the process is
stochastic a formula is not easily derived and instead we use the code SRIM
(Stopping and Range of Ions in Matter) [Zie83]. SRIM is a Monte Carlo simu-
lation that uses the binary collision approximation, in which the incoming ion
is assumed to travel through the material having several independent binary
collisions with the nuclei of the material. In between these collisions the ion
is assumed to travel in straight lines experiencing electronic stopping power.
As an input SRIM takes the incoming ion (here 'H or “He ions for protons
or alpha particles respectively) and the composition of the target (here nat-
ural silicon or carbon) and the output is a table of the range, the electronic
and nuclear stopping powers, and the longitudinal and lateral straggling as a
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Figure 3.3: [llustration for calculation of the energy loss. The particle enters
the material at point A with energy E and exits at point B with energy E
depositing the energy E — E in the slab of thickness d. E; and R; are the
energy and range of the particle in point i = A, B,C assuming that the
yellow part is made of the same material as the blue.

function of the energy of the incoming ion. For our purpose we use only the
range as a function of energy.

If we have an ion with initial energy E travelling through a material with
thickness d, we can use the corresponding energy-range table to find the en-
ergy E of the outgoing ion. We illustrate the situation in Figure 3.3, where the
blue slab is the material with thickness d and the yellow slab is a hypothet-
ical continuation of the material. The particle enters the material at point A
with an energy F and exits at point B with an energy E. If the material had
continued beyond B (i.e. in the yellow slab) the particle would have stopped
in point C'. The range R of the particle with energy F in the material is thus
the distance between point A and C. We can find this range R correspond-
ing to energy F in the energy-range table using interpolation. At point B the
particle must have a range R equal to R — d, since it has already travelled the
distance d. The energy E of the particle at point B can thus be found in the
energy-range table using this range R and interpolation. The energy depos-
ited in the material is then £ — E. In this way we can calculate energy losses in
the simulation and for the calibration. We do it slab by slab for all the slabs the
ion travels through: the carbon target, the silicon dead layer on the DSSSD,
the active part of the DSSSD and, if the particle has sufficient energy, also the
dead layer on the back of the DSSSD, on the front of the pad detector and on
the active part of the pad detector. In this way we can find the energy that
is deposited in the detector(s). For the analysis we do the opposite, because
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here we measure only the energy deposited in the detector(s). For argon we
assume that the beam spot is a point source situated 508 A inside the collec-
tion foil from the beam entrance side, since this is the range in carbon of a
60 keV 3'Ar beam.

3.4 Particle identification and data cut-offs

To reduce electronic noise and contamination from unwanted particles, differ-
ent cut-offs are used in the analysis. Some cut-offs are used only for specific
parts of the analysis and are mentioned in the relevant sections. Here we look
at the more general cut-offs used throughout the analysis unless otherwise
stated.

Data is recorded continuously, but for the main *'Ar analysis we only in-
clude events happening 5 ms after each proton impact on the production tar-
get and until the beam gate was closed 100 ms after proton impact, see Sec-
tion 5.4 This is done to reduce the background from long lived components
(as '©17N) in the beam. This will not influence the amount of statistics signi-
ficantly, since 3! Ar has a half-life of 15.1(3) ms (see Section 5.5) and most of the
collected 3'Ar will thus have decayed after 100 ms.

For the analysis presented in Chapter 6 it is important to reduce the back-
ground from beta particles as much as possible since we are looking for a
proton signal with very low energy around 280 keV. For this reason we only
match signals in the front and back strips of the DSSSDs if their energy dif-
ference does not exceed 40 keV, while for the other parts of the analysis we
use 100 keV as the limit. For this part of the analysis we also exclude particles
believed to be mainly beta particles, giving rise to a low energy signal in both
the DSSSD and the corresponding pad detector as described in Section 3.3 (see
Figure 3.4 for a graphical illustration). Naturally this can only be done for the
detectors with backing, nos. 1, 2, 3 and 6.

Low energy protons will be stopped in the DSSSD, so particles can be iden-
tified as such if they give a signal in the DSSSD but none in the pad detector.
High energy protons will deposit some of their energy in the DSSSD and the
remainder in the pad detector (see Section 3.3 on how to calculate energy loss).
They can easily be identified in a AE-FE plot, where the energy AE deposited
in the DSSSD is plotted against the energy E deposited in the pad detector.
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Figure 3.4: Energy in the DSSSD AFE versus energy in pad detector I
for detector 6. The green and the blue line represents the lower cuts in
the DSSSD and the pad detector respectively. The high energy protons
which are not stopped in the DSSSD are bounded by the two red lines. The
particles bounded by the purple lines are believed to be mainly beta signals
and are excluded for the analysis in Chapter 6.

This is illustrated in Figure 3.4.
DSSSD 3 gives significantly more signals than the other detectors. This is

most likely due to contaminations on the pad detector from the alpha calibra-
tion. We solve this by demanding that the particle should be stopped in the
DSSSD giving no signal in the pad detector or be identified as a proton in the
AE-E plot.

Since DSSSD 4 and 5 are not backed by a pad detector we cannot do par-
ticle identification for these. Furthermore, the shading of DSSSD 5 (see Sec-
tion 4.1.1) makes it difficult to determine its actual efficiency. For this reason
we omit these DSSSDs for some parts of the analysis.

Unless otherwise stated, we use a lower energy cut-off of 800 keV for the
protons, but allow the lowest energy proton in multi-proton events to have an
energy as little as 500 keV unless it is detected by the thick DSSSD (no. 5) in
which the beta particles can deposit more energy.

Since the gamma detectors were not included in the trigger we only in-

clude signals in the gamma detectors if a particle with an energy of minimum
800keV (and not identified as a beta particle) were detected in the silicon de-



3.5. Simulation 33

tectors. Furthermore, since the efficiency calibration can only be used above
600 keV we use this as a lower cut-off on the gamma rays. Finally, we include
only events with maximum one signal in each detector in order to discard
events where the gamma particle is scattered into the neighbouring clusters
(see Section 3.3).

3.5 Simulation

Due to shading effects from the target holder and lower energy cut-offs on the
protons, we made a Monte Carlo simulation to more accurately determine the
efficiency of the silicon detectors. We also use it to study the resolution of the
proton peaks for the different decay channels.

We use the Monte Carlo subroutine genbod from CERNLIB [CER] which
generates multi-particle events weighted according to the Lorentz-invariant
Fermi phase space, given initial and final states. The two- and three-proton
decays can be simulated directly from the genbod routine or it can be divided
into two or three single particle decays through specified states.

The detectors and strips hit by the particles are determined from geomet-
ric calculations and the energy losses in dead layers and target are calculated
as explained in Section 3.3. The energy deposited in the detectors is then con-
verted to a channel number using the calibration found for the data analysis
(Chapter 4). The data are then stored in an n-tuple data structure, which can
be analysed using the same analysis routine as the experimental data.






CHAPTER 4

Calibration

To obtain a high resolution it is crucial that the energy and geometry calibra-
tion is made with great accuracy. Furthermore, to be able to extract branching
ratios a good efficiency calibration is also needed. The task of calibrating is
not always straightforward and is often the most time consuming part of the
analysis. In this chapter we will go through the calibrations of the different
detectors.

4.1 The silicon detectors

As mentioned in Chapter 3 two types of silicon detectors were used for the
experiment: Double-sided silicon strip detectors (DSSSDs) and silicon pad
detectors. We first go through the calibration of the DSSSDs. They are cal-
ibrated in two steps: First, a rough calibration was made using a standard
triple alpha sources (%Pu, 'Am and ?**Cm) and a *8Gd-source. This cal-
ibration was used for analysis during the experiment. To ensure a precise
calibration for the final analysis a number of runs with an 3Ar-beam were
made throughout the experiment. 3*Ar is ideal for calibration of the silicon
detectors, since it decays by -delayed proton emission with well known pro-
ton energies. Furthermore, it can be produced by the same target-ion source
as 3'Ar and guided through ISOLDE in the same way just by changing the
Q/M of the separator magnet. We compared the 3*Ar spectra for each run to
check if the energies drifted during the experiment. This was not the case,
which means that we could use a single calibration, made from all the 3*Ar
runs, in the analysis.

Both calibrations include a geometry and an energy calibration. First, the
geometry of the detectors in relation to the source/beam spot is found for
each detector. The precise geometry is important for the energy calibration to
ensure a correct calculation of the energy deposited in the collection foil and
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Figure 4.1: Hit-patterns of the DSSSDs from all the **Ar runs. The midpoint
of the beam spot is shown with a cross. Some of the strips were broken, so
no particles are detected in these. The positive direction of the z, y and =
axis of the coordinate system introduced in Figure 3.2 used for the analysis
are shown by symbols such as y —. The diagonal shadow on DSSSD 1 and
2 are due to the target holder. Furthermore, on DSSSD 5 and 3 the shadow
effects from the bolt used for mounting the target holder can be observed.
Finally, this shows that there is an excess of counts in the beam side of the
cube (i.e. in DSSSD 5 and 6, and half of DSSSD 1 and 2), implying that part
of the beam hit the metal holder.

in the dead layers of the detectors. To reduce noise we use a lower cut-off
of what corresponds to approximately 1.5 MeV (it is a channel cut-off) for the
alpha calibration. For the 33Ar spectra, where we also have a significant beta
background, the alpha calibration is employed and a lower energy cut-off of
1 MeV is used. Furthermore, the front and back strips are matched with the
restriction that their energy difference should not exceed 200 keV. After the
first geometry and energy calibration using 33Ar, the energy calibration is re-
peated. This time using the first obtained calibration from 3*Ar and with a
restriction of maximum 40 keV difference between the front and back strips.
To further reduce background, we only include events with no signal in the
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corresponding silicon pad detectors for the four detectors with backing (nos.
1, 2, 3 and 6). Unfortunately, this reduction cannot be made for the two de-
tectors without backing (nos. 4 and 5).

41.1 Geometry calibration

The geometry of the DSSSDs is extracted from their hit-patterns, i.e. the num-
ber of events in each pixel on the detector. Since the decay has no preferred
direction, we expect the particles to be uniformly distributed over 47. From
geometrical considerations this means that the distribution on a DSSSD in the
xy-plane and center in (z, y, z) facing a point source at (0, 0, 0) would be given

as
a2
Q(Z,j) — COS Gm, (41)
with
R=\/R2+ R+ RZ, (4.2)
cosf = &,
r
where
R, =i(a+b)—c+x, (4.3)
R, = jla+b) —c+y,
R, =z

Here R is the vector from the point source to the relevant pixel with front and
back strip number ¢ and j respectively, ¢ = 3.0mm and b = 0.1 mm are the
strip width and strip gab respectively and ¢ = 142 (a + b). This can be solved
using x2-minimisation giving the coordinates (z,y, z) from the hit-pattern of
the DSSSD. This method is used for the alpha calibration, where all the spectra
have sufficient statistics and the background is easily removed. Even though
the alpha source is not a point source, this suffices for a rough first calibration.
Note that the orientation of the coordinate system used for the calibration of
the DSSSDs is not the same as used for the analysis. For the calibration the
orientation is chosen for each DSSSD with the positive z-direction pointing
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Figure 4.2: The number of counts n in each pixel as a function of the dis-
tance r from the pixel to the center of the perpendicular projection of the
beam spot onto the detector plane for DSSSD 6. The red line is the fitted
fourth order polynomial.

to the DSSSD and positive x- and y-direction following the increasing front
and back strip numbers respectively. The orientation of the DSSSDs in the
coordinate system used for the analysis is shown in Figure 4.1.

However, the minimisation routine is unstable when using the **Ar hit-
patterns (see Figure 4.1) for a number of reasons: Firstly, the beam is not a
point and the B Ar collected in the foil is thus not a point source. Secondly, the
foil is fixed to a metal holder and the beam not only hit the foil but also the
metal holder. As a consequence there are more events in the part of the cube
where the beam enters, which is clearly observed in DSSSD 1 and 2 in Fig-
ure 4.1. Furthermore, there were shading effects caused by the metal holder
on the upper and lower DSSSD (nos. 1 and 2) and shading effects on the edge
of DSSSD 3 and most of DSSSD 5 caused by a relatively large bolt, which was
used for connecting the target holder to a small metal rod entering between
detectors 3 and 5. Finally, the minimisation routine is very sensitive to broken
strips.

To solve this problem we do the geometry calibration in two steps: First,
finding the midpoint of the DSSSD relative to the center of the beam spot,
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i.e. the z and y coordinate, and then finding the distance, i.e. the z coordi-
nate. In the same terms as above, the distance of a pixel to the center of the
perpendicular projection of the beam spot onto the projector plane is given as

r=./R%+ R (4.4)

We then plot the number of counts n as a function of the distance r for each
pixel and find that this forms a curve, which can be approximated by a fourth
order polynomial, see Figure 4.2. When the detector is correctly placed in
relation to the center of the beam spot, the points will be as close to the poly-
nomial as possible. The correct value for the  and the y coordinate can thus
be found by minimising the sum of the absolute difference between all points
and the polynomial, that is by minimising:

> “abs (fa(ri) —ni), (4.5)
where f, is the fourth order polynomial. However, it is not possible to choose
a fixed function for f,, since the distance r, and thereby the shape of the poly-
nomial, is directly related to the detector position. Instead we use a sum of
orthogonal polynomials as described by R. Barlow in Ref. [Bar00]:

fa(r) =co+ c1Pi(r) + caPa(r) + c3P3(r) + ca Py(r) (4.6)
with
ap i) wn
Ct —= —— = ~ = 95 .
SRR SYACHE
where the orthogonal polynomials are given as
Pt(’l”) = bOtP(](T) + bltpl (’I”) +...+ ’I”t (48)
with
2 riPs(ri)
bt = ——=——— (4.9)

> Py(r)?
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Table 4.1: The coordinates (x,y,z) of the midpoint of the DSSSDs with re-
spect to the coordinate system introduced in Figure 4.1 are shown below
together with the thickness of the DSSSDs and the solid angle 2 of the
working strips (see Figure 4.1 and Section 4.1.2).

Detector 1 2 3 4 5 6
Thickness ( 4m) 69 288 300 287 494 296
X (mm) 0.8 -—-15 393 07 —-19 -=-36.0
y (mm) —-2.5 3.0 —-36 384 -369 -—-23
z (mm) 30.5 —39.0 3.1 22 —-0.6 1.2
Q (% of 4m) 7.6 3.1 75 6.5 9.4 9.0

This minimisation is done for each detector. For DSSSD 1 and 2, where there
are more events in one half of the detector, a factor to scale the side with the
lowest number of counts is found and included. The pixels with fewer counts
caused by shading or broken strips are not included in the minimisation. The
perpendicular projection of the midpoint of the beam spot onto the detectors
is shown in Figure 4.1.

We can now determine the z coordinate by assuming a point source, i.e.
using Eq. (4.1) with fixed « and y. Due to the shading effects and the excess of
counts on the beam side of the cube, this cannot be done for DSSSD 1, 2 and 5.
For DSSSD 5 we can assume that the distance between DSSSD 5 and 4 is the
same as between DSSSD 3 and 6 based on the construction of the cube. For
DSSSD 1 and 2 the z coordinate is found from physical measurements. The
coordinates of the detectors in the coordinate system introduced in Figure 3.2
are shown in Table 4.1.

4.1.2 Energy calibration of the strip detectors

The energy calibrations of the DSSSDs are made strip by strip using histo-
grams of the number of counts as a function of channel for each strip. Fig-
ure 4.3 shows one of these histograms for the alpha calibration. The histo-
grams here contain four peaks, one for the main decay of each isotope. The
kth peak corresponds to the energy Ej, deposited in the active part of the de-
tector. The known energies Ej, for the decays thus have to be corrected for the
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Figure 4.3: The energy spectrum from the alpha source for front strip 7 of
DSSSD 4 before calibration showing the energy deposited in the active part
of the strip.

energy loss in the dead layer of the detector. This can be done as described in
Section 3.3. However, the distance travelled in the dead layer depends on the
angle of the incident particle which varies over the strip as depicted in Fig-
ure 4.4. It does not vary significantly over a pixel and we can thus calculate
the corrected energy Ek,z’j for each pixel using its midpoint as point of entry.
For each front strip ¢ (back strip j) we thus have 16 different Emjs for each
peak k. But since we need one calibration for the entire front (back) strip we
can use only one value for Ej, per peak for each strip i (j). To find E}, from
the 16 Ek,ijs we use a weighted average, where the weight is the number of
counts n;; in the pixel deduced from the hit-pattern. For each strip we then
have four Ejs, which we can fit to the four peaks in the corresponding en-
ergy spectrum. We do this by first fitting the peaks to Gaussian distributions
to find their mean and then perform a linear calibration to the Ejs using x2-
minimisation. Finally, the calibration is improved by including all the decay
channels of the isotopes.

The 33Ar calibrations are done in a similar manner. We can only use pro-
tons which are stopped in the DSSSD and we thus demand that only noise
is detected in the pad detector behind the DSSSD (except for DSSSD 4 and 5).
The proton spectrum of 3*Ar contains several peaks as shown in Figure 4.5. So
to ensure that the calibration routine can identify the peaks chosen for calibra-
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Figure 4.4: Section of a front strip . A particle with energy Ej, will deposit
different energy in the 16 different pixels on the strip. As an example we
consider here pixel j and j — 1 of strip i. The total distance travelled in the
detector (pink plus purple line) of the particle is the same in the two pixels,
but due to the difference in angle the (purple) distance R travelled (and
thus the energy E}, deposited) in the active (yellow) parts are different.

tion, we use spectra with only these peaks included. As mentioned above, we
employ the previous calibration to reduce noise and background by match-
ing the front and the back strips. This also allows us to determine one set of
upper and lower bounds for each peak, which can by used for all the strips.
The energy is then converted back to channel number and the histograms
are filled. To make the weighted average we also fill hit-patterns for these
particles. Since the matching allows the energy deposited in the front and
the back strip to be different (up to either 200 keV or 40keV), there will be
a few events, where for example, the energy deposited in the back strip lies
below the lower bound for a peak, while the energy deposited in the front
strip lies above. For this reason we fill two hit-patterns for each detector: One
corresponding to the particles included in the front strip histograms and one
corresponds to the particles included in the back strip histograms.

