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Abstract

The high energy available in the 37 /EC decay of nuclei lying far to the left of the stability path
leads to the population of highly excited states in the daughter nuclei. This, combined with de-
creasing charged-particle separation energies in the daughter nuclei, opens windows for a variety
of decay modes with $-delayed (multi-) particle emission. The study of these decay channels pro-
vides a unique tool for gaining insight and understanding the nuclear structure of (multi-) particle
unbound states, given their competitiveness against de-excitation via gamma radiation. Moreover,
decay data of these nuclei provide input for the astrophysical rp-process modeling and thus under-
standing the abundance of elements in the Universe.

The measurements forming the basis of this thesis were conducted during two experimental cam-
paigns aiming at investigating exotic phenomena in the structure of medium-mass nuclei in the
vicinity of the proton drip line. Neutron-deficient silicon isotopes were produced and investigated at
the Cyclotron Institute at Texas A&M University, while neutron-deficient germanium and zinc iso-
topes were produced and studied at the National Superconducting Cyclotron Laboratory at Michigan
State University. In each of these experiments, the ions of interest were produced in the fragmen-
tation reaction of a heavier projectile and electromagnetically separated from the other reaction
products and from the primary beam. They were then implanted into and their decays were studied
by means of the optical time projection chamber (OTPC) detector. Within this work the complete
analysis of the data collected was performed, from Monte Carlo simulations to reconstruction of
the momenta of decay products and interpretation of the results in the context of literature, when
available, and theoretical modeling.

Among the results of the first experiment are the confirmation of the previously known B-delayed
one and two-proton emission (Sp and $2p) from 22Si and 23Si. Moreover, two new decay modes
were observed in 23Si: -delayed 3p- and pa emission. The branching ratios for the two latter are
discussed in the context of the properties of other known emitters of these exotic decay channels
with T, from —3/2 to —7/2. In the second experiment, the new isotope °°Ge was observed for the
first time. Its production rate, as well as the production rates of less exotic germanium isotopes
(60=62Ge), yielded cross-section values that are discussed in the context of previously measured val-
ues. The limited prediction capabilities of models when looking at the production of nuclei so far
from stability make in fact the measurement of production cross-sections of vital importance for
planning future experiments. The 3 decay of %°Ge was measured for the first time and found to
proceed via Op emission with a branching ratio of ~100%. The ($-delayed proton emission channel
of %87Zn was also observed for the first time and the energy spectrum of the detected protons allowed
to investigate the B(GT) distribution above the proton-separation energy in the daughter nucleus
58Cu. Despite the small branching ratio, the Gamow-Teller strength for the main observed proton
group was comparable in intensity to the values known for proton-bound states, emphasizing the
importance of taking into account the channels involving the emission of the particles while inves-
tigating the B(GT) distribution. The obtained distribution is discussed in the framework of QRPA
calculations. The impact of the obtained branching ratio on the rp-process and in particular on the
abundance of A = 57 nuclei was investigated, yet found to be of the order of a few percent.
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Streszczenie (Abstract in Polish)

Wysokie energie dostepne w rozpadzie 81 /EC jader lezacych daleko na lewo od &ciezki stabil-
noéci prowadza do populowania wysoko wzbudzonych stanéw w jadrach-céorkach. W polaczeniu
ze zmniejszajacymi sie energiami separacji natadowanych czastek w jadrach-coérkach, umozliwia
to wystepowanie rozmaitych kanalow rozpadu z emisja (wielu) czastek opoznionych po rozpadzie
[. Badanie tych kanaléw jest niezbedne do zrozumienia struktury jadrowej stanéw niezwiazanych
ze wzgledu na emisje (wielu) czastek, jako ze im dalej od $ciezki stabilnosei, tym mocniej kanaly te
wygrywaja z deekscytacja przez emisje promieniowania . Co wiecej, badania dotyczace rozpadow
tych jader dostarczaja danych potrzebnych do modelowania astrofizycznego procesu rp, a tym samym
wystepowania pierwiastkow we Wszech§wiecie.

Pomiary bedace podstawa niniejszej pracy przeprowadzono podczas dwoch eksperymentéw. Ich celem
bylo zbadanie egzotycznych zjawisk w lezacych w poblizu linii odpadania protonu $rednio masywnych
jadrach. Neutrono-deficytowe izotopy krzemu zostaly wyprodukowane i zbadane w Cyclotron Insti-
tute, Texas A&M University, podczas gdy neutrono-deficytowe izotopy germanu i cynku zostaly
wyprodukowane i zbadane w National Superconducting Cyclotron Laboratory, Michigan State Uni-
versity. W kazdym z tych eksperymentéw jony bedace przedmiotem badari byly wytwarzane w
reakcji fragmentacji ciezszego pocisku i elektromagnetycznie oddzielane od innych produktow reakcji
i od wiazki pierwotnej. Nastepnie implantowano je i badano ich rozpady za pomoca komory dry-
fowej z projekcja czasu i odczytem optycznym (optical time projection chamber, OTPC). W ramach
niniejszej pracy przeprowadzono pelna analize zebranych danych, poczawszy od symulacji Monte
Carlo, po rekonstrukcje pedéw produktéw rozpadu i interpretacje wynikéw w kontekscie dostepnych
danych eksperymentalnych oraz wynikéw teoretycznych.