For the calibration of DSSSDs 3-6, three well known levels of 33Cl are
chosen: 3971.24(19) keV, 4112.34(20) keV, and 5548.6(5) keV [Chell], corre-
sponding to proton energies of 1642.8(5) keV, 1779.5(5) keV, and 3171.9(7) ke V.
The ¥ Ar spectrum can be seen in Figure 4.5, where the peaks used for calibra-
tion are marked. They are first corrected for the energy lost in the collection
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Figure 4.5: The calibrated energy spectrum for ¥Ar for DSSSD 3. The peak
marked with red numbers are used for calibration of DSSSDs 3-6. The en-
ergies of the peaks marked with blue letters are found from the calibrated
energy spectra of DSSSD 3 and 6. For calibration of DSSSD 2 peaks 3, B
and C are used and for calibration of DSSSD 1 peaks 1, 2, A and B are used.

foil and in the dead layer of the DSSSD pixel by pixel and then averaged using
the weights obtained from the hit-patterns, as described for the alpha calibra-
tion. The lines are clearly identified in the proton spectrum and their means
are again found by a Gaussian fit. We then perform a linear calibration to
the known energies corrected for energy losses by y?-minimisation using the
uncertainties of the known energies, since they are significantly larger than
the errors from the Gaussian fits. DSSSD 2 has several broken strips and thus
fewer counts. For this reason the 1642.8(5)-keV and 1779.5(5)-keV lines can-
not be identified and instead two higher-lying proton peaks are used. Their
energies are 2479.2(20) keV and 3856.9(20) keV found from the calibrated pro-
ton spectra of DSSSD 3 and 6. We use the spectrum for DSSSD 3 and 6 because
they have the best energy resolution since their pad detectors can be used to
eliminate background. Due to the small thickness of DSSSD 1, not all protons
with energies above 2.5 MeV are stopped in the detector. For calibration of this
detector the 1642.8(5)-keV and 1779.5(5)-keV lines are used together with two
proton peaks found from DSSSD 3 and 6 at 1320.1(20) keV and 2479.2(20) keV.
Not all peaks are visible in all strips, which is the reason why four energies

are chosen.
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4.1.3 Energy calibration of the pad detectors

Protons with energies below 6 MeV are stopped in the 300 xm DSSSDs so the
3 Ar runs cannot be used to calibrate the back detectors. Instead the calibra-
tion is made using the a-sources and the DSSSDs unmounted. It is done in
a similar way as described for the alpha calibration of the DSSSDs, but here
the weighted average of the E,, ;;s is done over the entire detector, since only
one set of E,;s can be used. Due to the thickness of DSSSD 1 the calibration
can be tuned using the 3171.9(7)-keV proton peak to find the thickness of the
dead layer on the back of the DSSSD and on the front of the pad detector. It
is found to be 800 nm and 790 nm respectively and these values are then used
for all the detectors.

The uncertainty on the overall calibration of the silicon detectors are esti-
mated to be 3keV for energies up to 6 MeV. The protons with energies above
6 MeV will pass through the 300 um DSSSDs and deposit the rest in the pad
detector behind. Since there is a high uncertainty on the alpha calibration
of the pad detectors the uncertainty will be larger for higher proton energies.
The uncertainty can be found by considering the decay of the IAS as described
in Section 8.1. From the energy of the IAS (found from the two-proton decays),
the proton separation energy of 3'Cl (from Ref. [Saal1]) and the energies of the
levels in 3°S (see Table 2.1) we can calculate the energy of the one-proton lines
and compare them to the signal in our detectors. We see that detector 6 has
the best resolution, but that the energies are up to 150 keV below what we ex-
pect from calculations. For DSSSD 2 and 3 differences are up to 70 keV. When
possible we thus consider the spectra separately for high energies and take
the energy from detector 3 using 80 keV as the uncertainty.

4.1.4 Efficiency calibration

The proton efficiency is taken as the angular coverage of the DSSSDs. The
solid angle of the working strips, i.e. excluding broken strips, for the indi-
vidual DSSSDs is listed in Table 4.1. For DSSSD 1 and 2 the pixels shaded by
the target holder are also excluded. These pixels are also excluded from the
analysis.

The total solid angle is 43(2) % of 4. For parts of the analysis the two de-
tectors without backing are disregarded giving a total solid angle of 27(2) % of
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4. Protons with energies below 500 keV can be stopped inside the collection
foil depending on their emitted angle. The low-energy protons, which are of
interest for this work, have an energy around 280 keV (see Chapter 6). The
solid angle of these protons is 20(2) % of 47 when the two detectors without
backing are disregarded.

To normalise of the total number of 3 Ar collected during the run, we can
use the largest one-proton peak at 2083 keV (see Section 5.1) with a known ab-
solute branching ratio of 26.2(29) % [Axe98a, Baz92]. This normalisation was
used for the publications [Kol13, Kol14a, Kol14b], but the total beta-delayed
proton branching ratio has been measured very recently by Lis et al. [Lis15] to
77.4(3) %. We also measure the total beta-delayed proton branching ratio and
can thus compare and rescale this to the branching ratio measured by Lis et al.
From this we get that the absolute branching ratio of the one-proton peak at
2083 keV is 25.9(10) %.

Since a small fraction of the activity could only be seen from the beam
entrance side and because of the different shading effects, the extracted total
number of ! Ar collected vary depending on which detector is used. An over-
all estimate of the number of 3!Ar collected during the experiment can be
found using DSSSD 6 as 6.03(24) x 10°. When using all detectors we use an
average of 5.6(4) x 10°.

The two-proton efficiency times the total number of *'Ar, when including
only detectors 3 and 6 (in Chapter 8) can be found by weighing the two-proton
efficiencies with the total number of 3!Ar calculated from events in detector 3
and 6, Nar g3 and Ny, g¢. It is then given as

Nards - €2p.d3+6 + (Nards — Nar.ds) €2p.d6> (4.10)

where 9, 4346 = (243 + Qd6)2 and €3, 46 = Qﬁé are the two-proton efficiencies
when including both detector 3 and 6 and when including only detector 6,
respectively. We then divide by the overall average estimate of 3! Ar we get an
effective two-proton efficiency for detector 3 and 6 of 2.4(3) %.

The three-proton efficiency is estimated to be 6.2(16) %, when using all the
detectors and lower energy cut-offs as described in Section 3.4.
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Table 4.2: Coordinates of the center of the MINIBALL detectors, defined
as the point where the three hexagonal clusters touch [War13].

X y z

Gel(mm) —17 103 50
Ge2 (mm) 100 —-21 16

4.2 Germanium detectors

The coordinates of the MINIBALL detectors are found from physical meas-
urements and can be found in Table 4.2.

The energy and efficiency of the MINIBALL germanium detectors was cal-
ibrated by J. Kusk and a detailed exposition can be found in Ref. [Kus11]. We
will now give a short summary and describe some improvements and checks
that we made.

4.2.1 Energy calibration

A preliminary energy calibration of each of the clusters is made using '¥Cs
and %°Co and then improved using a '®?Eu source and high energy gamma
lines from the decay of N and !°C, which are found in the runs with 3Ar.
A linear approximation is used, which was shown to be accurate to about
1keV for gamma energies less than 1.8 MeV. At higher energies non-linear
effects might play a significant role, and therefore an uncertainty of 3keV is
assigned to the calibration for gammas above 1.8 MeV. This part was made
by J. Kusk and a detailed exposition can be found in Ref. [Kus11]. Using
the decays of 1618N and 3233 Ar recorded on-line, we find that this calibration
can be improved above 1.8 MeV by shifting the energies upwards by 0.7 keV.
The uncertainty of the energies in the interval 1.8-2.5 MeV is thus reduced to
1keV, while itis still 3keV for energies above 2.5 MeV. This shift is not done in
the analysis program but only later when extracting energies from the gamma
spectra.
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Figure 4.6: The efficiency calibration of the MINIBALL detectors from
Ref. [Kus11]. The rhombi represents the absolute calibrated points from
133Ba and the asterisks represents the relative calibrated points from '>2Eu.
The full line is the function from Eq. (4.11).

4.2.2 Efficiency calibration

A total efficiency calibration was made for the two MINIBALL detectors by
J. Kusk and a detailed description can also be found in Ref. [Kus11]. First an
absolute efficiency calibration is made using Ref. [Deb88] and the low-lying
gamma lines from a **Ba source with a known activity of 17.0(3) kBq at the
time of the experiment. The gamma lines from the >?Eu source are corrected
for emission probabilities using Ref. [Deb88] to obtain the relative efficiency
between them. They are then scaled so the 344-keV point from 1°?Eu is placed
on a straight line between the 302- and 356-keV points from **Ba as shown in
Figure 4.6.

To be able to find the efficiency for the gamma lines detected in the ex-
periment we need an analytical formula to represent the efficiency above the
600keV cut-off. Above this the energy dependence of the efficiency is be-
lieved to originate only from the detectors. Thus the absolute efficiency above
600 keV can be found by scaling the results from an experiment with a slightly
different detector configuration [Joh13] (which used four different gamma
sources: °?Eu, ®Co, 2“Bi and ''Be) to fit our 1408-keV 152Eu-point. The result,
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using the formula in Ref. [Rad95], is

E) =0.21 2.669 — 1.4571 E 0.231 |1 £ i
ey (E) =0.21exp . . ¢ | MoV . 8 | Niov ,

(4.11)

and is shown in Figure 4.6 together with the calibrated data points from '**Ba
and 2Eu.

We check the efficiency calibration using the runs made with 33Ar and runs
made with 3?Ar during the experiment. Gating the proton spectrum from
the decay of **Ar on the measured 2230.5(10)-keV gamma line we find that a
proton line at 1293(3) keV is reduced by a factor of 8.2(4) x 1073. This is then
the gamma efficiency at 2230.5 keV and we can compare it to e, (2230.5keV) =
8.3 x 1073 obtained from Eq. (4.11). For 32Ar we gate the proton spectrum
on a measured gamma line at 1248.5(10) keV and find that the proton line at
1190(3) keV is reduced by a factor of 10.7(14) x 1073 and from Eq. (4.11) we
get e, (1248.5keV) = 12.4 x 1073, We conclude that we can use Eq. (4.11) to
find the efficiency and estimate an uncertainty of 10 %. It should be noted that
the MINIBALL detectors were not in the trigger in the data acquisition, and
the gamma rays are thus only saved to the data if a signal is detected in the
DSSSDs.



CHAPTER 5

Overview of the data
and the first results

In this chapter we will have a first look at the data to get an overview before
going into a detailed analysis in the next chapters. In the end of the chapter
we will determine the half-life of 3!Ar (Section 5.5) and examine the gamma
spectrum of 3Ar (Section 5.6).
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Figure 5.1: The one-proton spectrum for all the data with the two-proton
data shown in grey scaled with the relative detection efficiency. Since all
the detectors are used there is a large uncertainty on the efficiency and
thereby the scaling. Another version of this spectrum can be seen in Fig-
ure 8.4, where only a subset of the data is shown resulting in a more precise
scaling.
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5.1 The one-proton spectrum

Figure 5.1 shows the one-proton spectrum for the whole data set (with no
lower energy cut-off) with the two-proton data shown in grey scaled with the
relative detection efficiency. The upper part of the spectrum is omitted here.
In the spectrum we can identify three major one-proton peaks at 1418(3) keV,
2083(3) keV and 5286(5) keV. They correspond to proton decays to the ground
level in %S from levels in 3!Cl at 1748(5) keV, 2436(5)keV and 5746(7) keV,
respectively. The 2-MeV peak has two components: the 2083(3)-keV line
and a 2008(3)-keV line, which corresponds to the decay from a 3'Cl level at
5762(5) keV to the second excited state in 3°S.

5.2 The two-proton data

Figure 5.2 shows the two-proton (2p) data. In the scatter spectrum each event
is represented by two dots in the same horizontal line, i.e. two proton energies
corresponding to one ()2, value. From the scatter plot we clearly see that the
decay is mainly sequential, since we can identify a number of diagonal and
vertical lines in the spectrum. When several levels in 3!Cl decay through a

Qzp (MeV)

0 2 4 6 8 0 200 400 600 800
E (MeV) Counts/ 4 keV

Figure 5.2: The two-proton data. Left: (2, plotted against the energy E; of
the two particles. Right: The projection onto the Q2,-axis.
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single state in 305 to, for example, the ground state in 2P, their Q2p value will
differ while the energy of the second proton will be the same (when neglecting
recoil) for all the events, which creates a vertical line. The energy of the first
emitted proton will depend linearly on the @2, value, which makes a diagonal
line. The diagonal and vertical lines in the spectrum are thus clear evidence
of the decay going through several states in *S. In the right part of Figure 5.2
we can clearly identify the decay of the IAS to the first, second and ground
state of 2°P. The decay of the IAS will be examined in detail in Section 8.1.

5.3 The gamma spectrum

The full gamma spectrum with no time or proton gate is shown in Figure 5.3.
The peaks in the spectrum all originate from background and beam contam-
ination mainly from nitrogen isotopes. A detailed analysis can be found in
Ref. [Kus11]. Here we will focus on the gamma rays in the beta-proton daugh-
ters of 3!Cl (i.e. %S and #P) and we will thus only consider the time and
proton gated gamma spectrum shown in Figure 6.2a.

Counts/ 4 keV

1 2 3 4 5 6 7

E, (MeV)

Figure 5.3: The gamma spectrum with no time or proton gate.
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Figure 5.4: The time spectrum of all the events in the 3!Ar runs, where at
least one particle is detected in the DSSSDs.

5.4 The time spectrum

Figure 5.4 shows the time spectrum of all the events in the 3! Ar runs where at
least one particle is detected in the DSSSDs. The time is measured from the
last proton impact on the primary production target. The super cycle of the PS
Booster is 1.2 s, but since ISOLDE does not receive all the pulses from the PS
Booster the time between proton impacts will vary, but it will always be some
multiple of 1.2s. The peak in the beginning is the accumulation followed by
the rapid decay of 31Ar. Since 3'Ar is short-lived (see Section 5.5) the beam
gate was closed 100 ms after proton impact on the production target, so for
the analysis we will focus on events from 5 ms to 100 ms after proton impact.

5.5 The half-life of 31 Ar

To determine the half-life of 3!Ar we consider only the events recorded after
the beam gate was closed at 100 ms after proton impact on the production
target. To minimise background contributions, we use only the strongest one-
proton peak at 2083 keV, corresponding to an energy range between 2040 keV
and 2120 keV. We then plot the number of events as a function of time from
proton impact and fit the data using the maximum likelihood method to a
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single exponential component and a constant background. The background
is insignificant and we obtain a half-life of 15.1(3) ms. By gating on the one-
proton peak at 5.3 MeV, we confirm the result, but obtain a larger uncertainty
due to less statistics. Our result is consistent with previous determinations of
14.1(7) ms [Fyn00], 15(3) ms [Bor87b] and 15.17{% ms [Baz92].

5.6 The gamma decay of **Ar

As explained in Chapter 4, a number of runs with 3Ar were made during
the experiment for calibration of the detectors. The gamma spectrum from
these runs, i.e. the gamma rays in the decay of **Ar, can be seen in Fig-
ure 5.5. The peak marked with Arabic numerals corresponds to transitions
in the beta-daughter *Cl, the peaks marked with Roman numerals corre-
sponds to transitions in the beta-granddaughter %S and the one marked by
an asterisk to a transition in the beta-proton daughter ¥S. A, B, C and D are
peaks from annihilation, pile-up and gamma-transitions from decays of “’K
and 8N. This assignment is supported by the half-life found for the peaks by

Counts/ 4 keV

1 2

3
(MeV)

Figure 5.5: The gamma spectrum of ¥Ar. The Arabic numerals correspond
to transitions in the beta-daughter 3C1, the Roman numerals to transitions
in the beta-granddaughter S and the asterisk to a transition in the beta-
proton daughter 3%S. The letters correspond to background lines.
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J. Kusk [Kus11]. The relative intensities of the gamma lines observed in the
decay of 3Ar are given in Table 5.1. They are compared to results from three
different experiments [Adil0, Bor87a, Wil80]. The interesting transition is the
peak at 4734.0(20) keV. This is an M1 transition of the IAS in 3*Cl to the first
excited state in 33Cl, which is the anti isobaric analogue state of BAr [Esw72].
The M1 transition is very strong and accounts for 92(8) % of the gamma de-
cays of the IAS [End78]. This gamma-transition has never previously been
observed in the decay of >*Ar, even though the branching ratio of *Ar to the
IAS in 33Cl is 31.0(1) % [Adi10].

Table 5.1: The relative branching ratios of the gamma-transitions in the
decay of 3Ar (above the line) and *Cl (below the line). The peak iden-
tifier corresponds to Figure 5.5. The intensities of the gamma-transitions
from the ¥Ar decay are normalised to peak 1 and compared to the res-
ults of Ref. [Adil0]. The transition marked by an asterisk is compared to
Ref. [Bor87a] as suggested in Ref. [Adil0]. The intensities of the gamma-
transitions from the decay of *Cl are normalised to peak IIl and compared
to the results of Ref. [Wil80].

Peak F, (keV) I, EXf (keV) e

1 811.2(10) 100(10)  810.6(2)  100(1)
2 1541.0(10) 3.2(3)  1541.4(6)  3.6(2)
3 2342.3(11) 1.10(13) 2352.5(6)  1.3(2)
4 4734(3)  0.46(9)

*2230.4(19)  3.9(4)  2230.6(9)  1.7(5)

I 841.3(10)  109(16) 841 118.6(36)

I 1966.9(12) 132(18) 1966 104.2(16)
Il 2867(3)  100(15) 2866 100.0(18)




CHAPTER 6
The levels in VS relevant to
astrophysics

We saw in Section 2.2 that the levels just above the proton threshold in 3°S are
important for determining the reaction rate of 2P (p, v)3S, which influences
the rp-process in x-ray bursts and the silicon abundances that can be studied
directly from presolar dust grains believed to be produced in classical novae.

In this chapter we will make a detailed investigation of the 3°S levels in-
teresting for astrophysics. In addition to determining their energies, we will
go through two new methods: One for finding the ratio between the proton

and gamma partial widths of these levels and one for determining their spin.

6.1 Identification and energy determination

We begin by considering the excitation energy of 3°S calculated from multi-
plicity-two events using Eq. (1.32) as shown in Figure 6.1. Since we are look-
ing for levels just above the proton threshold, we omit the lower energy cut-
off on the second proton in this and the following section. Three peaks below
6 MeV are clearly identified. Their energies are 5227(3) keV, 5390(4) keV and
5845(5) keV consistent with previous measurements cited in Table 2.1. Note
that they are all higher than the energies measured by Fynbo et al. [Fyn00]
even though they are measured in a similar manner from the same decay.
This is due to the energy loss in the collection foil and dead layers, which is
not included in Ref. [Fyn00]. This gives rise to a systematic error due to the
dE /dx energy variation when the energy of the measured protons differs sig-
nificantly from the energy of the protons used for calibration. As an example,
the protons from the 5.2-MeV level will have an energy between 0.6 MeV and
1 MeV and if we assume they hit the middle of the DSSSD they will lose about

55
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Figure 6.1: The excitation energy of %S calculated from multiplicity-two
events using Eq. (1.32).