Wsrod wynikéw pierwszego eksperymentu znajduje sie potwierdzenie obserwowanej wcezesniej emisji
jednego i dwoch protonéw opéznionych po rozpadzie 3 (Bp i 82p) z 22Si i 23Si. Ponadto w 23Si
zaobserwowano dwa nowe kanaly rozpadu: emisje 3p i pa op6znionych po rozpadzie 5. Stosunki roz-
galezienn dla dwoch ostatnich oméwiono w kontekscie wlasciwosci innych znanych emiteréw o rzucie
izospinu T, od —3/2 do —7/2. W drugim eksperymencie po raz pierwszy zaobserwowano nowy izo-
top *Ge. Obliczone dla niego, oraz dla mniej egzotycznych izotopéw germanu (%°~62Ge), przekroje
czynne na produkcje zostaly oméwione w kontekscie wezesniej zmierzonych wartosci. Ogranic-
zona zdolnosé predykcyjna modeli w zakresie przewidywania produkcji jader tak dalekich od stabil-
nodci sprawia, ze pomiary przekrojéw czynnych maja kluczowe znaczenie dla planowania przysztych
eksperymentéw. Rozpad 3 59Ge zostal zmierzony po raz pierwszy i stwierdzono, ze zachodzi poprzez
emisje Bp z prawdopodobieristwem = 100%. Ten sam kanal rozpadu zostal zaobserwowany po raz
pierwszy réwniez w °2Zn, a widmo energetyczne wykrytych protonéw pozwolito zbadaé¢ rozklad
B(GT) powyzej energii separacji protonu w jadrze-corce, *®Cu. Pomimo matego wspolczynnika roz-
galezienia sita przejs¢ Gamowa-Tellera dla gltownej zaobserwowanej grupy protonéw byta poréwny-
walna pod wzgledem intensywnosci do wartosci znanych dla stanéw protonowo-zwiazanych, co pod-
kregla znaczenie uwzglednienia kanaléow z emisja czastek podczas badania rozkladu B(GT). Otrzy-
many rozktad poréwnano z wynikami obliczen QRPA. Zbadano wplyw uzyskanego stosunku roz-
galezieri na proces rp, a w szczeg6olnosci na wystepowanie jader z A = 57, jednak stwierdzono, ze nie
przekracza on kilku procent.
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Chapter 1

Introduction

1.1 Physical processes at the edge of stability

Our universe is composed almost exclusively by less than 300 isotopes of around 100 elements.
These are the stable, or very long-lived, combinations of protons and neutrons held together by
strong nuclear forces. The number of all known nuclei is over 10 times higher and it grows each year
thanks to the development of new cutting-edge laboratories. The development of new experimental
methods, such as radioactive beams, led to an even more rapid progress in this field over the last
30-50 years. Only in the last decade, between 2012 and 2021, 226 new nuclides were discovered [1].

1.1.1 [-stability valley and § decay

For a given mass number A, there is a combination (or combinations) of protons and neutrons that
is characterized by a maximum binding energy. The isotopes corresponding to such combination
are, with very few exceptions, stable against 8 decay and constitute the S-stability path or valley on
the chart of nuclei. In Figure 1.1 the chart of nuclei showing all known' isotopes is shown, with the
[B-stability valley marked by black squares. All isotopes outside this path will decay spontaneously
back towards stability mostly by « and S decay, but also by more rare processes such as one- and
two-proton radioactivity. This work will focus on the study of rare decay modes at the proton-rich
edge of the chart of nuclei.