30-45keV in the foil and the dead layer of the DSSSD. By comparison, the
protons used for calibration will lose only about 10-25keV. Not including
the energy losses will thus lead to the deduced energies being systematically
lower. The uncertainties on the energies measured by Fynbo et al. do not in-
clude the uncertainty on the calibration. This explains why our uncertainties
are larger, even though our energy resolution is better than the one obtained
by Fynbo et al. The energies found here should replace the ones stated in
Ref. [Fyn00].

The levels below 5 MeV cannot be identified in the two-proton decay due
to contamination from beta particles and electronic noise, which we cannot
distinguish from low energy protons. Instead we turn to the proton-gated
gamma spectrum in Figure 6.2a, since the levels below 5MeV are known to
primarily decay by gamma emission. The identified lines, their widths, their
relative intensities and their total branching ratios are given in Table 6.1. Pre-
viously, only the 1194.1- and the 2210.4-keV lines have been observed in the
decay of 3 Ar [Axe98a]. The most interesting line from an astrophysical view-
point is the 2478.8-keV line. It corresponds to the decay of the first level above
the proton threshold in S to the first excited state in 3°S. The 2210.4-keV
line corresponds to the decay of the first excited state and together with the
2478.8-keV line we get that the energy of this level is 4689.2(23) keV in com-
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Figure 6.2: (a) The proton-gated gamma spectrum. The numbers corre-
spond to transitions in S and the Roman numbers correspond to transi-
tions in P. The energies of the marked peaks and their relative intensities
can be found in Table 6.1. (b) The same as (a), but with the gamma energies
Doppler shifted using Eq. (1.36).
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Table 6.1: The energies of the gamma lines in Figure 6.2a and their full-
width half-maximum widths (FWHM), their relative intensities normal-
ised to the 2210.4-keV line and their branching ratio (B.R.) of the total num-
ber of 3'Ar decays. Peak 4 is spilt into two peaks 4a and 4b after Doppler
correction (cf. Section 6.1.1) and the listed values for these two are found
using the Doppler corrected spectrum (Figure 6.2b).

Peak Energy (keV) FWHM Intensity B.R. (%)

1 1194.1(11) 9.7(12)  39(6)  3.6(6)
2 2210.4(12) 8.7(9)  100(13)  9.6(15)
3 2478.8(20) 10.8(28)  15(4) 1.4(4)
4 3411(5) 31(4) 30(7) 2.9(7)
4a  3405(5) 18(6)  21(12)  2.0(6)
4b  3432(5) 15(6) 9(6) 0.8(6)
I 1383.6(14) 10.4(12)  22(4) 1.3(3)
I 1955(4) 12(7) 13(8)  0.8(5)

plete agreement with the previous measurements listed in Table 2.1. Unfor-
tunately we do not see any gamma rays from the 4809.0(3)-keV level. We do
see a small indication of an excess of events around 2585 keV, but not enough
to identify it as a peak. However, its energy is anyway too low to identify it
with the 2598.6(4)-keV gamma line from its decay to the first excited level.

6.1.1 The double structure of the 3411-keV gamma line

The 1194.1-keV and the 3411-keV lines both correspond to decays of the second
excited state in 3°S. From the 2210.4-keV line and the 1194.1-keV line we get
that the energy of the second excited state is 3404.5(16) keV in agreement with
previous measurements in Table 2.1. We suspect that the difference in energy
from the ground state decay of the level is due to a double structure of the
peak at 3411(5) keV, since we see a spike in a single bin at 3430 keV. This is
supported by the fact that the relative intensity between the 1194.1-keV and
the 3411-keV line of 0.77(22) differs from 0.25(4) measured in Ref. [Kuh73] by
two standard deviations. From Eq. (1.37) we expect that the 3411-keV peak
should be broader than the 1194.1-keV peak by a factor of 2.856(5). Here we
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find that it is broader by a factor of 3.6(6) and thus a discrepancy of more than
one standard deviation.

To further test this hypothesis we will consider the Doppler shift of the
lines as described in Section 1.3.1. Assuming that the measured proton has
the same, but opposite, momentum as the nuclei emitting the gamma ray
we can correct for the Doppler shift using Eq. (1.36). The Doppler correc-
ted gamma spectrum is shown in Figure 6.2b. However, this assumption only
holds for the decays of short-lived levels in %S fed directly in the proton de-
cay, i.e. only for the two gamma lines from the second excited level and the
2478.8-keV gamma line. We do see that these peaks are more narrow in the
Doppler corrected spectrum. According to Eq. (1.36) the measured gamma
energy should depend linearly on the square-root of the proton energy times
the angle between the gamma ray and the proton. Unfortunately there are
very limited statistics in the peaks from the decay of >’Ar and even for the
1194.1-keV gamma line we cannot confirm this relation conclusively as shown
in Figure 6.3a. Instead we look at the 2230-keV gamma line in 3?S from the de-
cay of 3Ar (cf. Section 5.6), where we have much better statistics. The proton
gated events of this peak are shown in Figure 6.3b where we clearly see the
linear dependence. This justifies the use of Eq. (1.36) for short-lived levels fed
directly in the beta-delayed proton decay.

With this justification we can now return to the Doppler corrected gamma
spectrum in Figure 6.2b, where we see that the peak at 3411(5) keV seems to be
split into two peaks: One at 3405(5) keV and one at 3432(5) keV. The energy of
the lower peak agrees completely with the 3404.5(16) keV energy found from
the cascade decays. The relative intensity of the 1194.1-keV and the 3405-keV
lines is here 0.55(16), which is still only consistent with 0.25(4) within two
standard deviations, but with a significantly lower uncertainty than the ratio
found using the non-Doppler corrected spectrum. We conclude that there are
indeed two contributions to the 3411-keV peak, with the lower originating
from the ground state decay of the 3405-keV level in 3S.

We now wish to find a candidate for the higher contribution to the peak
with an energy around 3432keV. Since we only see the peak in the proton
gated spectrum, we first search in the beta-delayed proton daughters of 3 Ar:
395, 29P and 28Si. We find only one level with approximately the right energy,
namely the 3447.6(4)-keV level in 2P. However, previously no ground state
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Figure 6.3: The detected gamma energy as a function of the square-root
of the proton energy times the angle between the proton. The solid line
shown follows Eq. (1.36). (a) The 1194.1-keV gamma line in %S in the decay
of 3'Ar. (b) The 2230-keV gamma line in %S from the decay of 3Ar.

decay has been observed from this level. It decays primarily with a 1493.6 keV
gamma ray [Bas12], which we do not see in our spectrum. Another possibil-
ity is that it is a gamma ray from a transition in the beta-granddaughters of
31Ar, but since the peak is not seen without employing the time gate, this is
highly unlikely. It is ultimately excluded since the detection of a 3432-keV
gamma transition in a beta-granddaughter of 3! Ar would entail detection of
other stronger gamma transitions in said nucleus. These we do not see in our
gamma spectra.

This leaves only 3!Cl. Here we would expect it to be the decay of the IAS,
since this is the only level in 3!Cl which has a life-time long enough to allow
gamma decays. A gamma decay of the IAS in 3!Cl has never been observed
although it is expected since it is seen in both 3Ar [Bha08] and *Ar (Sec-
tion 5.6). If the upper part of the 3411-keV peak originates from the decay
of the IAS, it does not make sense to Doppler correct these gamma rays with
the method used here, since no protons have been emitted from the nucleus
prior to the gamma decay. The energy determined here should thus have a
larger uncertainty than the 5keV deduced from the fit and the calibration. In
Figure 6.2a we see a spike in a single bin at 3430 keV, so we assume that the
energy of the gamma transition is 3431(6) keV. Using the energy of the IAS
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determined in Section 8.1 to be 12313(4) keV we predict the existence of a
level in 3!Cl with an energy of 8882(7) keV.

To learn more about the transition we now compare with the gamma rays
from 32Ar and 3*Ar. As mentioned in Section 5.6 the strongest gamma de-
cay of the IAS of BAr is an M1 transition from a (J™ = %+, T = %) level
toa(J" = %Jr, T = %) level, believed to be the anti isobaric analogue state
(AIAS) [Esw72]. #Ar has J™ = 0T and a gamma transition between the IAS
and AIAS is thus forbidden. Instead the IAS gamma-decays to three (J™ = 17,
T = 1) states [Bha08]. The ground state of 3'Ar is a (J™ = %+, T = %) level
so an M1 gamma transition from the IAS to the AIAS is allowed. We know
neither the spin nor the isospin of the 8882-keV level in 3!Cl nor the multi-
polarity of the gamma transition from the IAS. However, by comparison with
the 3>%3Ar decays and what is known about the AIAS in this region of the
nuclear chart (see Section 1.1.4), we would assume that the detected gamma-
decay of the IAS of 3!Ar is also an M1 IAS to AIAS transition.

From Table 6.1 we see that the total branching ratio of the gamma decay
is 0.8(6) % and we should thus expect to see the decay of the 8882-keV level
in our one- and two-proton decay spectra. We do see peaks in the one-proton
spectrum around the energies corresponding to the decay of this level to the
ground level and to the first six excited states in 3°S. However, if we look at
the protons gated on the broad gamma line at 3411 keV, we do not see any
protons with these energies. In the two-proton spectrum we see indications
of peaks corresponding to the two-proton decay to the ground state and the
first excited level in 2°P, but due to limited statistics we cannot identify them
as peaks. The assignment of the 3431(6)-keV gamma line as the gamma decay
of the IAS thus remains tentative.

As a consistency check we find from the one- and two-proton decay spec-
trum that the total branching ratio for the decay of 3!Ar to a 3!Cl level at
8882(7) keV is 0.85(13) %. This is an upper limit since there can be other con-
tributions to the proton peaks found in the one- and two-proton spectra. The
proton peak from the decay of the 8882-keV level to the ground state in 3°S
can for example not be separated from the proton peak from the IAS decay
to the 3405-keV level in 3°S. As described in Section 1.1.4 we would expect
the 8882-keV level to also be fed in the Gamow-Teller decay. However, from
Ref. [Wil69] we expect the Gamow-Teller feeding to be around an order of
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magnitude smaller than the feeding via the gamma decay of the IAS. The up-
per limit of 0.85(13) % on the total feeding of the 8882-keV level is consistent
with this due to the large uncertainty on the 0.8(6) % branching ratio found for
the feeding via the gamma decay of the IAS. We can compare these branch-
ing ratios with 3?Ar and *3Ar by dividing with the total branching ratio bp
for feeding the IAS to obtain I', /I". We use the theoretical value of 4.24(43) %
(found in Section 8.1) and get < 20(4) % and < 19(14) %, respectively. This is
of the same order of magnitude as I /T" for >?Ar and 3*Ar, which we find to
be 8.5(29) % [Ouell] and 7(12) % [Chell], respectively.

6.2 The relative proton and gamma partial widths

Returning now to the levels relevant to astrophysics, i.e. the levels above the
proton threshold, we have identified four levels at 4689.1(24) keV, 5227(3) keV,
5390(4) keV and 5845(5) keV. The first is one of the two levels thought to dom-
inate the 2°P(p,~)3%S reaction rate, cf. Section 2.2.3. This can also be seen in
Table 6.2, where theoretical calculations of the ratio between the proton and
gamma partial widths are shown. Unfortunately, we were not able to identify
the most dominant level at 4809 keV. However, in Section 6.2.5 we will search
for this level in the decay of the IAS.

The four levels identified have been found in either the gamma spectrum
or the proton spectrum, but unfortunately not both. This means that we can-
not easily deduce the ratio between the proton and gamma partial widths. To
overcome this we need to reduce the background further around the relevant
energies. We can assume that we have detected the first proton in the decay
from 3!Cl, since the gamma spectrum is gated on a proton and the other 3°S
levels are found from the two-proton events. Then if we can identify which
protons populate the levels in 3’S, we can limit our analysis to include only
such protons and thus limit the background. We will do this for each of the
levels in the following subsections. To further reduce background we omit the
two detectors without backing.



Table 6.2: Ratios between calculated proton and gamma partial widths

from previous work compared to the 95 % confidence limits we estimate

here.

Setoodehnia ef al. [Set13]

Almaraz-Calderon et al. [Alm12]

Richter and Brown [Ric13]

Present work

E, (keV) J* T,/T, E, (keV) J™ T,/T, E, (keV) J™ T,/T, E, (keV) TI,/T,
4688.1(4) 3t 270 4688 3t 370 4689.124) > 5.3
4812.020) 2+ 1.3 4809 2+ 23
5132.3(5) (4T) >13 5130 4t 34 %1072 5132 4t T
5225.020) (0F) >0.34 x 1073 5217.8 0t 0.7014 x 1073 5218 0t 0.93 x 1073
., 5227(3) <05

5219 3% 0.40 x 1072
5315.020) (37) 88x 1073 5312.1 37 4.6 5312 37 52x1073
5393.0(20) 3t  0.686 x 1072 5382 2+ 3.8954 x 1072 5382 2t 0.75 x 1072 5390(4) <7
5849.020) (2F) 1.8x107* 5835.5 4t 157 5836 4+ f 5845(5) <10
5947.020) (47) 1.8 x 107!

" No value for I, is given.
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Figure 6.4: The proton spectrum gated on the 2478.7-keV gamma line. The
grey histogram is the background found by gating on gamma rays on both
sides of the 2478.7-keV gamma line.

6.2.1 The 4689-keV level

The 4689-keV level was identified in the gamma spectrum by the 2478.7(21)-
keV gamma line, so we gate on this gamma line to find the protons feeding
this level. Their energies are plotted in Figure 6.4n together with the back-
ground, which we find by gating on either side of the 2478.7(21)-keV gamma
line and scale. The peak at 2.1 MeV originates from a known one-proton de-
cay to the ground state of 3S as described in Section 5.1. Subtracting the
background we have an excess of events around 1.6 MeV and 2.3 MeV so we
can assume that the 4689-keV level is mainly populated by protons with en-
ergies around these energies. Due to the limited statistics in this spectrum we
look to the one-proton spectrum to find the upper and lower limits of the two
intervals, by requiring that the entire proton peaks are included. We find that
gating on protons in the intervals [1580, 1920] and [2200, 2430] keV lowers the
background in the gamma spectrum substantially while keeping the majority
of the events in the 2478.7-keV gamma line. This is clearly seen in the gamma
spectrum in Figure 6.5a, which is gated on protons with energies in one of
these intervals. The 3°S energies calculated from multiplicity two events with
the same proton gate are shown in Figure 6.5b. The 4689-keV level is still not
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Figure 6.5: Spectra gated on proton energies in the intervals
[1580,1920] keV and [2200, 2430] keV and the background spectra (grey)
gated on protons with energies in the interval [2040, 2120]keV and scaled
by f = 0.321(4), which corresponds to the ratio between the number of
protons gated on in the interesting intervals and for the background. (a)
The gamma spectrum. (b) Excitation energy in *S calculated from multi-
plicity two events using Eq. (1.32).

positively identified, so we can only find an upper limit on the I',/T", ratio.
The background can be estimated by gating on the known strong one-proton
peak between the two intervals at 2083(3) keV (cf. Section 5.1). We do this by
gating on the interval [2040,2120]keV and then scale the spectra by a factor
f = 0.321(4), which corresponds to the ratio between the number of protons
gated on in the interesting intervals compared to the number of protons gated
on for the background. We then find that the number of gamma rays corre-
sponding to the decay of the 4689-keV level to the first excited state in %S is
(12 — f10). Since we cannot identify the level in Figure 6.5b we find an upper
limit for the number of two-proton events as the number of events in a 50-
keV interval around 4689 keV. We find (21 — f38) events. Due to the limited
number of counts in the spectra it is necessary to determine the upper limit
through a simulation. The upper limit is found from an ensemble, which
is made by drawing four numbers n; from a probability function P(n;|ng;),
where ng; are the four numbers found from the spectra (ng; = 21, ng2 = 38,
no3 = 12, noy = 10). This probability function is derived as follows: ng; is a
number from a Poisson distribution with mean value \; and the n;s needed to

create the ensemble are random numbers drawn from a Poisson distribution
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with this mean value );. The problem arises because ); is unknown. There-
fore, one has to integrate over all the possible values of \; weighted with the
probability of this \; given np;:
> d)\iP n; )\i P )\i no;
— [ anP@n)Pnix) 6.1
0

_ (ni+ne)! 1
n;1n0;! oni+noi+1’

where we for the second equality make use of the Poisson distribution be-
ing normalised in \; and Bayes’s theorem, which gives P(\;|ng;) = P(noi|\:)
when employing a uniform prior distribution.

We can then find the I', /T’y ratio from these four random numbers n;
drawn from the four distributions by correcting for efficiencies:

Ly (1= fna)/ep
T, (ng— fra)/ey’ 62

where the gamma efficiency ¢, includes the gamma intensities measured by
Lotay et al. [Lot12]. We produce an ensemble of 10° I, /I, values from which
we then find a 95 % confidence upper limit of 0.19 on the I, /I, ratio.

Setoodehnia et al. [Set13] have shown that the level is a 3 level. They
calculate the I', /I, ratio to 0.37 x 1072 and Richter and Brown [Ric13] calcu-
late it to be 0.27 x 1072, The experimental upper limit is thus two orders of
magnitude higher than the values found from calculations.

6.2.2 The 5227-keV level

The 5227-keV level is only seen in the two-proton spectrum, whose back-
ground we reduce by gating on the protons feeding the level. They are found
to have energies in the intervals [1000, 1350] and [1670, 1950]keV. The back-
ground can be estimated by gating on protons from another strong transition
to the ground state of 3°S with proton energies in the interval [1380, 1460]keV
(see Section 5.1). The two-proton spectrum and the gamma spectrum can be
seen in Figure 6.6. Lotay et al. have observed a level at 5218.8(3) keV from its
gamma decay to the first excited state of 3°S by a 3008.5(2)-keV gamma and
to the second excited state by a 1814.4(3)-keV gamma with relative branching
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Figure 6.6: Spectra gated on proton energies in the intervals
[1000, 1350] keV and [1670,1950] keV and the background spectra (grey)
gated on protons with energies in the interval [1380, 1460]keV and scaled
by f = 0.703(11), which corresponds to the ratio between the number of
protons gated on in the interesting intervals and for the background. (a)
The gamma spectrum. (b) Excitation energy in *S calculated from multi-
plicity two events using Eq. (1.32).

ratios of 0.80(9) and 0.20(12), respectively [Lot12]. These lines are not seen in
the proton gated gamma spectrum (Figure 6.6a). Assuming this is the same
level as we have identified in the two-proton spectrum at 5227(3) keV, we can
thus only find an upper limit on the I, /T", ratio.

The number of two-proton events in the 3°S peak at 5227 keV is 224 - 16.
Since no gamma peak is seen we look in a 50-keV interval around 3008 keV,
corresponding to the gamma decay to the first excited state in %°S. We find
one gamma ray, but five in the background spectrum, which we have to scale
by the factor f = 0.703(11), defined above as the ratio between the number of
protons gated on in the interesting intervals and the number of protons gated
on for the background. This gives a 95 % upper limit on the number of gamma
rays of 2.32 [Fel98]. If we then correct for efficiencies and include the gamma
intensities from Ref. [Lot12], we estimate the 95 % confidence upper limit of
the I, /T, ratio to be 0.5.

As seen in Table 6.2 calculations for a 0" level with energy around 5.2 MeV
gives values for the I',/T', of the order of 1073 while a 3™ gives a ratio of
0.40 x 1072, Both values are well below the upper value found here. Almaraz-
Calderon ef al. [Alm12] found a proton branching ratio of 1.00(2) for a level at
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Figure 6.7: Spectra gated on proton energies in the intervals
[5700, 6600] keV and the background spectra (grey) gated on protons with
energies in the interval [5240,5340]keV and scaled by f = 451(11), which
corresponds to the ratio between the number of protons gated on in the
interesting interval and for the background. (a) The gamma spectrum.
(b) Excitation energy in %S calculated from multiplicity two events using
Eq. (1.32).

5200(44) keV, but this is hard to reconcile with the gamma rays observed by
Lotay et al. [Lot12] from a level at 5218.8(3) keV if this is the same state. The
state populated by Lotay et al. was shown to be a 3" state, while the spin of the
state populated by Almaraz-Calderon et al. is not known. We will investigate
the spin of the state populated here in Section 6.3.

6.2.3 The 5390-keV level

The 5390-keV level was also only seen in the two-proton spectrum and we
find that it is populated by protons with energies in the interval [5700, 6600].
Gating on these protons we get the spectra in Figure 6.7, with the background
found by gating on the interval [5240, 5340]keV as described in Section 5.1. We
find 19 & 4 events in the peak at 5390 keV in Figure 6.7b. The gamma decay
of this level has not been observed. However, assuming that the strongest
gamma-decay is to the first excited state, as for the 5227-keV and the 5845-keV
level, we can search for the gamma rays at 3180(4) keV. We find no events
in a 50 keV interval around this level and a single event in the background
spectrum, which has to be scaled by the factor f = 0.451(11) defined again as
the ratio between the number of protons gated on in the interesting intervals
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Figure 6.8: Spectra gated on proton energies in the intervals
[2220, 3400] keV and [5540,6160] keV and the background spectra (grey)
gated on protons with energies in the interval [5240, 5340]keV and scaled
by f = 2.89(5), which corresponds to the ratio between the number of pro-
tons gated on in the interesting intervals and for the background. (a) The
gamma spectrum. (b) Excitation energy in *S calculated from multiplicity
two events using Eq. (1.32).

and the number of protons gated on for the background. The resulting 95%
upper limit on the number of gamma rays becomes 2.69. Assuming that all
the gamma decays from this level go to the first excited state, we get a 95%
upper limit on the I, /T, ratio of 7. From Table 6.2 we see that this is again a
few orders of magnitude above the values obtained from calculations.

6.2.4 The 5845-keV level

We again start by cleaning the spectra by gating on the protons feeding the
level. They are found to have energies in the intervals [2220, 3400]keV and
[5540,6160]keV. We estimate the background as for the 5390-keV level. The
spectra are shown in Figure 6.8. The number of two-proton events in the S
peak at 5845 keV is 21 £ 7. Lotay et al. have observed the gamma decay of this
level to the first excited state of S by a 3637.7(4)-keV gamma ray [Lot12].
We do not observe this gamma ray in our spectrum. Instead we find the 95 %
upper limit on the number of gamma rays to be 3.93 [Fel98] from the 2 — f1
gamma rays observed in a 50 keV interval around 3637.7 keV. The scale factor
f = 2.89(5) is also here defined as the ratio between the number of protons
gated on in the interesting intervals and the number of protons gated on for
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the background. Lotay et al. measured only this gamma decay from the 5390-
keV level so we assume that the level exclusively decays by gamma emission
to the first excited state. With this assumption we find the 95% upper limit on
the I', /T, ratio to be 10.

Almaraz-Calderon et al. [Alm12] do not observe any significant proton
branch from this level in their 25Si(*He, n)3"S experiment. This does not agree
with our result of a proton branching ratio of 0.1 (95% C.L.). They assume
it to be a 47 state and estimate that I, /T, = 15.7 in contradiction to our up-
per limit of 7 (95 % C.L.). Setoodehnia et al. made calculations for a 2% level
around this energy and found I, /T, = 1.8 x 10~* and for a 4™ level 100 keV
higher where they found I',/T', = 1.8 x 10~!. Both values disagree with the
values from Almaraz-Calderon et al. but are in full agreement with the limit
we have estimated here.

6.2.5 The 4809-keV level populated in the IAS decay

We have not been able to identify the 4809-keV level in the gamma spectrum
or the two-proton spectrum. However, since we should populate the level
in the 3!Ar decay as indicated by Borge et al. [Bor90], we search for the level
in the decay of the IAS. The energy of the IAS is found in Section 8.1 to be
12313(4) keV so the protons from the IAS that populate the 4809-keV level will
have an energy of 6986(6) keV. In the proton spectrum in Figure 6.9a we do
see a peak around this energy, but this peak is broad so it will also include the
IAS decay to the 4689-keV level. We cannot distinguish these two levels due
to our deficient resolution at high energies. However, the ISOLDE experiment
from 1997 made by Fynbo et al. [Fyn15] had a much better resolution at high
energies and the protons feeding the two levels are here clearly separated as
can be seen in Figure 6.9b. The energies in this spectrum are a little different
from our data in Figure 6.9a, since Fynbo et al. did not correct for dead layers.
However, the two peaks at 7MeV shown in Figure 6.9b are a clear indication
of both levels being fed in the decay of the IAS.

The broad peak at 6.5MeV in Figure 6.9a should correspond to the IAS
decay to the 5227-keV level and the 5390-keV level in %S, which were clearly
identified in Figure 6.1. This peak is clearly separated into two in Figure 6.9b
and we see that the widths of these peaks are comparable to the widths of
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Figure 6.9: The proton energy spectrum for the energy interval of interest
for the IAS decay to the levels just above the proton threshold in *S. (a)
Spectrum made from all the detectors. (b) Spectrum made from the 1997
ISOLDE experiment by Fynbo et al. [Fyn15].
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Figure 6.10: (a) The %S excitation spectrum calculated from multiplicity-
two events, where one of the protons has an energy in the interval
[6340, 6700] keV corresponding to the decay of the IAS to the 5227-keV level
and the 5390-keV level in *S. (b) The same spectrum as (a) reduced by de-
manding that the ()2, of the two protons correspond to the decay of the
IAS to the ground state of ?P, i.e. belong to the 7.6-MeV peak in Figure 5.2.

the two peaks in this spectrum at 7 MeV supporting the hypothesis that these
peaks also stem from the decay of the IAS. We now gate on the two broad
proton peaks in Figure 6.9a at 6.5 MeV and 7MeV and search for two-proton
events. To have as much statistics as possible we include detector 4 and 5
when gating on the high energy proton, but to minimise beta background we
do not include either DSSSD 4 or 5 for the low energy proton. The calcu-
lated 3S spectra are shown in Figure 6.10a and Figure 6.11a. The background
in these spectra can be reduced by demanding that the @2, of the two pro-
tons should correspond to the decay of the IAS to the ground state of 2°P,
i.e. belong to the 7.6-MeV peak in Figure 5.2. These spectra are shown in Fig-
ure 6.10b and Figure 6.11b. We do see that the beta background is significantly
lowered and from Figure 6.10b we see that this extra cut does not influence
the number of real two-proton events in the peaks.

The 5227-keV level and the 5390-keV level primarily decay by proton emis-
sion and as expected they are clearly identified in Figure 6.10. The ratio
between the number of events in the two peaks is 40(11) %. This agrees very
well with the ratio of 45(4) % between the two peaks at 6.5 MeV in Figure 6.9b
(from Table 6.2 we see that we can assume the proton branching ratio of the
two levels to be the same). However, if all the events in the 6.5-MeV peak cor-
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Figure 6.11: (a) The %S excitation spectrum calculated from multiplicity-
two events, where one of the protons has an energy in the interval
[6800, 7160] keV corresponding to the decay of the IAS to the 4689-keV level
and the 4809-keV level in *S. (b) The same spectrum as (a) reduced by de-
manding that the ()2, of the two protons correspond to the decay of the
IAS to the ground state of #P, i.e. belong to the 7.6-MeV peak in Figure 5.2.

responds to decays from the IAS to these two levels we would expect to see
approximately three times as many events in our 3’S spectrum. This implies
that there might be a background from other transitions to the events in the
6.5-MeV peak.

We now return to the protons in the 7-MeV peak, which should populate
the 4689-keV level and the 4809-keV level. The 4689-keV level decays primar-
ily trough gamma transitions as can be seen from using the I, /T",, ratios from
Table 6.2. If all the protons in the 7-MeV peak corresponds to decays of the
IAS and the ratio between the feeding of the two levels is 1.25(11) % deduced
from Figure 6.9b, then we would expect to see less than 0.2 events in the two-
proton spectrum. We do not see any events around 4689 keV in Figure 6.11b
in full agreement with this. The 4809-keV level is expected to have a signifi-
cant proton branching ratio. Using the value for I', /T", from Ref. [Ric13] and
the same assumptions as above, we would expect to see 19(3) events (Using
the value from Ref. [Set13] gives 27(4)). However, as indicated by the ana-
lysis of the 6.5-MeV peak, there might be contributions to the 7-MeV peak
from other proton-transitions than the IAS decay. Nonetheless, even with a
significant background contribution to the 7-MeV peak, we would still expect
to have more than the 4 events seen in Figure 6.11b. This suggest that the
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Figure 6.12: The gamma spectrum gated on protons with an energy in the
interval [6800, 7160] keV corresponding to the decay of the IAS to the 4689-
keV level and the 4809-keV level in %S,

proton branching ratio of the 4809-keV level is lower than what is currently
expected from calculations. Since this level has the strongest influence on the
2P (p, v)3°S reaction rate, this issue should be further examined by experi-
ments.

To test that the protons from the 7-MeV peak in Figure 6.9a do populate the
levels in %S at 4689-keV and 4809 keV we study the gamma spectrum gated
on these protons shown in Figure 6.12. Lotay et al. [Lot12] have identified
two gamma transitions from the 4689-keV level with energies 1283.4(3) keV
and 2477.4(1) keV. We identify 1 event in Figure 6.12 in the bin with centre at
1285 keV and 2 events in the bin at 2475 keV. This is in perfect agreement with
the expected number of 0.44(6) and 1.62(23), respectively (using the same
assumptions as for the two-proton events). The gamma decay of the 4809-keV
level have energies 1404.5(1) keV and 2598.6(1) keV [Lot12]. We identify 1
event in Figure 6.12 in the bin with centre at 1405 keV, but there are no events
around 2599 keV. We would expect 1.79(24)b, and 1.16(16)b, events at the
two energies, respectively, where b, is the total gamma branching ratio for the
level. Even with a gamma branching ratio of almost 1 our observation does
not contradict this with any statistical significance. The observation of three
out of four expected gamma transitions strongly support the hypothesis that
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the 7-MeV peak in Figure 6.9a contain protons from the decay of the IAS to
the levels in %S at 4689-keV and 4809 keV.

6.3 Spin determination

As discussed in the previous section and in Section 2.2.3, there are some dis-
agreements in the spin assignment of the levels just above the proton threshold.
The proton-proton angular correlations in a beta-delayed two-proton decays
will depend on spin. By exploiting this we have developed a new method
for determining the spin of a level by looking at beta-delayed two-proton de-
cays going through the level. The distribution of angles ©4, between the two
protons can be written as [Bie53]

kmax

W (cos ©gp) = Z APy (cos©2,) , (6.3)
k=0
where P, is the kth Legendre Polynomial and the sum extends to

kmax = min (2[1, 2[2, 2]) s (64)

so that we obtain an isotropic distribution if the angular momenta involved
are small. Here j; (I1) and j2 (1) are the spin (orbital angular momentum) of
the first and second emitted proton, respectively, and j is the spin of the %S
state coupled with the first proton. The coefficient A, is given by

A = Fi (L1, g1, 7) bi (I, 1) F, ({2, j2, 3) br (12, 12) (6.5)

with

e (11) — 21+ 1)UV +1)
’ (+1) 4+ +1)—k(k+1)
where Fj, can be found from Ref. [Bie53].
Since the protons in the highest energy states in 3!Ar are in the 2s or 1d

(6.6)

shells, we expect that the excess protons emitted in the beta-delayed two-
proton decay are mainly in the sd-shell. Thus we will assume that only posit-
ive parity states in %S are populated and the sum in Eq. (6.3) can be restricted
to even k. The possible values for A, in the decay are given in Table 6.3.
In many cases there are two possible values for j and the table indicates the
range spanned by the two extreme situations in which only one j value con-
tributes.
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Table 6.3: The A, coefficients for two-proton transitions calculated for the

different initial states, J7, (in *!Cl) through five positive parity states, .J

™
m’

(in %S) to a %+ final state (ground state of ’P) using Egs. (6.3)-(6.6).
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Figure 6.13: Energy of the first particle for transitions going through the

5227-keV level in 3°S. The peaks containing most counts are marked by

numbers.

6.3.1 The 5227-keV level

To use this method, transitions from distinct levels in 3'Cl must be identified

with sufficient statistics. This is only possible for the strongest fed level in %S

at 5227 keV. As mentioned in Section 6.2.2, this level has previously been as-

signed 0™ [Set13], but has also been identified as a 3* state due to its gamma

decay [Lot12]. To have as much statistics as possible we include all detectors
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Figure 6.14: Angular distributions of the two proton events forming peak
1 and 4 in Figure 6.13 compared to the corresponding fitted two-proton
simulations for either isotropic (green solid distribution) or non-isotropic
(red dashed distribution) distributions. For better visualisation they are
here shown using 45 bins, while the fits are made using 90 bins.
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as for the data presented in Section 5.2. The energy of the first particle (the
one with the highest energy) of the events passing through the 5227-keV level
is shown in Figure 6.13. Each peak corresponds to population of the 5227-keV
level from specific states in 3!Cl. The most significant peaks are numbered
and are used in the following analysis. In Figure 6.14 the angular correlation
for two of the peaks is shown with the corresponding fit to the two-proton
simulations for either isotropic (Ap only) or non-isotropic (4p and A,) distri-
butions. The simulated distributions are fitted to the data for all numbered
peaks of Figure 6.13 with and without an A term. The resulting A, values
are shown in Table 6.4 along with the difference in x? for the two fits. We
have also tried to include the A4 term, but this did not change the value of A
significantly for any of the peaks. Also shown in Table 6.4 are the results of
a Kolmogorov test for a comparison between the data and a uniform distri-
bution. The original Kolmogorov test is performed by finding the maximum
difference in the cumulative distributions Finax and multiplying this with the
square root of the total number of values N. However, the critical values dif-
fer for small IV so we use a modified version of the Kolmogorov test from
Ref. [D’A86],

0.11
D= (x/ﬁ +0.12 + ﬁ) - Frnax. 6.7)

In this formula the critical values are independent of N. If the value of D
is below 1, we can assume that the two distributions are most likely drawn
from the same distribution, i.e. the data agree with being from a uniform
distribution. If D > 1.36 then we can conclude the data are not uniform with
95% confidence.

Both the x? difference and the Kolmogorov test indicate that the events in
peak 1, 5 and 6 are consistent with being uniform. The conclusion for peaks 2
and 3 is less clear: The Kolmogorov test shows with 95 % confidence [D"A86]
that the events in peak 2 are not consistent with a uniform distribution, but
the deviations do not correspond to a standard angular correlation shape since
the fit does not give a value for A, that is significantly different from 0 (includ-
ing an A4 term does not change this). The fit for the events of peak 3 points
to an A, parameter different from 0, but the Kolmogorov test does not find
the distribution to be significantly different from uniform. Finally, the events
of peak 4 have a distribution significantly different from uniform with more
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Table 6.4: The A; coefficients for different two-proton transitions from 3'Cl
through the 5.2-MeV level in 3°S together with the difference in y? com-
pared to a uniform fit and the result D of a Kolmogorov test to a uniform
distribution. The peak numbers correspond to Figure 6.13.

Peak  E(ICI) (keV) Ay Ax2 D

1 6674(6) —0.12(14) 0.67 0.95
2 7380(6) 0.16(11)  1.97 1.37
3 7512(7) 0.35(19)  3.51  0.76
4 7919(8) 0.48(19)  6.69 1.21
5 9434(9) 0.04(19)  0.05 0.58
6(IAS)  12313(4) 0.03(18)  0.03 0.80
All 0.18(5) 13.18 1.19

than 85 % confidence [D’A86] using the Kolmogorov test and the value for A
differs from 0 with more than two standard deviations. This is also the case if
all events of the 5227-keV peak are considered, which implies that there must
be components that are non-uniform. With reference to Table 6.3 this excludes
that the level is a pure 07 or 17 level. Spin 27 is also excluded because it can
only give deviations towards negative A, values.

The spin of the states in 3!Cl corresponding to the numbered peaks in Fig-
ure 6.13 are only known for the case of the IAS (peak 6), where it is g+. The
%Jr, ng or %Jr assuming that only allowed

beta decays are populated. The A value for the IAS indicates a uniform dis-

other observed states can be either

tribution. By comparing the value of A, with the values in Table 6.3 we can
conclude that the 5227-keV level in %S has spin 0-3*, while the 4 assignment
is less likely. By comparing the value of A, for peak 4 with Table 6.3 we can
only conclude that this peak originates from a %Jr or %Jr level in 3!CL. If peak
4 corresponds to a 37 level the spin of the %S level must be 4*, and if it is a
%+ level it is most likely a 3" while 47 is possible but again less likely. Con-
sidering in a similar way all the data in Table 6.4, the preferred value for the
spin of the 5227-keV level is 3T, because several of peaks 1-6 give a uniform
distribution, which for the 3 level would be consistent with both %Jr and %+
levels in 3!Cl. One would expect at least one of the peaks 1-6 to originate from
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a %+ level in 3!Cl and therefore a 4t assignment of the 5227-keV level would
produce an angular correlation significantly different from uniform. How-
ever, we cannot exclude that the 5227-keV level measured is an unresolved
doublet, and we can thus only conclude that it has a component with either
spin 3" or 47.