The binding energy for isobars of given mass A as a function of the atomic number Z has a parabolic
shape and is described by the Bethe-Weizséicker semi-empirical mass formula based on liquid-drop
model of a nucleus:

_ —9,)2
2(51/31)7%(14 AQ) +6(A, Z) (1.1)

B(Z, A) = avA — asA2/3 — ac

with ay — coefficient for the volume term, ag — coefficient for the surface term, ac — coefficient for
Coulomb term and a4 — coefficient for the asymmetry term, while §(A4, Z) stands for the pairing
interaction and is = +/ — g for even Z and A / odd Z and A, and = 0 for odd A. The binding energy
has therefore larger value close to the stability path. Figure 1.2 shows the binding energy per nucleon
for A=58 with two stable isobars present: °®Ni and ®®Fe. Nuclei that are on the right scope of the
parabola (proton-rich nuclei) will change their configuration by transforming protons into neutrons
in order to increase the binding energy. They will undergo 5% and/or electron capture (EC) process.
In the nuclei on the left scope of the parabola (neutron-rich) the opposite transformation will take
place: neutrons into protons via 3~ decay. By defining the mass of a nuclide 4Z as the sum of Z
hydrogen atom masses and N neutron masses, decreased by the binding energy, one obtains for a
given A the mass parabola known from nuclear physics textbooks [3].

1 cut-off date 01.12.2022



0 20 40 60 80 100 120 140 160

Figure 1.1: Nuclide chart showing decay modes of all isotopes known to date!. Stable nuclei are
marked in black. Nuclei undergoing 3% /electron capture (EC) and S~ process (87) are marked
in blue and pink, respectively, those undergoing @ and proton decays and fission are highlighted in
yellow, orange and green, respectively. Picture from Ref. [2].
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Figure 1.2: Binding energy per nucleon (BE/A) as function of Z for isobars with A=58. Stable
nuclei are marked with black squares. Nuclei undergoing 3% /EC and 3~ processes are marked with
red circles and blue triangles, respectively. All values are taken from Ref. [4]. The dashed black line
shows the corresponding values obtained with equation 1.1 using coefficients from Ref. [5].



B decays, which are weak interaction processes, can be described schematically as follows. In /T
decay, a nucleus “Z changes into a nucleus 4(Z — 1), a positron and an electron neutrino:

AZ M Z 1) +et + o, (1.2)

while in the electron-capture process (EC), a nucleus “Z captures one of the bound electrons and
changes into nucleus 4(Z — 1) and an electron neutrino.

AZ ey =MNZ-1)+ . (1.3)

In 8~ decay, a nucleus 4 Z changes into a nucleus 4(Z 4 1), an electron and an electron anti-neutrino:

AZ A Z+ D) +e +70 (1.4)

B decay itself is possible if the energy available for this process, or Q-value, is positive, i.e. the
daughter nucleus is more bound than the mother. Q-value for EC is therefore

Qrc = M(A,Z)? — M(A,Z —1)c? (1.5)

where M(A, Z) and M(A, Z-1) are the masses of the atoms 4Z and “(Z-1), respectively. The energy
available to be released in 31 process is equal to

Qpr = M(A, Z)c> — M(A, Z — 1) — 2mec® = Qpc — 2mec’ (1.6)

where M(A, Z) and M(A, Z-1) are the masses of atoms of 4Z and “(Z-1) isotopes, respectively, and
m, is an electron mass. Neutrino masses are neglected in both expressions. (g values for nuclei
up to Z=45 are shown in Figure 1.3.
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Figure 1.3: Qpc energies for all isotopes up to Z = 45 [2]. The values are positive/negative on the
left /right side of the stability path.



The energy available in §~ decay is

Qp- = M(A,2)* — M(A, Z + 1)c? (1.7)

where M(A, Z) and M(A, Z+1) are masses of atoms of 4Z and 4(Z + 1) isotopes, respectively.

The proton separation energy is the minimum energy that is needed for a proton to be removed from
the nucleus. It is defined as

S,=M(A—1,Z—1)c®* + Mgc® — M(A,Z)c* = B(A,Z) - B(A—1,Z — 1) (1.8)

where M(A, Z) and M(A-1, Z-1) are masses of the atoms of the 4Z and 4~1(Z — 1) isotopes,
respectively, and My is the hydrogen atom mass. It might also be expressed as the difference
between the binding energies of these two nuclides (B(A, Z) and B(A-1, Z-1)). Separation energies
of x protons (Sy,) can be obtained by changing in the above equation M(A-1, Z-1) to M(A-x, Z-x),
and My to x - M. Separation energies of other particles can be defined analogously.

For extremely proton-rich nuclei S}, can become negative and spontaneous proton emission becomes
possible. The boundary beyond which this process takes place is called a proton drip line. The
Figure 1.4 shows the S, values throughout the nuclide chart up to Z = 45 and the proton drip line.

40
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Z20

10

65

Figure 1.4: Proton separation energy for all isotopes up to Z = 45 [2]. The proton drip line is marked
in red. For isotopes of even Z elements it is placed further away from the stability path than for odd
7Z values due to the effect of pairing forces .

1.1.2 [ transitions and [ strength

The intensity of a 8 transition can be given in terms of the reduced transition probability, the so
called ft-value, where t is the partial half-life of the state and f is the phase-space factor, i.e. a
dimensionless integral over the spectrum of the 3 particles, depending on the leptons kinematics and
the Z of the daughter nucleus:



= 76912 (1'9)
Bp + 8 Bar

\2

ft

Bp and Bgr are reduced matrix elements squared of the Fermi- (F) and Gamow-Teller (GT) inter-
action, into which the nuclear transition between initial and final state can be decomposed:

Br = |Mp|?, Ber = |Mar|® (1.10)

often referred to as the strengths of the respective interactions. gy and g4 are vector and axial-
vector coupling constants of the weak interactions, connected with F and GT part of it, respectively.
Constant C

23R In2

- 775 . 121 (1.11)

meC gy

and ga/gy can be calculated by fitting to the experimental data from 0% — 0T superallowed

decays studies. Recent best-fit values are C' = 6144.2(16)s and |ga/gv| = 1.2694(28) [6]. The ft

value spanns over many orders of magnitude, hence its logarithm log ft = log,(ft[s]) is usually
given.

While discussing [ transitions, one must keep in mind the presence of the leptons, (anti)-
neutrino and (anti)electron, in the final state. Their free particles wave function can be expanded in
series and if only the first term (/~ 1) of the expansion is taken into account, one refers to it as an
"allowed" transition approximation. This corresponds to the situation, when the leptons in the final
state carry no orbital angular momentum, and the only change of nuclear total angular momentum
results from the spin of the leptons (s = % each, coupling to 0 or 1). Such decays are called "allowed".
In allowed Fermi decay, the total spin of the emitted leptons equals 0, which implies no change in
the angular momentum AJ = 0 nor in total isospin AT = 0. In allowed Gamow-Teller transitions,
the total spin carried by leptons equals 1, leading to the possible change of angular momentum
AJ = 0,£1 and of total isospin AT = 0,+1. Both types of decays conserve the parity w. Pure
Fermi-type decays only take place between J=0 states with no change in angular momentum nor
parity, e.g. between states in the same shell model orbital. Such decays (both Fermi- and Gamow-
Teller) are called allowed, while the term "superallowed" is used for 07 — 0% Fermi transitions.
Forbidden transitions are those requiring bigger change in total angular momentum and/or parity
change, and are characterised by longer lifetimes. The selection rules for several transition types, up
to third forbidden, are summarised in Table 1.1.

Table 1.1: Selection rules for allowed and forbidden [ decays, detailing the allowed Fermi and
Gamow-Teller transitions, as well as superallowed Fermi transitions.

decay AJ AT Am
superallowed (F) 0t — 0" 0 mno
allowed (F) 0 0 no
allowed (GT) 0,1 (except J; =J;=0) 0,1 no
first forbidden 0,1,2 0,1 yes
second forbidden 1,23 0,1 no
third forbidden 2,3, 4 0,1 yes

As follows from the selection rules, Br # 0 only for AJ = AT = 0, whereas Bgr can be # 0
whenever angular momentum and total isospin does not change or changes by one unit (except
Ji; = Jy = 0). It can be obtained experimentally from the measured T}, and the branching ratio.

The strong interaction responsible for holding the nucleons together is charge-independent, therefore,
if we neglect Coulomb interactions between protons, isospin is a good quantum number for describing
the nucleus. A pure Fermi transition conserves isospin, i.e. the initial and final states belong
to the same isospin multiplet. The state in the daughter nucleus populated by Fermi decay of the



mother nucleus ground state is called Isobaric Analogue State (IAS). In reality, the charge-dependent
interactions can not be neglected, with the consequence that there is a difference in masses of the
initial (g. s.) and final (TAS) states. This results from the difference in Coulomb energy of the states
(Coulomb displacement energy, AFE¢) and the difference between proton and neutron mass. AE¢
can be expressed as

AEc =M, (A, Z)* — Mras(A, Z — 1) — (Mig — my,)c? (1.12)

with mass of the "missing" electron included into the hydrogen mass [7]. Therefore, there is always
a small portion of the Fermi decay that populates states other than TAS.

1.1.3 [-delayed (multi-) particle emission

[B-delayed charged particle emission is a phenomenon that arises while departing from the §-stability
line towards the proton drip line. It is driven by the fact that the Qg values get larger and, at the
same time, particle(s) separation energies in the respective daughter nuclei become lower due to the
increasing influence of the Coulomb force.