We can compare the measured spins of the levels in S with the spins of
the levels of the stable mirror nucleus 2°Si which are very reliable. We do
this using Figure 2.2 and see that there is a systematic energy shift, which
is less than about 250 keV relative to the ground state. This means that the
only possible spin is 37, 4%, 07 and perhaps 3~. However, the 3~ lies a bit
too high and has already been assigned to the 5313.6(14)-keV level [Yok82],
which is not populated in the decay of 3! Ar most likely due to the negative
parity of the state. The spin of the 5132.1(1)-keV level has been measured to be
4% [Lot12,Set13]. This leaves only the 3" and 0" and we thus conclude that the
spin of the dominant level at 5227-keV feed in the beta-delayed proton decay
of 3'Aris 3. However, we cannot exclude that a 0" level with approximately
the same energy is also populated. Lotay et al. have seen the gamma de-
cay of a level with spin 3" at 5218.8(3) keV, which is significantly lower than
what we measure. However, as we mention in Section 2.2.3 they may have
underestimated their uncertainties. One reason for the energy of the level we
measure to be higher than the one measured by Lotay et al. could be thata 0
level with an energy slightly higher than the 3" is also populated in the decay
of 3Ar. Comparing with the mirror nuclei we see that the 0T level here lies
about 140 keV higher than the 37 level. If the same is the case for **S we would
expect the 0T level to have an energy of about 5360 keV. However, it is very
unlikely that the energy of the 0T level is that high, because it was observed
by Bardayan et al. in Ref. [Bar07] as a part of an unresolved doublet measured
at 5168(6) keV, with the 4% 5132.1(1)-keV level identified as the lower part.
But the 8 keV energy difference between our measurement and the one made
by Lotay et al. can be explained if for example 20 % of our peak is due to a
07 level 40keV above the 37 level. We investigate this by gating on the upper
and lower parts of the peak, but we do not find any significant difference in
the angular distributions or in the energies of the particles feeding the state(s).
However, with our limited statistics we cannot exclude that a 0 level is also
populated. In Figure 6.10 we see a hint of a possible peak at 5.17 MeV, but if
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this is the 07 level, it would not explain the difference between the energy of
our 5.2-MeV peak and the energy measured by Lotay et al.

6.4 The strong feeding of the 5227-keV level

The strong feeding of the 5227-keV level suggests that there is a strong overlap
between the structure of this state and the structure of 3!Ar. The reason for
this might be explained by a simple picture, where we consider 3!Ar to consist
of a core of *Cl plus a 1d3 /5 proton, as was done in Section 1.1.4. The beta
operator O works on both terms:

03 [MAr) = 05 [*Cl+p) = (03 [*C1)) Ip) + 1) (Os1p)) - (68)

However, from Eq. (1.19) we see that the largest part of the IAS comes from
the Fermi decay of the *Cl core leaving the 1d;, proton untouched. Expand-
ing upon this picture, we can assume that a major part of the beta-delayed
proton decay of 3!Ar can be viewed as a beta decay of the 3°Cl core with a
subsequent emission of the spectator proton. The levels populated in 3°S are
thus determined by the beta decay of *°Cl. A similar picture is used for neu-
tron halos in Refs. [Nil00, Jon04] and it is shown successful in describing the
beta decay of the two-neutron halo Be by studying the beta decay of the ?Be
core.

Because %’Cl is unbound we do not know its spin or how it decays. How-
ever, if we look at the mirror nucleus 3°Al, we see that the ground state has
spin 3% and we can assume that this is also the case for *Cl. Following this
reasoning we expect that a great part of the beta decay of *°Cl, and thus a
great deal of the beta-delayed proton decay of 3!Ar, will go to a 3% level in
39S, which could be the level at 5227 keV.

We now look at the mirror process of the 5+ decay of *°Cl, i.e. the 3~ decay
of %Al to %Si. This process is fairly well known since 3Si is stable. Here the
strongest transition is to the 25 state with a log ft value of 4.578(12) [Bas10].
This state corresponds to the 3405-keV level in 3°S and we would thus ex-
pect this level to be the strongest fed state in 3S. From Table 6.1 we see that
this is indeed the case given that its total branching ratio is 5.6(8) % com-
pared to a maximum of 4.6(17) % for the first excited state (when subtract-
ing contributions from gamma decays from higher lying levels). Three other
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states in 3'Si are also strongly fed in the beta decay with log f¢ values around
5.0 [Alb74,Klo74]. This is the 23, 3] and 37 levels corresponding to the 4809-
keV, 4689-keV and 5227-keV levels in 'S, respectively. Thus we would also
expect these three states to be strongly fed in the beta-delayed proton decay
of 3Ar. The total branching ratio to the 4689-keV level is about 1.4(4) % (cf.
Table 6.1 and 6.2) and it is 3.2(6) % for the 5227-keV level, while the branching
ratio to the 4809-keV level is unknown due to our detection efficiency.

Of course, we do not expect to see the exact same decay pattern as for
the beta decay of the mirror nucleus *’Al. Not just because the decay of *Cl
will be different from the decay of °Al, but mainly due to deviations from
the very simple picture of a decaying core and subsequent emission of the
spectator proton. However, from this simple model we do get that a strong
structure overlap between the 3! Ar ground state and the 5227-keV level in 3°S
is very plausible, justifying a strong feeding to this level.



CHAPTER 7

New decay modes of 3! Ar

The beta-delayed three proton decay was recently discovered in the decay of
3L Ar [Pfii12a, Lis15]. The decay mode was found using an Optical Time Pro-
jection Chamber (OTPC), where the decay is seen directly, since it produces
a picture of each event. However, the resolution of the OTPC is limited, es-
pecially in multi-particle events. A detailed spectroscopic analysis is thus not
possible for the three-proton decay and it was not possible to determine the
decay mechanism. Our setup had a very good energy and angular resolution
and we can thus for the first time make a detailed spectroscopic analysis of
the beta-delayed three-proton decay.

7.1 Beta-delayed three-proton spectroscopy

We start by considering all the three-particle events in the data. A spectrum
of their )3, values can be seen in Figure 7.1. From the three-proton branching
ratio from Ref. [Lis15] we would expect to see a total of 24(10) events, but
our spectrum contains a total of 62 events. However, not all of the events are
real three-proton events, some of them are most likely two protons detected
in coincidence with a beta particle. To estimate the efficiency of detecting a
beta particle in coincidence with a proton we study the decay of ¥*Ar. Using
the same analysis cut-offs as for protons, we can estimate this efficiency as the
number of particles with an energy below 1.2 MeV (beta particles) detected in
coincidence with a proton (in two-particle events) divided by the number of
all protons detected (in single-particle events). To make sure that we gate on
a real proton, we can demand that it should belong to one of the strong **Ar
peaks. We do it for different peaks and the total **Ar spectrum, and estimate
the efficiency of detecting a beta particle in coincidence with a proton to be
0.43(5) %. Using this efficiency and the measured number of two-proton we
can deduce the expected number of events with a beta particle measured in

83
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Figure 7.1: ()3, for all three-particle events. The histogram (black and
green) shows all the three-particle events detected in the experiment. To
obtain the histogram in green, events that are most likely not real three-
proton events were removed as described in the text. Only the events in the
green histogram are used in the analysis of the three-proton decay presen-
ted in this thesis. The dashed histogram is a downscaled simulation of
three-proton decays of the IAS in 3'Cl to the ground state in 2Si.

coincidence with a two-proton event. We should expect 29(4) which is roughly
half of the 62 three-particle events we measure. We can identify some of the
events with a beta particle measured in coincidence with a two-proton event
if the @2, value of two of the particles corresponds to one of the prominent
two-proton transitions from the IAS to one of the three lowest states in 2°P
as described in Section 5.2 and the energy of the last particle (assumed to be
the beta particle) is less than 1.2 MeV. Some of the three-particle events are all
in the same detector, which implies that they are all signals from a scattered
beta particle. Finally a few events have a too high @3, value so they cannot
be true three-proton events. In this way 21 background events are identified
and removed, and only the 41 remaining events are included in the following
analysis. These events are shown as the green histogram in Figure 7.1.

Around 4.89(29) MeV we see a peak containing 19 events between 4.3 MeV
and 5.5 MeV. It is most likely attributable to the three-proton decay of the IAS,



7.1. Beta-delayed three-proton spectroscopy 85

sl [} A le i
7 I ' A B
—~ r b J
A
%.) 67 i) A A i
=
~ A
g ° » 14 1
[ [ ] Al
4+ i
A
[ A
3r i
L A

1 12 14 16 18 2
Qgp'sz (MeV)

Figure 7.2: ()3, plotted against (3, — (Q2,, for the three-proton events. The
lines indicate the levels in P (Qs, — Q2, = E(*'P) — Sp3). For the black
circles ()2, is calculated assuming that the first two particles are the ones
with the highest energy and for the green triangles it is calculated as a best
fit to the five levels in 2P shown.

because it corresponds to a 3!Cl level at an energy of 12.32(29) MeV. To inves-
tigate the spread in (03, owing to detection resolution we simulate the three-
proton decay from the IAS to the ground state of 2%Si. The result is downscaled
and included in Figure 7.1. The full width at half maximum (FWHM) for the
three-proton events is approximately 0.3 MeV. This is mainly due to the re-
construction of the energy of the recoiling 2Si nucleus, because the resolution
for detection of individual protons is 0.05 MeV FWHM. It is interesting to no-
tice that it is only approximately half of the three-proton events that belong
to the decay of the IAS. The remainder are interpreted as coming from levels
in 31Cl with excitation energies mainly above the IAS. This implies that there
is a contribution to the Gamow-Teller strength, which needs to be extracted
by a detailed analysis of the beta-delayed three-proton events. This enables
for the first time the inclusion of this decay mode in the determination of the
Gamow-Teller distribution, which is done in Section 8.2.

The mechanism of the beta-delayed three-proton emission from the previ-
ously studied nuclei has not been determined. If sequential emission occurs in
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Figure 7.3: ()2, calculated from the two particles with highest energy of the
three-particles events in the green histogram of Figure 7.1. The green part
of the histogram here is the ()2, from the 19 events around 4.84(29) MeV
from that histogram.

the case of 'Ar, it should be possible to identify the known levels in both %S
and #P from the energies of the protons. However, owing to limited statistics
and the considerable level density for high excitation energies in %S, it will
not be possible to do the same for 3°S. If the decay goes through levels in 2°P,
we can identify these via the difference between the ()3, value and the @2,
value. This is the @03, — @2, difference corresponds to the energy of the level
populated in 2P minus the proton separation energy. The reason for using the
two @ values is that these can be extracted directly from the experimental data
and that a correction for the recoil of the daughter nucleus is included. The
@3y value can be calculated independently of the decay mechanism, while for
the @2, value we must choose which particles should be considered to be the
first two in the decay. In Figure 7.2 this difference is plotted for two different
choices together with lines indicating the levels in 2°P. For the black dots it
is assumed that the first two particles are the ones with the highest energy.
This is, however, not necessarily a reasonable assumption for all the events.
Instead the first two particles can be chosen such that the difference between
the @3, and Q2 value fits the known levels in °P (only the first five levels
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are included). This choice is plotted as the green triangles. This analysis sug-
gests that the three-proton emission is consistent with being fully sequential,
but owing to the large expected spread in the @3, value, a considerable con-
tribution from simultaneous emission cannot be excluded. When the energy
of all three particles are above 1.2 MeV, they are most likely all protons, but
the density of states in 2’P is then so high that it is easy to interpret a simul-
taneous decay as a sequential decay. This is not a problem for the £~ level at
3447.6(4) keV, which corresponds to a @3, — @2, difference of 699keV. The
problem with this is that one of the particles has an energy around 0.7 MeV
and it is thus difficult to distinguish protons from beta particles. As shown
in Figure 7.1 the majority of these events originate from the peak in the @3,
spectrum around 4.89(29) MeV and they most likely belong to the decay of
the IAS. Their @), value can be seen in Figure 7.3, which shows that more
than half of them lie around an energy of 4.14(13) MeV. Assuming they go
through the 3447.6(4)-keV level in 2P, this corresponds to a 3'Cl energy at
12.27(13) MeV in complete agreement with the value of 12.32(29) MeV from
the Y3, value. These events cannot be beta particles in coincidence with two-
proton events; if they were, one would expect more than 2 x 10% events at
this energy in the @2, spectrum made from two-proton events. While there
are indications of small peaks around this energy, they contain less than 70
events. The IAS three-proton decay can thus be assigned partly to go through
the level at 3447.6(4) keV in 2°P. This supports the assumption that the events
lying close to 699 keV in Figure 7.2 are also events going through this level.

We have also strong indications of events going through the level with en-
ergy 4080.5(3) keV corresponding to a (03, — ()2, difference of 1332 keV. How-
ever, this is not conclusive due to the limited statistics available here and the
expected large spread in the ()3, value. The sparsity of events with Q3, — @2,
between 0.9 MeV and 1.1 MeV is a strong indication that there are no simul-
taneous three-proton decays with a low-energy proton.

Our choice of energy cut-offs (the lowest energy particle must have an
energy above 500 keV) means that we cannot study three-proton decays going
through the 3105.9(3)-keV ng level in ?°P since it is only 357keV above the
proton threshold. However, the penetrability of this level is roughly a factor
of 25 below the penetrability of the 2~ level at 3447.6(4)-keV, which implies
that the 3105.9(3)-keV level will mainly decay by gamma emission.
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To further examine this we will consider the resonance strengths, (wy) =

2J +1 FPF”, and the lifetimes, 7 = A/T", of the two levels. These have been
T

measured and their values can be found in Ref. [Bas12]. Since the total width

I is just the sum of the partial widths, we obtain a quadratic equation

hf n R(w)

0 T T(2J +1)’

(7.1)

which is fulfilled for ' = I') and [ = I'y. Solving this gives us I' ~ I'ax =
51(31)meV and I'ymin = 0.038(10) meV for the I level, where I'max (I'min)
refers to the largest (smallest) width of I', and I'. For the %Jr level we find
I' ~ Imax = 19(9) meV and I'pyin = 0.46(11) meV. If I'yax = I, for the %_ level,
we would expect to see around 700 gamma rays at 1493.6 keV, corresponding
to the decay of this level to the second excited level, when gating on two
protons. This we do not observe in our two-proton-gated gamma spectrum,
see Section 7.2 and Figure 7.4. We therefore conclude that I'), = I'nax.

Looking now at the mirror nucleus 29Gi, where the %_ and %+ levels both
lie below the proton threshold, we see that the half-lives of these two levels
are 2.63(9) ps and 33(1) fs, respectively. The half-lives of the two levels in 2°P
are 9(6) fs and 23(10) fs, respectively. By comparison it is reasonable to assume
that I'), = I'max for the %_ level, as deduced above, since the large difference in
half-lives implies that there is a large contribution from another decay channel
for the level in 2’P. Since the half-lives for the %Jr levels are of the same order
of magnitude, it is reasonable to assume that I';, = I'nin for this level in 29p.
From this reasoning we find that the proton width of the %+ level is 111(72)
times smaller than the proton width of the I~ level and it is thus reasonable
to assume that the three-proton decay through the %Jr level is suppressed.

7.2 Beta-delayed two-proton-gamma decay

The indications of a sequential three-proton branch imply that the decay pop-
ulates higher-lying levels in P than previously found. With our setup it was
possible to detect gamma rays in coincidence with protons and we thus have
a chance to see the gamma transitions from these levels. However, the de-
tection efficiency is limited and the chance of detecting the gamma ray in co-
incidence with both the emitted protons is thus very small. For a real two-
proton-gamma event it is 2/e, = 4.6(2) times more likely to detect it as a
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Figure 7.4: The gamma spectrum gated on two protons.

proton-gamma event than to detect it as a two-proton-gamma event. Thus
we initially search for the transitions from higher-lying levels in %P in the
one-proton gated gamma spectrum, which is shown in Figure 6.2a. In this
spectrum clear peaks are identified from the lowest states of both ?°P and %S
as discussed in Section 6.1, but owing to background events in the spectrum
there is no clear signal of levels above the second excited state in *P. In Fig-
ure 7.4 the two-proton gated gamma spectrum is shown. In the following we
will consider all the levels in P up to 4.1 MeV and compare the number of
two-proton-gamma events with what is expected from the one-proton gated
gamma spectrum.

The first excited state in 2P (%+) is at 1383.55(7) keV [Bas12]. The corre-
sponding peak is clearly seen in both the one- and two-proton-gated gamma
spectra. There are 64(11) events above background in the one-proton-gated
spectrum. This implies that there should be 14(2) events in the two-proton-
gated spectrum, which agrees very well with the 13(4) measured above back-
ground.

The second excited state in >’P (g+) is at 1953.91(17) keV, and it decays
primarily to the ground state. A peak at this energy is seen in the one-proton-
gated gamma spectrum. It contains 29(11) events and we thus expect 6.3(24)
in the two-proton-gated spectrum, which again agrees very well with the 7(3)



90 Chapter 7. New decay modes of 3! Ar

events in total found in the spectrum.

The third excited state is a %+ state at 2422.7(3) keV. The primary gamma-
decay of this state also goes to the ground state. There is no significant signal
above background in the one-proton-gated gamma spectrum at this energy.
In the two-proton-gated spectrum there are two events with no significant
background at 2422(11) keV. This would imply 9(7) events in the one-proton-
gated spectrum, which is consistent with the data.

The next level is the 3105.9(3)-keV level which is just above the proton
threshold. As mentioned in the previous section, it is a %Jr level and it decays
primarily by a 1722.2-keV gamma-ray. Again there is no significant signal
above background in the one-proton-gated spectrum. There are a maximum
of 14(9) events above background, which implies there should be 3(2) events
in the two-proton-gated spectrum where we find a total of 2.

The 2~ level at 3447.6(4) keV was identified in the three-proton decay. Its
primary gamma decay is to the second excited state in 2P by a 1493.6 keV
gamma ray. There is a hint of a peak in the one-proton-gated gamma spectrum
at this energy containing 14(7) events. From this we expect 3.0(15) events in
the two-proton-gated spectrum, where we observe a total of 2.

The level at 4080.5(3) keV is a %Jr level, and it decays primarily to the
second excited state by a 2126.3keV gamma ray. In the one-proton-gated
gamma spectrum, there are no indications of a peak at this energy. There are
5(5) events, which means that there should be 1(1) event in the two-proton-
gated spectrum and there is a total of 2 events.

In summary, the gamma decays observed for the six lowest levels in 2°P
give consistent results for the one- and two-proton-gated gamma spectra, but
only the feeding of the lowest two can be seen directly in the gamma spectra.



CHAPTER 8
Determination of the
beta-strength

The beta-strength cannot be measured from the neutrinos and beta particles
with our setup. Instead we deduce it by considering the decay of the levels in
31Cl fed in the beta-decay. If we measure all the particles in a decay and know
the final state, we can calculate the initial state in 3'Cl. This makes it possible
to find the branching ratios for feeding the different levels in >'Cl in the beta
decay. With our improved resolution and the addition of the beta-delayed
three-proton branch we are now able to make a much better determination
of the beta-strength. Furthermore, the addition of the three-proton branch
makes it possible to identify an evolution of decay modes in *'Cl and outline
a simple model for proton emission, which we use to predict branching ratios
for beta-delayed one-, two- and three-proton emission for two other nuclei in
the last section of this chapter.