The high Qgc values available near the proton drip line allow to populate excited states (including
the TAS) in the daughter nucleus and, if the excitation energy E., exceeds S, it can lead to the
prompt emission of protons following 5 decay, the so-called S-delayed proton emission (Sp). Once
energetically possible, this process becomes increasingly competitive to de-excitation via + emission,
with increasing excitation energy of the state populated. The shape of the spectrum of 3-delayed
particles depends on the density of the states which are populated in 5 decay, and from which the
particles are emitted, and on the § strength distribution. If 5 decay feeds a region with low state den-
sity, or even mainly one excited state (e.g. IAS), and the density of states in the granddaughter/final
nucleus is low, the proton spectrum consists of discrete lines. In the opposite case, it displays a
broad, continuous "bump" and individual proton transitions can not be disentangled. Examples of
nuclei with these two types of Bp energy spectra are 57Zn [8] and ®°Ga [9], respectively.

If Ec; is larger than Sg,, S-delayed two-proton emission (82p) may occur. Similarly, more exotic
decay modes with S-delayed (multi-) particle emission, such as 33p, 83He or Bap/Bpa, can occur
when the respective particle separation energies fall within the Q o window. In Figure 1.5 the exotic
decay modes considered in this work are summarised schematically.

(p emission was first observed in 1963 from 2°Si and, tentatively, from several isotopes nearby [10].
20 years later, 22Al was identified as the first known ($2p emitter [11]. Until recently about 200
Op emitters have been identified, among which some present also decay by (-delayed emission of
multiple particles. Prior to this work, 8-delayed three proton emission (83p) had only been observed
in 4°Fe, 43Cr and 3'Ar. A similar situation holds for isotopes emitting S-delayed proton + « particle
(Bap / Bpa), which has been observed only in C, 1"Ne and Mg [12].
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Figure 1.5: Scheme of 3-delayed (multi-) charged particle emission. The mother nucleus 47 decays
by 8T /EC. The Qgc value available in the process is sufficiently large to allow populating highly
excited, particle-unbound states in the daughter nucleus #(Z-1). Thus, particle emission from 4 (Z-
1) occurs and 47 and “(Z-1) are the precursor and emitter, respectively. Depending on the energy
available, one, two, or more protons (and other particles) can be emitted. Deexcitation via y emission
in the daughter nucleus competes with charged-particle emission from unbound states typically only
at the lower energies, just above the particle-separation energy. For bound states, only v deexcitation
is possible. If the daughter nucleus is populated in an excited state, it might also de-excite via ~y
emission.

1.2 Exotic medium-mass proton-rich isotopes - state of the art

The investigation of exotic nuclei around and beyond the proton drip line remains one of the modern
low-energy nuclear-physics frontiers. The strong imbalance between the proton and neutron numbers
creates an ideal opportunity for testing nuclear forces and structure models in such exotic nuclear
environments. The interplay of the low particle-separation energies, large S-decay Q-values, and
the Coulomb barrier results in a variety of interesting phenomena, as described in Section 1.1, and
provides the playground for studying nuclear properties, not available in nuclei closer to stability.

This section summarizes the state of knowledge on the isotopes being subject of this dissertation at
the time they were investigated, namely the lightest silicon isotopes and the region around 5°Ge.
The corresponding regions of the chart of nuclei are shown in Figure 1.6.

1.2.1 Silicon isotopes

22,23Gi are most neutron-deficient silicon isotopes known to date. Due to the large energy available
in 87 /EC decay, they are both characterized by a variety of energetically possible rare decay modes
among those discussed in Section 1.1.3, as shown in Figure 1.7.

22Si

22Gi is the lightest silicon isotope and the lightest T,= —3 nucleus observed to date. It was first
identified at GANIL, Caen, France, in an experiment using the fragmentation reaction of a 36Ar
primary beam (85 A-MeV) on a "**Ni target [13]. 161 ions were identified directly by using a telescope
consisting of two AE and one E silicon detectors. A decade later, its decay was investigated in the
same laboratory [14,15] with an 36 Ar beam impinging on a Ni target at 95 A-MeV. The ions of interest
were separated from the remaining reaction products by means of the LISE3 separator, identified
on the basis of standard energy loss (AE) vs time-of-flight (ToF) measurements, and implanted in a
silicon detector. 3-delayed proton emission from 22Si was measured for the first time and 4 proton
transitions between 1.6 and 2.2 MeV, as well as one broad proton distribution around 1 MeV, were
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Figure 1.6: Nuclide chart fragments around (a) 2223Si and (b) *>%°Ge and °®Zn, showing the half-
lifes and the most probable decay-modes for the ions of interest (marked with red squares) and the
surrounding isotopes (source: NNDC [2]). All possible granddaughter nuclei for the open decay
channels for S-delayed particle emission of the ions of interest (as listed in Sections 1.2.1 and 1.2.2)
are marked with blue squares.

found. The branching ratio for Sp above 500 keV was found to be around 100% and it was reported,
that no protons with energy below 500 keV are present in the measured spectra. The half-life of 22Si
was determined to be ¢,/ = 29 & 2 ms.

During recent studies performed at RIBLLI, Lanzhou, China, ?2Si ions were produced and their
decay investigated with a detection system consisting of an array of silicon detectors and HPGe
clovers. A new decay channel with 32p emission from the TAS in 22A1 was discovered [16], as well as
a new, low-energy peak in the Sp spectrum. The value of half-life resulting from the collected data
was 27.8(35) ms. 22Si was also reported to show a large mirror asymmetry compared to the mirror
220 B~ decay in its decay to low-lying states, although with large uncertainties [17].

Energies of all proton transitions as determined in the previous studies are listed in Table 1.2. In
this work, -delayed charged particle emission from 22Si was reinvestigated.
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Figure 1.7: Decay schemes showing the possible decay modes of (a) ?2Si and (b) 23Si. In each
subfigure, the Qpc value as well as TAS energy and separation energies in the 8% /EC-daughter
nucleus are marked. Solid arrows show decay channels known prior to this work, whereas dashed
lines indicate other available decay modes. Example levels beside the IAS are marked to show the
possible decay through excited states. All energies are with respect to the 31 /EC-daughter ground
state and stem from the most recent atomic mass evaluation (AME2020) [4].

23Si

23Gi is the lightest T, = —% isotope discovered so far. It was first observed in 1985 at GANIL
[18] as a product of the fragmentation reaction of 77 A-MeV %°Ca beam on a "%Ni target. 74
23Gi ions were identified among the electromagnetically separated reaction products using LISE
spectrometer. Unfortunately, their spectroscopic studies were not possible at this time due to a

strong contamination from the produced (-delayed proton and « emitting nuclei.

A decade later, the upgrade of the LISE spectrometer to LISE3 made it possible to perform the
decay studies [15,19]. The ions of interest were produced in the fragmentation reaction of 36Ar
primary beam at 95 A-MeV on a "*Ni target and separated from the rest of the fragments by
means of the LISE3 separator. They were then implanted into a detection setup consisting of Micro-
Strip Gas Counter (MSGC) and silicon detector. -delayed one- and two-proton emission channels
were identified for the first time. Both the low- (below 1 MeV) as well as the high-energy (up to
around 12 MeV) part of the proton spectrum were measured. 14 peaks identified as Sp transitions



Table 1.2: Proton transitions known in 22Si decay data prior to this work. For each experiment, the
proton energy E, and branching ratio br are summarized, as well as the decay channel to which the
transition was assigned.

Blank et al. [14]  Xu et al. [16,17] Lee et al. [17]
E, [keV] br [%] Ep [keV] br[%] Ep, [keV]  br [%]  decay channel

630 710(50)  5.3(10) Bp

1000 Bp
1630(50)  6(2) Bp
1990(50)  20(2)  1950(70) 1950(50)  43.0(46) Bp
2100(50)  4(2) Bp
2170(50)  2(1) 2150(50)  13.5(21) Bp
5600(70)  0.7(3) B2p

were detected, as well as two [2p transitions from the IAS to the ground state and to the first
excited state in the 2p daughter 2!Na, see Table 1.3. The BT /EC decay of 23Si was found to be
dominated by transitions to the IAS in 23Al, thus the energy of its state was inferred, with part of
the strength feeding lower-lying states in Gamow-Teller decay. The 23Si half-life was determined to
be tl/g =42.3+0.4 ms.

More recently, a new study of 23Si was performed at the RIBBL1 facility [20]. A 2®Si beam impinged
on a Be target at an energy of 76 A-MeV. An array of silicon detectors and clover-type HPGe
detectors were used to detect 3 electrons and both protons and + rays emitted after its 31 /EC decay.
Coincidences between the signals allowed for confirmation of previously discovered $2p channel as
well as adding new transitions and studying the low-energy structure of 2>Al. The half-life of 23Si
was found to be t; /5 = 40.24 1.9 ms, which is consistent with the previous value. More exotic decay
modes as $3p and Sap/pa were not identified, although being energetically possible, see Figure 1.7b.
All identified proton transitions are listed in Table 1.3.

The low-energy structure of 23Si B-decay daughter, 2Al, was investigated over the years also by
means of nuclear reactions [21-23] in the context of astrophysical calculations for nucleosynthesis in
novae. Its lowest lying excited state has I™ = (%)Jr and is therefore not easily populated/observed in

3 decay. It was identified in a transfer reaction study and placed at the energy of 550(20) keV [21].

In this work S-delayed charged-particle emission was reinvestigated to gain an insight into the struc-
ture of 23Al and look for the most exotic decay channels.

1.2.2 Germanium and zinc isotopes

The second group of isotopes investigated within this thesis contains neutron-deficient germanium
and zinc isotopes. In Table 1.4 3-decay energies of 2:59Ge as well as separation energies of several
particles in their daughter nuclei ®**59Ga, are listed.