8.1 The Fermi-strength

The Fermi strength of the beta-decay of 'Ar was previously measured by
considering the one- and two-proton decays of the IAS to the lowest states in
305 and ¥P [Fyn00]. However, as shown in Chapter 7, there are additional
contributions. In addition to the three-proton channel, all the levels up to the
vicinity of the proton threshold should, in principle, be included for the one-
and two-proton channels. To get an accurate determination of the branch-
ing ratios for the different channels, it is important to have a good energy
resolution and to know the total number of *'Ar collected as well as the de-
tection efficiency. For this reason only the 300 um DSSSDs with backing are
selected for this analysis. Out of these detector 2 had several broken strips
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Figure 8.1: Two-proton spectrum constructed using only detector 3 and 6
with a lower energy cut-off of £ > 500keV for both protons. Left: @2,
plotted against the energy of the two particles. Right: The projection onto
the @2 axis.

and less accurate efficiency determination owing to shading from the target
holder. This leaves only detectors 3 and 6, which are used to determine the
branching ratios for the one- and two-proton decays in the following. The
statistics is so low for the three-proton decay that all the detectors are needed,
and the branching ratio is thus found using the data presented in Chapter 7.
The branching ratio for the three-proton decay to the ground state of S is
found to be 0.040(20) %, which is consistent with the 99 % confidence upper
limit of 0.11 % found by Fynbo et al. [Fyn99].

The two-proton spectrum using only detector 3 and 6 can be seen in Fig-
ure 8.1. For this spectrum we use a lower energy cut-off of 500 keV for both
protons. The peaks corresponding to the decay to the ground state and the
first and the second excited state of 2°P are clearly visible in the spectrum at
Q2p values of 7.6 MeV, 6.3MeV and 5.7 MeV. There may also be a peak at
5.2 MeV corresponding to the transition to the third excited state in ’P. The
branching ratios for these levels are listed in Table 8.1, while transitions to
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Table 8.1: Branching ratios for the decay of the IAS. The *'Cl-energies are
found using the masses from [Wan12] and a proton separation energy for
31C1 of 282.8(44) keV [Saall]. The decays written in italic correspond to de-
cays not uniquely identified in the spectra: There are some indications that
the two-proton branch and the one-proton branches cannot be uniquely as-
signed to levels in *S. The total branching ratio is quoted with and without
these decays. The efficiencies used are different for each of the three decay
modes and the uncertainties from these are included for each decay. The
correlation is taken into account for the uncertainty on the total branching
ratio. Furthermore, there is a systematic error of 3.8 % originating from the
normalisation (cf. Section 4.1.4), which is not included in the uncertainties.

Three-proton branch

Final state in 28Si (keV) J~™ Q3p MeV)  Ejas (MeV)  B.R. (%)

0 0 4.89(29)  12.32(29)  0.040(20)

Two-proton branch

Final state in P (keV) J™ Q2p MeV)  Ejpas (MeV)  B.R. (%)

0 1T 7.633(4)  12311(6)  1.45(17)
1383.55(7) 3% 6.251(4)  12313(6)  0.87(12)
1953.91(17) 3% 5.688(6)  12.320(8)  0.39(9)
2422.7(3) 3T 5208 12.328)  0.07(4)

One-proton branch

Final state in 3S (keV) J~ E, MeV) Ejas (MeV) R. (%)
0 0t 11.57(8) 12.24(8) 0.048(11)
2210.2(1) 2+ 9.46(8) 12.27(8) 0.104(17)
3404.1(1) 2+ 8.33(8) 12.30(8) 0.108(17)
3667.7(3) 0+ 12.30(8)
8.08(8 0.109(19
3677.0(3) 1t ® 12.31(8) 19
4687.7(2) 3t 12.22(8)
7.01(8 0.36(3
4809.0(3) 2+ ® 12.34(8) )
Total 12.313(4)  3.01(28)

Total 3.56(29)
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Figure 8.2: The one-proton energy spectrum for detector 3 (a) and 6 (b) for
high energies.

higher-lying states cannot be identified. The branching ratios are systemati-
cally lower than those reported by Fynbo et al. [Fyn00], which is mainly due
to an improvement in energy and angular for this energy range. The peaks of
Ref. [Fyn00] were wider so they included contributions from decays with Q2
values close to those for the IAS decays. Furthermore, for the decays to ex-
cited states in 2°P, the background from Gamow-Teller transitions is estimated
and subtracted here, which was not done in Ref. [Fyn00].

In Figure 8.2 we show the one-proton energy spectrum for detector 3 and

6. Note that the energy measured in detector 6 is slightly lower than in de-
tector 3. This is most likely due to an inaccurate calibration or dead layer es-
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Figure 8.3: The Coulomb displacement energy of argon isotopes. For
3235Ar (black dots) it is extracted from Ref. [Lam13]. The blue asterix is
obtained from extrapolation of %*Ar and the red x is the value chosen
here.

timation of the pad detector behind DSSSD 6. We therefore extract the branch-
ing ratios for detector 3 and 6 separately. The efficiency is found for each
transition by simulating 10° one-proton events to the given level in 3’S. The
branching ratio is then chosen as the average of the branching ratios found
from detector 3 and 6 and is given in Table 8.1. The proton energy is chosen
as the energy deposited in detector 3. The large uncertainty in the energy is
attributable to limited statistics and a large uncertainty in the calibration of
the back detectors for high proton energies. Because the lower energy cut-
off of the two-proton spectra is 500 keV, the branching ratios are found up to
the 3°S level at 4809.0(3) keV (413 keV above the proton threshold) in the one-
proton spectrum. The peaks at 8.1 MeV and 7.0 MeV cannot be separated into
two components, even though they should both contain contributions from
decays to two different levels in 3S. The branching ratios are thus found for
the total contribution from the two levels.

The total theoretical branching ratio, br can be found using Eq. (1.14). As
described in Section 1.1.2 we will need the @ value for electron capture Qgc
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for 3! Ar. This can be found using Eq. (1.6), which gives Qgc = 18.36(21) MeV.
However, the uncertainty is relatively large and it would thus be favourable
to find a better estimate. This can be done using the Coulomb displacement
energy ALc as was done in Ref. [Axe98b]. AE¢ can be found from the Cou-
lomb displacement energy of 3> *Ar extracted from Ref. [Lam13] and extra-
polated using the relation &; Ali_/?, + ko [Ant84], where Z is the mean charge of
the two isobaric analogue states. We obtain AEc = 6.889(19) MeV. However,
as seen in Figure 8.3, AE( for B5Ar lies much lower than for 323%Ar, and we
should thus be careful using this extrapolation. Furthermore, when moving
towards the drip-line the proton separation energy decreases, making the last
proton more and more unbound. The proton in 3'Ar is very loosely-bound
(Sp = 440(280) keV), which means it can tunnel far out of the nucleus, and
since B¢ ~ ZTQQ, this reduces its Coulomb interaction. This effect is known as
the Thomas-Ehrman effect and means that we will expect the AE¢ for SIAr
to be lowered compared to 3>?*Ar. But since we cannot know by how much,
we choose the Coulomb displacement for >!Ar to be equal to the one for 3Ar,
but with a large uncertainty of 100keV, i.e. AEc = 6.85(10) MeV. Notice
that the value obtained from extrapolation is fully included in this, see Fig-
ure 8.3. Using the energy of the IAS found here (see Table 8.1) we then obtain

Qrc = 18.38(10) MeV.

Using our improved half-life of 3'Ar (see Section 5.5) and neglecting iso-
spin symmetry breaking (i.e. Br = 5, see Section 1.1.3), we obtain a total the-
oretical branching ratio from Eq. (1.14) of 4.24(43) %. The large uncertainty
primarily originates from the uncertainty in the Qgc value, and excluding it
reduces the uncertainty of the total theoretical branching ratio to 0.09 %. A
better determination of the mass of 3!Ar would thus be very beneficial. The
theoretical branching ratio is larger than the experimental value of 3.56(32) %
(where the 3.8 % uncertainty originating from the normalisation is included),
but the discrepancy is within one standard deviation. The results here con-
stitute an improvement over the earlier result by Fynbo et al. [Fyn00], but
please note that the uncertainties on both the total experimental and theoret-
ical branching ratios quoted there are underestimated.

As discussed in Section 6.1.1, there is a possible gamma transition from

the IAS. Since the energy of this gamma ray is very close to the energy of
the second excited state of 3°S, we cannot differentiate between protons from
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the IAS to the second excited state in *°S and protons going to the ground
state in %S from the level in 3'Cl populated by the IAS gamma decay. The
0.108(17) % in Table 8.1 for the one-proton decay to the second excited state in
39S thus include both contributions. If we assume that there is a level in 3!Cl
at 8882(7) keV and that this level is only fed in the gamma decay of the IAS,
we can use its one- and two-proton decay to include the gamma branching
ratio and obtain a total branching ratio of the IAS of 4.30(36) %. We see that
the discrepancy between this experimental branching ratio and the calculated
theoretical branching ratio lies within one standard deviation. However, the
found experimental branching ratio is an upper limit since the 8882-keV level
should also be populated in the Gamow-Teller decay of 3!Ar and there might
be contributions from other decays to the peaks found in the one- and two-
proton spectra. There remain levels in P below the proton threshold and
one above to which two-proton decays could not be extracted, but their con-
tributions are expected to be small. Due to the large uncertainties, including
these will not change the agreement between the theoretical and experimental
branching ratios.

8.2 The Gamow-Teller strength

The extraction of the Gamow-Teller strength is much more complicated than
the extraction of the Fermi strength, since one has to include all decay modes
of the many levels populated in *!Cl. It was attempted by Fynbo et al. [Fyn00],
but we now have a significantly improved energy and angular resolution
and we can now for the first time include the three proton component. The
Gamow-Teller strength Bt is given by Eq. (1.15). As for the Fermi strength
it is important to determine the branching ratio precisely, and we thus again
choose only detector 3 and 6 for the two-proton analysis. For the one-proton
analysis we choose only detector 3, since the energy is shifted for high ener-
gies for detector 6. Since the number of three-proton events is so limited, all
detectors are again used in the three-proton analysis.

The Q1,, spectrum is shown in Figure 8.4. A lower energy cut-off of 1 MeV
is used since the spectrum below is dominated by background. There is a con-
tribution from two-proton decays to the multiplicity-one proton spectrum,
which we find by scaling the two-proton spectrum by the difference in effi-
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Figure 8.4: The ()1, spectrum calculated for all the particles that has hit
detector 3. Also shown is the normalised background from two-proton
events estimated from coincidence data in detector 3 and 6 (grey).

ciency. We then subtract it to estimating the Bgr distribution from events
leading to bound states in 3S. There is also a number of peaks known to
originate from decays of the IAS which are also removed. Finally, some tran-
sitions are known not to feed the ground state of 3°S. The peaks known to
go to excited levels in 3°S below 5.2 MeV (listed in Table 2 of Ref. [Fyn00]) are
shifted upwards with the excitation energy of 2210.2 keV, 3404.1 keV, 3673 keV
and 5136 keV. Notice that an average energy (3673 keV) for the third (0") and
fourth (17) level is used, since their energy is so close to each other that it is
not possible to deduce which one is populated. The branching ratio is then
evaluated bin by bin and the Bgr strength deduced.

For the ()2, spectrum shown in Figure 8.5 a lower energy cut-off of 500 keV
is again used for both protons so the spectrum contains the same data as
shown in Figure 8.1. For the extraction of the Bgr strength the three major
peaks from theIAS at 7.6 MeV, 6.3 MeV and 5.7 MeV are removed by changing
the Bgr value in these bins to the average of the values in the bins on each side
of the peaks. Some of the remaining two-proton decays will also correspond
to transitions to excited states in 2°P as discussed in Section 7.2. However, at
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Figure 8.5: ()2, calculated for multiplicity-two events in detector 3 and 6.
The vertical range has been cut off for better visualisation of the unresolved
structure. The red distribution is the y?-distribution from Figure 8.10 fol-
ded with itself and manually scaled to the data.

the current level of statistics we cannot identify those transitions so they are
all assumed to feed the ground state in 2°P. This assumption means that we
systematically shift some of the Bgr strength to lower energy and somewhat
underestimate the total Bgr strength.

Finally, the three-proton data used are shown in Figure 8.6. Here the de-
cays from the IAS are the events between 4.3 MeV and 5.5MeV. Thus only
events above 5.5 MeV are used for the extraction of the Bgr strength. Again
all events are assumed to go to the ground state of 25Si.

The total summed Bgr spectrum obtained from these spectra can be seen
in Figure 8.7 (blue distribution). The individual contributions from the one-
proton events (pink distribution) and for the sum of the one- and two-proton
events (yellow distribution) are also shown. The total observed Gamow-Teller
strength in the one-proton spectrum is 0.60(2)(2) compared to 0.58(3) found
in Ref. [Fyn00]. There are two different contributions to the uncertainties.
The first is comprised of (in order of importance) counting statistics, the @
value, the half-life and the setup related uncertainties, while the second is
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Figure 8.6: ()3, calculated for multiplicity-three events. The red distribu-
tion is the x2-distribution from Figure 8.10 folded with itself three times
and manually scaled to the data.

the 3.8 % uncertainty on the absolute branching ratio of the main one-proton
peak used to extract the number of 3'Ar ions in the experiment as described
in Section 4.1.4. Fynbo et al. use an older result for this normalisation of
11 %, but do not propagate this error correctly. In the two-proton spectrum
the total observed Gamow-Teller strength is 2.11(19)(8) compared to 1.86(12)
in Ref. [Fyn00] and in the three-proton spectrum it is 1.03(28)(4). There is a
systematic bias in the extracted strength such that it underestimates the true
strength. This is because we assume all transitions populate the ground state
in the one-, two- and three-proton daughters unless population of excited
states is explicitly measured from coincident gamma rays.

In Figure 8.7 the total observed Gamow-Teller strength is compared to
a shell-model calculation made by Brown [Brol5] in the full sd-shell model
space (0ds /, 151 /2 and 0d32) using the USDB interaction [Bro06] and a quench-
ing factor of 0.5. The experimental and theoretical distributions follow each
other closely, indicating that most of the Gamow-Teller strength has been
measured up to about 15.7 MeV. At the highest energies there is more strength
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Figure 8.7: The total summed Gamow-Teller strength from one-, two- and
three-proton events (blue upper distribution) as a function of excitation
energy in 3!Cl in the full Q3 energy window (17.36(21) MeV). Also shown
are the summed Bgr spectrum from the one-proton events (pink lower
distribution) and for both the one- and two-proton events (yellow middle
distribution). The shaded area shows the summed Gamow-Teller strength
from a shell-model calculation in the full sd-shell by Brown [Bro15].

predicted than experimentally identified. However, the missing strength cor-
responds to only 1-3 missing events in that energy region, which means that
the deviation is not statistically significant.

The one-proton decay mode contributes up to 12.85 MeV and the two-
proton decay mode starts contributing at 5.90 MeV, and is the dominant con-
tribution from around 7.5 MeV. The two-proton decay mode contributes until
15.04 MeV and the three-proton decay mode is observed for the Gamow-Teller
beta decay at 13.16 MeV and dominates above 15.04 MeV. According to this
there is an evolution in the dominating decay modes, i.e. more protons are
emitted with increasing excitation energy, which is known to be the case for
neutron emission from nuclei close to stability [Gho50, Mor53]. This beha-
viour is investigated in more detail in the following sections.
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Figure 8.8: The penetrability as a function of energy for | = 0, 2 for 3'Cl, 3S
and %P calculated using Ref. [Tho09].

8.3 A simple model for proton emission

The energy distribution of the emitted proton from a given level depends on
three factors: The phase space, the level density in the daughter nucleus and
the penetrability [Hor72]. The phase space grows proportionally to the proton
energy and the level density in the daughter nucleus increases with excitation
energy. At low proton energy the spectrum is dominated by the penetrability,
since it decreases strongly with decreasing energy. We expect proton decay
branches to be suppressed if the penetrability is less than 10~* because the
widths of the 3!Cl levels are of the order 10 keV when disregarding the pen-
etrability and that gamma decays enter when the widths of the levels are of
the order 1eV. We expect the emitted protons to be predominantly from the
sd-shell and hence [ = 0,2 to be favoured in the proton emissions due to the
structure of 3'Ar. The penetrability can be found using Ref. [Tho09] and is
shown in Figure 8.8. In our case a penetrability of 10~* corresponds to pro-
ton energies of around 0.6 MeV for s-wave transitions and around 0.9 MeV
for d-wave transitions for the isotopes involved in the decay so we expect de-
cay branches with proton energies below this energy to be suppressed. This
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agrees well with what we observe for the levels of 305 where we observe pro-
ton decays down to the 5.2-MeV level approximately 0.8 MeV above the pro-
ton threshold. For high energies the level density will be so high that the de-
cay can be treated purely statistically [Bor13]. In his paper Ref. [D91], Détraz
calculated and plotted the intensity of protons as a function of energy for the
decay of the IAS taking into account all three factors. The result is a bell-
shaped distribution with a long high-energy tail. Extending this to our case,
where multiple levels in 3'Cl are populated, the energy distribution should
be a sum of similar distributions shifted in energy. Since the energy shifts are
small, the resulting sum should be similar in shape. This will also be the case
for decays of excited levels in both 29P and %S, and thus also when one con-
siders the two- and three-proton energy spectra. However, for levels close to
the threshold this picture breaks down, and the decay will instead result in a
number of resolved lines in the spectrum. We now check our current sensi-
tivity to modelling by using a simple model that relies on a few assumptions,
namely that the three stages of proton emission are independent and that they
all can be described by the same distribution.

We first consider the energy spectrum for two-proton events in Figure 8.9.
The reason for starting with the two-proton spectrum is that the levels fed in
%S have a sufficiently large excitation energy so that the level density is high.
This means that this spectrum contains fewer resolved lines than the one-
proton spectrum. The major resolved lines around 0.7 MeV are most likely
due to an overlap in the structure of >'Ar and the 5.2 MeV level fed in %S
(cf. Section 6.4). Disregarding the resolved lines in the spectrum, the energy
distribution does seem to have the same shape as calculated by Détraz [D91],
i.e. a bell-shape with a long high-energy tail. A well known function with this
shape is the y?-distribution. By manually adjusting the parameters of this
function to the data we find the parametrisation

1 k z
5—1

e 2, (8.1)
21 (s)

with =28 % —20 and k=6,

hgp = 560 - x*(x, k) = 560 -

N

which is shown together with the data in Figure 8.9. The distribution has an
average energy of 2.86 MeV.
Correcting the energy of the proton for recoil (see Eq. (1.27)) we get the
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Figure 8.9: Energies of the individual protons detected in multiplicity-two
events. The vertical range has been cut off for better visualisation of the
unresolved structure. The red distribution is a x2-distribution adjusted

manually to the data: ha;, = 560 - x?(2.8 - 5 — 2.0,6).

typical value of @Q1,. This is scaled and plotted in Figure 8.10 together with
the @1, value for all particles which hit detector 3. Again disregarding the
resolved lines, the shape of the data seems to match the distribution.