59(_}e

% Ge is an extremely neutron-deficient germanium isotope that had not been identified before this
study, the lightest germanium isotope known prior to this research being °Ge. However, predictions
existed for its properties. On the basis of nuclear masses obtained with the Skyrme Hartree-Fock
model for the displacement energies, S, and Sg, were calculated to be 0.19(14) MeV and -1.16(14)
MeV [24], respectively, making 5?Ge to be listed as one of "the most promising candidates for the
illusive diproton emission" [24].
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Table 1.3: Proton transitions known in 22Si decay prior to this work. Data published in Blank
et al. [19] and Wang et al. [20]. For each work, the proton energy E, and branching ratio br are
summarized, as well as the decay channel.

Blank et al. [19] Wang et al. [20]
E, [keV]  br[%| E, [keV] br[%| decay channel

600(60) <3 673(36) 2.4(1) Bp

1320(40)  10(1)  1346(39) 5.1(4) Bp
1700(60) <5  1631(46  4.6(6) Bp
2400(40)  32(2)  2309(41) 21(2) Bp
2830(60)  14(1)  2730(43) 9.6(1) Bp
3040(60)  7.8(6) 3015(45) 8.9(5) Bp
3650(60)  7.2(6)  3524(65) 8.0(5) Bp
3811(51)  6.2(1) Bp

4370(60)  2.0(2) 4134(52) 5.0(1) Bp
4760(60)  2.7(2)  4799(56)  2(1) Bp
5860(100)  1.9(2)  5857(66) 0.9(9) B2p
6180(100)  1.7(2)  6000(64) 0.6(6) B2p
8680(70)  0.4(1) Bp
9670(70)  0.11(4) Bp
10410(70)  0.07(3) Bp
10930(80)  0.09(3) Bp
11620(100  0.03(2) Bp

Table 1.4: 3-decay energies (Qgrc) of 5%50Ge and separation energies of p, 2p, 3p, *He and a+p in
their respective daughter nuclei ®*69Ga. All the separation energies listed are all within the Qgc
window of respective mother nuclei. All energies stem from Ref. [4].

Ge Ga 0Ge 0Ga
QEc [keV]  separation energy [keV] Qpgc [keV] separation energy [keV]

17390(430) S, -1250(170)  12060(360) S, -340(200)
Sy 1030(170) Sap 2500(200)

Ss, 1720(170) Sa 3380(210)

Sap/pa 4190(170) Sap/pa 3970(200)

Sa 4550(230) Ssp 5370(200)

Ssge  10060(170) Ssrre 7210(200)
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In this work, an attempt at identifying the new isotope °?Ge and looking for its decay by 2p emission
was performed. After the experiment, another investigation of the same isotopes was performed by
Blank et al. [25]. Their results will be presented in Section 5.2.

GOGe

60Ge was discovered in 2005 at NSCL by Stolz et al. [26]. It was produced in the fragmentation of
a "®Kr 140 A-MeV beam on a Be target. Reaction products were separated by means of the A1900
separator and identified directly on the basis of ToF and AE. A total of 3 ions of *°Ge was identified.
As the decay of none of them was observed, only a lower limit on the half-life of 110 ns was determined
on basis of the time of flight through the separator. The measured cross-section for the production
of 0Ce, o = 0.387527 pb, was 3 times smaller than predicted by the abrasion-ablation model [27]
and a factor of 300 smaller than EPAX V2 predictions available at the time [28]. A reason for this
could be the very short half-life (of about 0.25 us), due to in-flight decaying via 2p emission. Such
interpretation is, however, not compatible with °Ge being predicted to be stable against both p and
2p decay [24]. Cross sections for less exotic germanium isotopes were measured as well and found
to be lower than predictions, but with smaller discrepancy. Shortly after, ®*Ge was investigated
again at GANIL [29]. This time, a "°Ge beam impinged on "*Ni target at 72 A-MeV. Identification
of 4 %9Ge ions yielded a cross-section 10 times larger than previously measured, suggesting that a
Ni target combined with lower beam energy are a better choice when producing the most exotic
proton-rich germanium isotopes, but still lower than EPAX V2 predictions for the beam and target
combination used. Also in this case, no decay data were obtained. Due to the high 8-decay energy
and the low separation energies in %°Ga one can expect that °Ge decay is dominated by S-delayed
proton emission as well as that more exotic decay channels are present (see Table 1.4).

In this work, the production cross section for 5°Ge was reinvestigated and the first spectroscopic
study for this isotope performed.