By folding the distribution with itself the typical value of ()9, is obtained
corresponding to randomly adding the energies of the two protons. Here we
benefit from having chosen the x2-distribution since, when folding the x2-
distribution with another x2-distribution, the result is just a y?-distribution
with a k-parameter equal to the sum of the k-parameters from the original
distributions [Jam06]. The @2, spectrum can be seen in Figure 8.5 together
with this distribution, which is again scaled to fit the data. The simple model
still describes the data fairly well when disregarding the resolved lines.

Finally, folding the distribution with itself once more gives the typical val-
ues of (Y3,. This is shown in Figure 8.6 together with the data. Here the statis-
tics are very limited, but the data are consistent with the trend displayed by
the simple model.

It should be stressed that the fitted distributions are only simplified mod-
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Figure 8.10: ()1, calculated for all particles detected in detector 3. The
vertical range has been cut off for better visualisation of the unresolved
structure. The red distribution is the y?-distribution from Figure 8.9 trans-
formed using the recoil factor and manually scaled to the data.

els and that they are not fitted to the data, but only adjusted and scaled manu-
ally. However, it is remarkable that with this very simple approach it is pos-
sible to relate @;;, distributions (for i = 1, 2, 3) to each other. In the next section
we will extend our model to give predictions for one-, two- and three-proton
branching ratios.

8.4 The evolution of decay modes

In Section 8.2 we saw that there was an evolution in the dominating decay
modes, where more protons are emitted with increasing excitation energy.
We now want to expand our model from Section 8.3 to see if it is possible
to predict this evolution and thereby the branching ratios for the three decay
mechanisms.

We start by considering 3 Ar and assume that the energies of the protons
in the decays are given by the relation in Eq. (8.1). For a given level in 3'Cl the
distribution of Q1,, Q2, and @3, from this level can be represented by a known
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Figure 8.11: The Q,,, distribution (red), Q2, distribution (yellow) and Q3
distribution (blue) drawn as a function of E’, which is the energy from the
chosen level in 3!Cl (i.e. E' = 0 corresponds to the energy of the level in
31Cl and E' = 1MeV is 1 MeV below this level). Here we have chosen
the energy of the 3!Cl level to be 12MeV. The yellow, red and grey thick
vertical lines correspond to the three-, two- and one-proton thresholds,
respectively. The corresponding thinner lines below illustrate the chosen
threshold ¢ of 500keV. The red shaded area corresponds to the fraction
of the one proton emissions that will lead to further proton emission (b ;)
and the yellow shaded area likewise corresponds to the fraction of the two
proton emissions that will lead to further proton emission (b5 ).
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function as described in Section 8.3. Now assume that, after emitting the first
proton, we populate a level in 3S with energy above a certain limit ¢ above
the proton threshold, then the nucleus will again decay by a proton. From the
penetrabilities we know that this threshold should be somewhere below 0.6—
0.9 MeV. In 3°S we see proton decays from the level 0.8 MeV above the proton
threshold and in ?°P we see proton decays from the level 0.7 MeV above the
proton threshold. We thus choose the threshold ¢ to be 500 keV corresponding
to penetrabilities of the order 10~° for s-wave transitions and 10° for d-wave
transitions. For a given level in !Cl the fraction of one proton emissions that
will lead to further proton emissions is just the fraction of the x? distribution
for Q1, which lies below E(*!Cl) — Sy, — t. An illustration can be seen in
Figure 8.11, where this corresponds to the red shaded area. By integrating
over all energies in 3!Cl we can find the fraction of one proton emissions that
will lead to further proton emissions as

3107, _ ,
, foE( )= tX2 (a T _MEV' + b, k:) dE’
1 - 00 ’ ) (8‘2)
! Jo x*a 7+ 5gy +0,k) dEY
where @ = 2.8, b = 2.0 and k = 6. E(3'Cl) is the level chosen in 3'Cl, S,
30
the two-proton separation energy and r = ﬁ is the recoil factor (see
mp

Eq. (1.27)). Since the x2-distribution is normalised, the denominater is 1. The
integral in the numerator can be solved analytically and we obtain the solu-

E(3Cl) — Sy, — ¢ k
/1f—rinc<%'<a"r' ( 13/[@\/' P +b 75 9 (83)

where the incomplete gamma function is defined as I'inc(z, k) = [e t5 1 dt.

tion

We obtain the fraction of the two proton emissions that will lead to further
proton emission in a similar manner:

El
o v + 0,2k dE’
Y Joox a5ty +b,k) dE

E(3Cl) — S3, — ¢ 2k
=Tyl L a-r- d - 4
C<2 <a " MeV o5 (84)

OE(SICI)7S3p7t X2 (a o
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Figure 8.12: The intensities of one- (red), two- (yellow) and three-proton
(blue) decays as a function of excitation energy in 3'Cl. The horizontal
dashed lines corresponds to the one-, two- and three-proton separation en-
ergy, respectively. The horizontal full line corresponds to the energy of the
IAS. (a) is calculated using Egs. (8.2)-(8.5). A lower threshold of 500keV
above the one-proton separation energy is chosen for the one-proton de-
cays and similar for the two- and three-proton decays. (b) is calculated
from the data using 500 keV energy bins.

where Sy, is the three-proton separation energy and we again choose ¢t =
500 keV. The one-, two and three-proton branching ratios for the level in 3Cl

are then
Ilpzl_ Ilf7 bép:bllbe2f7 I2p:bllf_ I2p' (85)

Figure 8.12a shows these branching ratios as a function of the energy in 3!ClL.
We can compare these with the measured ratios shown in Figure 8.12b. It
is clear that the one-proton decay dominates for the low-lying levels in 3'Cl.
When the excitation energy increases, the two-proton decay takes over and
finally the three-proton decays dominate for very high excitation energies.
This is the same trend which is observed in neutron emission from nuclei
close to stability as we mentioned previously. From Figure 8.12 we see that
our prediction is very good for the crossing from one-proton dominance to
two-proton dominance, while the three-proton decay is introduced too early
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Figure 8.13: (a) The theoretical Bgp distribution calculated by
Brown [Bro15] (black) shown together with the Bgr calculated from the
data (yellow). The purple distribution is a fit to the theoretical distribution
by two Gaussian distributions. (b) The summed Bg distributions of (a).

with our model.

To make a prediction for the beta-delayed one-, two- and three-proton
branching ratios we now just need to fold the distribution in Figure 8.12a
with the branching ratio for feeding the different levels in 3'Cl. This we can
of course get directly from the data, but since we want the model to have
as little data input as possible, we instead use a theoretically computed Bgr
distribution. In Figure 8.13a a calculation of the Bsr by Brown [Bro15] (the
same as used in Figure 8.7) is shown together with the Bgr extracted from
the data. Also shown in Figure 8.13a is a fit to the distribution by two Gaus-
sian distributions, which means p; = 15.76(16) MeV and uy = 15.9(6) MeV,
standard deviations 07 = 1.48(21) MeV and o2 = 6.1(9) MeV and amplitudes
N; = 1.28(26) MeV and N, = 2.67(31) MeV. In Figure 8.13b we see that the
summed distribution to a good approximation follows the summed Bgr dis-
tribution.

We now find the branching ratio for feeding the different levels in 3!Cl
using Eq. (1.15). We normalise it to the expected total Gamow-Teller beta-
delayed proton branching ratio. From our data we find it to be 73.9(36) %.
However, because this value includes the gamma-delayed proton decays of
the IAS (assuming our hypothesis from Section 6.1.1 is correct), the real value
should be smaller. Instead we use the 74.4(3) % found by Lis et al. [Lis15]
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Figure 8.14: The beta branching ratio calculated using Eq. (1.15) from the
Bgr distributions shown in Figure 8.13a. The black distribution is from the
Bgr calculated by Brown and the purple distribution is from the Gaussian
distributions fitted to this B distribution.

for the total beta-delayed proton branching ratio and subtract the theoretical
Fermi contribution of 4.24(43) % (cf. Section 8.1). This gives us a total Gamow-
Teller beta-delayed proton branching ratio of 73.2(5) %. Because we have a
lower energy cut on the one-proton spectrum of 1 MeV we exclude the contri-
butions for energies below the one-proton separation energy plus 1 MeV when
we do the normalisation. The branching ratios found as a function of excita-
tion energy in 3!Cl are shown in Figure 8.14. We see that the fitted distribution
underestimates the branching ratio for small energies, where the one-proton
decay is dominant. We thus expect the fitted distribution to underestimate the
one-proton branching ratio compared to the one deduced from the theoreti-
cally calculated Bgr distribution. We can now fold this with the probability
for one-, two and three-proton emission to obtain the total branching ratios for
the beta-delayed Gamow-Teller decays. Again we exclude the contributions
for energies below the one-proton separation energy plus 1 MeV.

The result can be found in Table 8.2, where the branching ratios obtained
from the data are shown for comparison. For most nuclei where a three-
proton decay is kinematically allowed, the proton branching ratios measured
experimentally will include both the Gamow-Teller and Fermi contribution.
To be able to compare our model with the experimental results, we thus have
to include the Fermi contribution as well. We do this by assuming that the
proton branching ratio of the decay of the IAS is split in the same way as a
level with the same energy fed by a Gamow-Teller decay. This assumption
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Table 8.2: The total branching ratios for the beta-delayed one-, two- and
three-proton decays of *'Ar, *Cr and *’Ti as predicted by the model using
either the Bgr calculated by Brown or the double Gaussian fit to this dis-
tribution. Both the prediction for the full beta strength (GT+IAS) and for
only the Gamow-Teller part is shown. For 3Ar the experimental results
(Exp.) obtained in this chapter are shown for comparison. An independent
measurement have been made by Lis et al. [Lis15] using an optical time pro-
jection chamber, which is also shown for the full beta strength (Exp. O.).
Experimental values have also been found for *Cr using an optical time
projection chamber [Pom11] and they are shown for comparison (Exp. O.).

bgip (%)  baap (%)  baay, (%)

Brown 66 7 0.6
GT Fit 60 12 0.9
31 AL Exp. 65.8(32) 8.0(9) 0.055(19)
Brown 66 10 2
GT +IAS Fit 60 15 2
Exp. 66.5(33) 10.8(10) 0.095(28)
Exp. O. 68.3(3) 9.0(2) 0.07(2)
Brown 67 4 0.10
GT .
Fit 67 4 0.10
43
Cr Brown 75 13 0.10
GT + IAS Fit 75 13 0.10
Exp. O. 81(4) 7.1(4) 0.08(3)
Brown 69 3 0.03
GT .
Fit 68 4 0.05
39
Ti Brown 74 20 0.04
GT + IAS

Fit 73 21 0.06




112 Chapter 8. Determination of the beta-strength

should in principle be correct, since the IAS due to isospin mixing will proton
decay via a nearby level, cf. Section 1.1.1. However, the IAS can also decay by
gamma emission, which means that the subsequent proton decay will orig-
inate from a lower lying level, whose decay modes are divided in another
way with a stronger weight to the decay modes with low multiplicity. In this
way we incorrectly assign more strength to the decay branches with higher
multiplicity. How much depends on the energy of the IAS and the gamma
daughter(s) of the IAS. The total one-, two- and three-proton branching ratios
for the decay of 3!Ar are also shown in Table 8.2. These can be compared with
an independent measurement made by Lis et al. [Lis15] using an optical time
projection chamber (OTPC). Their result is also shown in Table 8.2 and we see
that it agrees very well with our measurement.

We also see that there is a fairly good agreement between our model and
the experimental results for the one- and two-proton branching ratios. Us-
ing the fit for the Bgr underestimates the one-proton branching ratio and
overestimates the two-proton branching ratio as expected, since the fit un-
derestimates the beta branching ratio to the lowest levels in 3!Cl as seen in
Figure 8.14. The model overestimates the three-proton branching ratio by an
order of magnitude compared to the data. One possible explanation is that
only some of the full three-proton strength has been measured. However, this
is not likely since it has been measured by two independent experiments (ours
and Ref. [Lis15]) using different techniques. Instead, it is most likely caused
by the crude assumptions of the model. The assumption that the emitted pro-
tons can have an arbitrary energy does not hold when the level density is low.
This is the case for the levels populated in 2°P in the three-proton decay, which
will lie relatively close to the proton threshold. Here a full model will need to
take the structure of the nuclei in the individual transitions into account. The
estimate given by the model here will be an upper limit of the three-proton
branching ratio unless there are special structure effects, which will favour
the three-proton decay. Note, however, that overestimating the three-proton
branching ratio does not influence the estimate of the one- and two-proton
branching ratios significantly.
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Figure 8.15: The proton energies from the decay of *Cr (a) measured by
Giovinazzo et al. [Gio01] (b) measured by Dossat et al. [Dos07]. The red dis-
tribution is a Gaussian distribution adjusted manually to fit both dataset.

8.5 Predictions of branching ratios

We can now use the model to make predictions about the branching ratios for
other nuclei. Since the model depends on the distribution of the energies of
the emitted protons, it can only be used for nuclei with sufficient proton data.
In the following subsections the model is used on two other nuclei, ¥*Cr and
%Ti. The assumptions used are explained in detail for the case of ¥*Cr.

8.5.1 “Cr

The proton spectrum for the decay of ¥*Cr has been measured by Giovinazzo
et al. [Gio01] and by Dossat et al. [Dos07] and can be seen in Figure 8.15.
The spectra also include summed proton energies of beta-delayed two-proton
events. In principle these events should be removed, but unfortunately this
is not possible. The peak at 4.3 MeV is believed to originate from the beta-
delayed two-proton decay of the IAS and we will thus try to discard it when
fitting.

The energy distribution when disregarding the resolved lines seems to be
more symmetric than was the case for 3!Ar. A x2-distribution is therefore
not a good approximation. Instead we use a Gaussian distribution which is
symmetric. By manually adjusting it to fit the data, we obtain a distribution
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with mean ;i = 3.8 MeV and standard deviation o = 1.0 MeV. The branching
ratios for the one-, two- and three proton decay from a level in the **Cr beta
daughter can be found as for 3 Ar using Eq. (8.2)-(8.5). But since we now use
the Gaussian distribution we have to substitute this for the x?-distribution
and we get

43v)_a. ,
foE( V)=Se tG<r~ETH,0> dE'

fOOOG('r : E%,u,a) dE'

_° [erf(L> +erf<r' (B(PV) = S — 1) - “)] . (8.6)
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where the error function is defined as erf(z) = foxfft2 dt. Since folding a
Gaussian distribution with another Gaussian distribution just gives a Gaus-
sian distribution with the mean equal the sum of the two means and variance
equal the sum of the variances, we find that by, is given as bj ; with ;i substi-
tuted by 2i; and o substituted by \/20. The separation energies used can be
found in Table 8.3, which contains all the quantities that are different from the
case of 3!Ar. The resulting branching ratios as a function of energy are shown
in Figure 8.16.

The next step is to find a Bgr distribution. We choose the same distri-
bution as used for 3'Ar, but shifted in energy. In principle we should also
scale by the difference in Gamow-Teller strength, but since it is proportional
to the Fermi strength B (see Section 1.1.3) and this is the same for *Cr and
3lAr (see Table 8.3), this is not necessary here. To find out how much we
need to shift the distribution from 3'Ar, we look at the difference between the
energy of the IAS and the Gamow-Teller centroid energy (Egt — Ejas). For
31CI (the beta daughter of 3 Ar) we estimate this as the difference between the
energy of the IAS found in Section 8.1 and the mean of the first Gaussian dis-
tribution in the Gaussian fit to the Bgr distribution (note that the discrepancy
between the means of the two Gaussian distributions is within one standard
deviation). We find that Egr — Ejas for *'Cl is 3.45(16) MeV and we now
need to the this difference for the beta daughter of *3Cr. In Ref. [Lan00] the
shell-model Gamow-Teller centroid energy relative to the energy of the IAS
(Egt — Eias) is calculated for neutron-rich nuclei as a function of (N — Z)/A.
Their results are shown in Figure 8.17 and we see that we can approximate the
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Table 8.3: A table of the different parameters used as inputs in our
model. The one-proton separation energies for the beta-delayed one- (5,1),
two- (Sp2) and three-proton 5,3 daughters are all found using the nuclear
masses from Ref. [Wan12], except S, for 3'Ar, which is from Ref. [Saal1].
Qrc for ¥Ti and *3Cr is also found from Ref. [Wan12]. The half-life,
T2 for *Ti are from Ref. [Dos07] and for ¥*Cr it is the weighted aver-
age of [Gio01,Dos07, Pom11]. The energy of the IAS, Eag, for “*Cr and **Ti
are found from the mass-excess of the IAS measured in Ref. [Dos07] and
the mass-excess of the ground state from Ref. [Wan12]. The total branching
ratio for beta-delayed proton emission, bg,, is taken from Ref. [Dos07] for
¥Ti and from Ref. [Pom11] for **Cr. They are used to calculate the total
branching ratio for Gamow-Teller beta decays bg, cr. (Ecr — Eias),, is the
difference between the Gamow-Teller centroid energy and the energy of
the IAS for the mirror nuclei to the beta daughters and (Egr — Ejas) is the
difference used for the beta daughters to obtain the downwards shift of the
Bgr distribution, AE, as a multiple of 0.5 MeV.

31Ar 43CI' 39Ti
Sp1 0.2828(44) MeV  0.097(47)MeV ~ —0.597(24) MeV
Spo 4.3956(7)MeV  3.7512(3)MeV  4.54728(22) ms
Sps 2.7486(6) MeV  1.08499(9) MeV  1.85763(10) ms
Elas 12.313(4) MeV  8.22(4) MeV 9.12(4) MeV
Qrc 18.38(10) MeV  15.62(40) MeV  16.37(21) MeV
Ty 15.1(3) m 21.1(3) ms 28.5(9) ms
Bp=Z-N 5 5 5
bsp 77.4(3) % 88(4) % 93.7(2.8) %
bsp.GT 73.2(5) % 70(4) % 72.3(34) %
(Egr — Eias),, 4.58 MeV 6.17 MeV 5.74 MeV
Ecr — Eias 3.45(16) MeV 5.04 MeV 4.64 MeV
AE 0MeV 2.5 MeV 2.0 MeV
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Figure 8.16: The calculated intensities of one- (red), two- (yellow) and
three-proton (blue) decays as a function of excitation energy in the beta
daughter of 3Cr. The horizontal dashed lines corresponds to the one-,
two- and three-proton separation energy, respectively. The horizontal full
line corresponds to the energy of the IAS. A lower threshold of 500 keV
above the one-proton separation energy is chosen for the one-proton de-
cays and similar for the two- and three-proton decays.

dependence by a straight line. Using this line we obtain the (Egt — Ejas) for
the mirror nuclei of the beta daughters of 31Ar and *3Cr, see Table 8.3. We see
that the (Egr — Eias) for the mirror nuclei to 3!Cl lies approximately 1 MeV
above the 3.45(16) MeV energy difference found above. We thus assume that
the (Egr — Eias) for the beta daughter of “3Cr is also shifted downwards by
approximately 1 MeV. Returning to the Bgr distribution, we find that this
has to be shifted downwards by the energy:

AE = (Egr — Eas) s1p, — (Bt — Eias) + Ep 45 s1p, — Eias. (87)

Since our Bgr distribution is calculated for 0.5 MeV bins, we adjust the (Egr—
E1as), so that we shift the Bgr distribution by an integer number of bins. The
resulting (Egt — Eias) and AE can be found in Table 8.3. The Bgr distribu-
tions used for **Cr is shown in Figure 8.18a. From this the branching ratios
can be found as a function of excitation energy in the beta daughter using
Eq. (1.15), where we use the half-life, the energy of the IAS and the Q ¢ given
in Table 8.3. We assume that only levels 500 keV above the one-proton sep-
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Figure 8.17: The Gamow-Teller centroid energy relative to the energy of
the IAS for neutron-rich nuclei as a function of (N — Z)/A. The data points
are from Ref. [Lan00]. The red line is a fit to these points and the stars mark
the values on this line for the daughters of 3!Ar, *Cr and *Ti.

aration energy will decay by proton emission and we then normalise the dis-
tribution to the total proton branching ratio for Gamow-Teller decays. This is
found from the total proton branching ratio bg, by subtracting b found using
Eq. (1.14). The branching ratios as a function of excitation energy in the beta

daughter that we obtain are shown in Figure 8.18b.

We now fold this by the distribution in Figure 8.16 and obtain the total
branching ratios for the beta-delayed one-, two- and three-proton decay given
in Table 8.2. As for 3!Ar we include a contribution from the IAS by assuming
that the IAS decays in the same way as a level fed by a Gamow-Teller tran-
sition with the same energy. This is also shown in Table 8.2 together with an
experimental result from Ref. [Pom11]. Considering the crude assumptions
they agree surprisingly well. Especially the three-proton branching ratios
which agree within only one standard deviation. The one-proton branching
ratio is slightly underestimated while the two-proton branching ratio is over-
estimated. This could be due to a number of things. (i) Naturally, it could be
that the model is wrong or does not hold for the case of “*Cr due to a special
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Figure 8.18: (a) The theoretical Bgr distributions from Figure 8.13a shifted
downwards by 2.5 MeV used for the decay of ¥*Cr. (b) The distribution of
the branching ratios for the beta-decay of #Cr found using (a).

structure, since the beta-delayed three-proton daughter is doubly magic. (ii)
It could be due to a wrong estimate of the IAS decay branches. If our model
holds for the prediction of the Gamow-Teller strength (i.e. we assume that the
67 %, the 4% and the 0.10 % in Table 8.2 are correct), then about 80 % of the
IAS decays need to be one-proton decays and the rest two-proton decays in
order to obtain the experimental results of 81(4) %, 7.14% and 0.08(3) % lis-
ted in Table 8.2. From Figure 8.16 we see that this would be the case if the
IAS was situated approximately 1 MeV below the value given in Table 8.3.
The uncertainty of the energy of the IAS is only 40keV using the new mass
measurements [Wan12], and it is thus highly unlikely that the differences are
caused by the energy determination of the IAS. However, since the IAS only
proton decays through isospin mixing it might have a large gamma branch,
which will move the strength downwards, giving a bigger one-proton decay
branch. (iii) The difference could originate from the determination of AE.
However, changing the value of AE with up to 2.5MeV in both direction
does not change the branching ratios significantly. (iv) It could be caused by
the Gaussian fit to the data. The branching ratios are highly sensitive to even
small changes to the parameters. For example, changing the mean to 4.2 MeV
and the standard deviation to 0.8 MeV would give the experimentally meas-
ured values for the one- and two-proton branching ratio, but at the same time
it lowers the three-proton branching ratio by a factor of ten. However, a Gaus-
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Figure 8.19: The proton energies from the decay of **Ti measured by Giovi-
nazzo et al. [Gio01]. The red distribution is a Gaussian distribution adjusted
manually to fit the data.

sian distribution with these parameters would no longer fit the data very well.
Considering the data in Figure 8.15 it is more likely that the mean should be
slightly smaller than the one used and the standard deviation larger. The data-
set in Figure 8.15b seems more flat than the one in Figure 8.15a. This could
be due to a possible energy dependent detection efficiency for one of the ex-
periments, which is not taken into account here. The Gaussian distribution
does not seem to be the best fit to the data in Figure 8.15b and perhaps an-
other distribution should have been chosen. It is, however, very encouraging
that this simple model gives branching ratios this close to the experimentally
measured.

8.5.2 39Ti

The details for the calculation of the total branching ratios for the beta-delayed
one-, two- and three-proton decay using our model are described above for
the case of #*Cr. As data input for the proton energies, we use the spectra
measured by Dossat et al. [Dos07] shown in Figure 8.19. As for **Cr it seems
like the distribution is symmetric when neglecting the resolved lines so we
once again assume a Gaussian distribution. We obtain the distribution shown
in Figure 8.19 with mean p = 4.1 MeV and standard deviation o = 1.1 MeV.
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Figure 8.20: The calculated intensities of one- (red), two- (yellow) and
three-proton (blue) decays as a function of excitation energy in the beta
daughter of *Ti. The horizontal dashed lines correspond to the one-, two-
and three-proton separation energy, respectively. The horizontal full line
corresponds to the energy of the IAS. A lower threshold of 500keV above
the one-proton separation energy is chosen for the one-proton decays and
similar for the two- and three-proton decays.

The values for the different parameters that we need as input in the model are
given in Table 8.3. The calculated ratios of one-, two- and three-proton decays
as a function of excitation energy in the beta daughter of *Ti are shown in
Figure 8.20. The Bgr distribution used and the resulting distribution of the
branching ratios for the beta-decay are shown in Figure 8.21. Finally, the total
branching ratios for the beta-delayed one-, two- and three-proton decay of

¥Ti are given in Table 8.2.

Unfortunately there are no experimental measurements of the beta-delayed
one-, two- and three-proton branching ratios. According to Ref. [Aud12a]
the beta-delayed two-proton branching ratio is estimated to 15 % presum-
ably based on Ref. [Gio01]. However, studying the results of Giovinazzo
et al. [GioO1] in detail and comparing their identified peaks with the beta-
delayed two-proton spectrum measured my Moltz et al. [Mol92], we find that
the two peaks measured at energies 2440(25) keV and 4880(40) keV are most
likely due to beta-delayed two-proton decays. The energies measured are the
summed energies of the two protons and their branching ratios are found
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Figure 8.21: (a) The theoretical Bgr distributions from Figure 8.13a shifted
downwards by 2.0 MeV used for the decay of *Ti. (b) The distribution of
the branching ratios for the beta-decay of ¥Ti found using (a).

to be 8.0(50) % and 12.5(65) %, respectively, giving a total branching ratio of
20.5(82) % for beta-delayed two-proton decay. Both Giovinazzo et al. and
Moltz et al. have very limited statistics and we thus turn to the spectrum from
Dossat et al. [Dos07] shown in Figure 8.19. Dossat et al. measure a peak at
5.17(3) MeV with branching ratio 10(3) %, which they assume is the same as
the 4.88-MeV peak measured by Giovinazzo et al. They only give the branch-
ing ratio of the other strong peak at 3.27(2) MeV, but this is most likely not
from beta-delayed two-proton events. So from their results we can only con-
clude that the branching ratio for beta-delayed two-proton decay is more than
10 %, in agreement with our estimated prediction of 20 %.






CHAPTER 9

Summary and outlook

9.1 Summary

We have studied the complex decay of the drip-line nucleus 3!Ar. The large
window for beta emission and the small proton separation energies along
with our compact setup for particle detection have made it possible for us
to use this decay to study a variety of topics.

We have been able to study the exotic three-proton decay mode which
was only recently discovered in the decay of > Ar and has only been observed
in two other nuclei. We have performed the first spectroscopic analysis of
this decay mode made possible by the good resolution of our setup and the
large solid angle for particle detection. We have shown that roughly half
of the three-proton events in the decay of 3'Ar originate from the isobaric
analogue state (IAS) in 3'Cl, while the rest originate from higher-lying levels
fed in the Gamow-Teller decay. We also see that the three-proton emission is
mainly sequential primarily going through the two levels at 3447.6(4) keV and
4080.5(3) keV in 2P lying above the proton threshold of 2748.6(6) keV. How-
ever, a simultaneous component cannot be excluded due to limited statistics.
We have made a quantitative analysis of the beta-delayed two-proton-gamma
events to search for gamma transitions from excited states in ’P. Even though
we know from the three-proton decay that levels above the proton threshold
are populated, only gamma rays from the two lowest excited states in 2P
could be clearly identified.

In the process of analysing the data we have developed a new method for
finding the geometry of a double-sided silicon strip detector (DSSSD) from its
hit-pattern. The method is more robust than the previous, where the source is
assumed to be a point, and the new method can thus be used even when the
detector is exposed to shading effects. The calibration is made from runs with
3Ar and from these we have improved the energy determinations of three

123
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proton decays from the decay of *Cl, with proton energies of 1320.1(20) keV,
2479.2(20) keV and 3856.9(20) keV. The gamma decay from the **Ar runs have
also been examined and we have for the first time in the >*Ar decay seen the
M1 gamma decay of the IAS in 3*Cl to the anti isobaric analogue state (AIAS).
We determine the energy of this transition to be 4734.0(20) keV. Furthermore,
we have used the new results from Lis ef al. [Lis15] of the total beta-delayed
proton branching ratio for normalisation of the total number of 3!Ar atoms
collected. This reduces the normalisation uncertainty to 3.8 % from the 11 %
obtained when normalising to the absolute branching ratio of 26.2(29) % from
Refs. [Axe98a, Baz92] of the strong 2083(3)-keV one-proton peak. To ease fu-
ture >'Ar experiments we find the revised absolute branching ratio of this
peak to be 25.9(10) %.

We have improved the previous determinations of the beta-strength in
several ways. For the Fermi decay we have analysed all the identified pro-
ton channels of the IAS including the recently discovered three-proton decay
and contributions from decays to higher-lying levels in %S than previously
observed. To obtain the refined Fermi strength we have used our improved
half-life of 3'Ar of 15.1(3) ms, which we have determined from our data. The
energy of the IASis found to be 12.313(4) MeV and the branching ratio for the
Fermi decay is found to be 3.56(32) % when only the proton branches of the
IAS are included. We found a gamma signal at 3431(6)-keV, which is most
likely the gamma decay of the IAS, since it does not match any other transi-
tion in the 'Ar decay. It is most likely an M1 transition to the AIAS, which
then has an energy of 8882(7) keV. Including this gives a branching ratio for
the Fermi decay of 4.30(36) %, and we have thus accounted for all the decays
of the IAS (or almost), since the theoretical value of the Fermi decay branching
ratio is 4.24(43) %, which is found using our improved Coulomb displacement
energy of 6.85(10) MeV.

The determination of the Gamow-Teller strength has been significantly im-
proved from previous measurements. The identified contributions from the
one-, two- and three-proton branches are found to be 0.60(2)(2), 2.11(19)(8)
and 1.03(28)(4), respectively. By comparison with a shell-model calculation
we have shown that we can account for the majority of the strength distribu-
tion.

We have measured all three proton decay modes with a good energy res-
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olution. This made it possible to study the evolution of the proton decay
modes in the same way as is done for neutron emission for nuclei close to
stability [Gho50, Mor53]. We have shown that the evolution of the proton
channels follows the same tendency with the multiplicity of the dominating
decay mode increasing with increasing excitation energy. Furthermore, we
have shown that with a simplified model it is possible to give an estimate of
the @2, and @3, distributions from the @, distribution, when disregarding
resolved lines, and that we can use this simple model to make predictions of
the beta-delayed one-, two- and three-proton branching ratios in other decays.
We have used the model to make predictions for the decay of *Ti and *3Cr,
where the latter can be compared to experimental data and shows an encour-
aging agreement, when taking the limitations of the model into account.

We have examined the gamma spectrum from the decay of >'Ar and iden-
tified the ground state decay of the two lowest lying levels in 2P and %S and
the decay of the second excited level and the 4689.1(24)-keV to the ground
state. The latter is observed for the first time in the decay of 3'Ar. Finally,
as mentioned above, we have found a gamma line at 3431(6)-keV, which we
assign to the decay of the IAS in 3!Cl. We have shown that the gamma lines
from the short-lived levels in 3°S (and in 32S in the decay of 3*Ar) are Doppler
broadened due to the previous proton decay. The resolution of these lines can
thus be improved by correcting for the Doppler shift.

The levels of 3°S above the proton threshold (and up to about 6 MeV) are
of interest to astrophysics, since their characteristics are essential when de-
termining the 2°P(p,v)3°S reaction rate, which influences explosive hydrogen
burning in type I x-ray bursts and classical novae. We have identified three
such levels in the beta-delayed two-proton decay at 5227(3) keV, 5390(4) keV
and 5845(5) keV besides the one found in the gamma decay at 4689.1(24) keV,
which is one of the two levels, which strongest influence the 2P (p, v)3"S re-
action rate. We have developed a new analysis method, by which we identify
the protons feeding the level of interest and gate on these. In this way we are
able to lower our background significantly and provide experimental limits
on the ratio between the proton and gamma partial widths. The upper limit
of the I', /" ratio has been found for the 4689.1(24) keV level to be 0.19 (95 %
C.L.), which is well above the theoretical predictions of 0.37 x 1072 [Set13]
and 0.27 x 1072 [Ric13]. For the three levels identified in the two-proton de-



126 Chapter 9. Summary and outlook

cay an upper limit on the I',/I', are found to be 0.5, 7 and 10 (95% C.L.),
respectively, where the latter are in conflict with the 15.7 obtained by calcu-
lations in Ref. [Alm12]. Furthermore, we have studied the decay of the IAS
trough the levels just above the proton threshold. Even though we cannot
positively identify the 4809-keV level, our analysis suggest that the proton
branching ratio of this level is smaller than what is currently expected from
calculations. This level has the strongest influence on the 2°P(p, v)3°S reaction
rate and this issue should thus be further examined by experiments.

The spin of the levels of astrophysical interest in %S is also important when
determining the 2°P(p,v)3S reaction rate and there is still some disagreement
in their spin assignment. We present a new method of determining the spin
using angular correlations between the two protons in the beta-delayed two-
proton decay passing through the level of interest. Due to the spins of the
31Cl levels being unknown an ensemble of states in 3!Cl is used. We use the
method for the strongest populated level at 5227(3) keV and find it to have
spin 3% or 47, with the data favouring a 3% assignment. When comparing
with the mirror nucleus and the measurements from Ref. [Lot12] we find that
the spin should be either 3" or 0" and thus conclude that we populate a 3"
level. However, due to our limited statistics we cannot exclude that a 0™ level
with approximately the same energy is also populated, which could explain
the difference between our measured energy of 5227(3) keV and the one meas-
ured in Ref. [Lot12] of 5218.8(3) ke V.

Finally, we have attempted to explain the strong feeding of the 5227(3)-
keV level by a simple picture, where we consider 3!Ar to consist of a core of
3Cl plus a 1d35 proton. We then view the beta-delayed proton decay of ' Ar
as a beta decay of the °Cl core with a subsequent emission of the spectator
proton. The levels populated in S are thus determined by the beta decay
of 3Cl, which we find would favour population of a 3* state, by comparing
with the mirror nucleus. When comparing with the mirror process, we also
find that the strongest populated levels (including the ones below the proton
threshold) are the same in the two.



9.2. Outlook 127

9.2 Qutlook

With the results presented here, we have shown that the beta decay of nuclei
close to the drip-line is a competitive tool for studying spectroscopic prop-
erties of nuclear levels. Reaction experiments normally suffer from a large
background and a large scattering of the reaction products in the detector.
This is not the case when using the beta decay as a probe. The beta-decaying
nuclei can be implanted on a thin foil with a relatively small background and
since there is no scattering we obtain a very clean spectroscopic system. We
have shown that beta-decay experiments are competitive with reaction ex-
periments in accessing information of astrophysical interest even though we
populate the relevant levels in two steps from the drip-line, while the reaction
experiments populate the levels in two steps from stable nuclei.

Even though the results in this thesis are competitive it is clear that an
experiment with a purer beam and a higher yield, would make it possible
to improve most of the results. After the experiment was performed signifi-
cant developments have been made at ISOLDE on the primary target, which
shows that a nano-structured CaO target should improve the yield with an
order of magnitude [Ram14]. In addition we showed during the experiment
that lowering the temperature of the primary target also lowered the nitrogen
contamination in the beam.

With this beam, the same amount of beam time, a compact setup for parti-
cle detection (with backing on all DSSSDs) and a large coverage for detection
of gamma particles it should be possible to provide values for the I', /T, ratio
of both the 4688-keV and 4809-keV levels relevant to astrophysics. Further-
more, it would be possible to investigate the beta-delayed three-proton decay
in greater detail and shed further light on the decay mechanism. An exper-
iment of this sort has been proposed [Alg13]. The proposal was approved
and the experiment was carried out in October 2014. Unfortunately the beam
time was shorter than for the experiment presented here and the anticipated
improved yield was not obtained. Still the improved setup should make it
possible to improve some of the results presented here. The experiment is
currently being analysed by a PhD student in our collaborating group at CSIC
in Madrid.

The new analysis methods developed here could also benefit other beta-
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decay studies with subsequent particle emission. The methods developed
here for finding the spin and the ratio between the proton and gamma partial
widths for levels in %S could for example be used to study the astrophysically
interesting 2Al(p,7)?°Si reaction using the beta-delayed proton decays of %’S.
However, due to the large reactivity of sulphur this isotope is not easily ex-
tracted from the primary target unit at ISOLDE so a %S beam with a sufficient
yield is currently not available.

Naturally, it would also be interesting to use the method for predicting
beta-delayed one-, two- and three-proton branching ratios from the decay of
other nuclei along the drip-line to search for new possible beta-delayed three-
proton emitters. The problem with the method is that it needs a good proton
spectrum as an input. The most promising nuclei with fairly good one- and
two-proton data include %S, 2*Si and **Ca and naturally it would be desirable
to also use the model on the known three-proton emitter *Fe.
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