58 7n

The neutron-deficient zinc isotope *®Zn was produced and identified for the first time by means of the
pion double-charge exchange reaction **Ni(n+, 77)%®Zn at the Los Alamos Meson Physics Faculty
in the late ’80s [30]. At the same time, its mass was measured. It was at the time the heaviest
T, = -1 nucleus studied. More than 10 years later its 8 decay was investigated at ISOLDE [31].
The isotopes of interest were produced in the spallation reaction induced by a pulsed beam of 1 GeV
protons on a Nb target and separated from the other reaction products in a chemically-selective laser
ion source. Their detection setup included an HPGe detector for v ray measurement, a /3 telescope
and a charged particle detector consisting of a silicon detector and a gaseous AE detector. On the
basis of a strong v transition from the IAS in 58Cu at 203 keV, the half-life of ®Zn was measured
to be t; /o = 86(16) ms. One more j3 transition - GT to an excited state at 1052 keV - was found.
On the basis of the non-observation of Sp in the decay of ®®Zn an upper limit of 3% was set for
the respective branching ratio. The half-life was re-measured in 2002 in an experiment dedicated
to half-life measurements of ™Kr fragmentation products, ¢/, = 83(10) ms [32], and found to be
consistent with the previous value. Further studies performed recently at GANIL [33], where the
ions of interest were produced in the fragmentation reaction of a 4Zn beam at 79 A-MeV on a "*'Ni
target, separated by the LISE3 separator and implanted into a Double Sided Silicon Strip Detector
(DSSSD), resulted in neither the observation of new v transitions, nor Sp identification. However,
the half-life was measured with much better accuracy, ¢,/, = 86(2) ms.

Figure 1.8 summarizes the experimental data available on °®Zn prior to this work. In these studies,
the decay of ®8Zn was reinvestigated to search for its Sp branch and measure the corresponding Bar
strength.

Exotic decays data for nuclear astrophysical processes

The study of proton-rich nuclei in this region of the chart of nuclei can provide a significant input for
astrophysical simulations of the thermonuclear runaway on the surface of accreting neutron starts
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Figure 1.8: Decay scheme of *®Zn as known to date [31,33]. Information about the energy levels in
%8Cu, B feedings I, Fermi B(F) and Gamow-Teller B(GT) transition strengths to the levels in ¥Cu
as well as the half-life stem from [33]. S, in 58Cu and Qgc value for 58Zn are taken from [4].

driven by the rapid proton capture process (rp), the so-called x-ray bursts [34]. It was shown that
[p emission affects the rp process [35]. Both °®Zn and its neighbour 57Zn are placed on the path
of the rp process, therefore details on their 8 decay may provide an additional building block in
understanding the creation of heavy elements in the universe.
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1.3 Thesis layout

This dissertation presents the results obtained in two experiments aiming at investigating exotic phe-
nomena in nuclear structure at the limits of stability, beyond N=Z line, while climbing from proton-
rich silicon nuclei to proton-rich zinc and germanium nuclei along the proton drip line. Chapter 1
provides a description of the physical processes involved and the state of knowledge on the isotopes
of interest. It is followed by an explanation of methodologies applied for both production of such
nuclei and detection of rare decay modes, involving charged-particle emission (Chapter 2). The ex-
periments at the core of this work are described in Chapter 3 and the results of both of them are
presented and discussed in Chapters 4 and 5. A summary closes the work (Chapter 6).

Publications stemming from this work are reported in the following.

1. 59Ge: Ciemny A. A., Dominik W., Ginter T., Grzywacz R., Janas Z., Kuich M., Mazzocchi C.,
Pfiitzner M., Pomorski M., Zarzynski F., Bazin D., Baumann T., Bezbakh A., Crider B. P.,
Cwiok M., Go S., Kaminski G., Kolos K., Korgul A., Kwan E., Liddick S., Miernik K.,
Paulauskas S. V., Pereira J., Rykaczewski K., Sumithrarachchi C. and Xiao Y. First observation
of ®® Ge Phys. Rev. C 92 014622, 2015.

2. 0Ge: Ciemny A. A., Dominik W., Ginter T., Grzywacz R., Janas Z., Kuich M., Mazzocchi
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3. 58Zn: Ciemny A. A., Dominik W., Ginter T., Grzywacz R., Janas Z., Kuich M., Mazzocchi
C., Pfiitzner M., Pomorski M., Bazin D., Baumann T., Bezbakh A., Crider B. P., Cwiok
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2020.
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delayed charged-particle decay of 2?3Si Phys. Rev. C 106 014317, 2022.
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Chapter 2

Methodology

2.1 Production and selection of exotic isotopes

2.1.1 Nuclear reactions

Nuclei at the edges of stability are produced almost exclusively in nuclear reactions of stable projectile
and target. However, if the nucleus has a half-life that is long enough, a radioactive target may be
used in particular cases (like in the search for new elements), and/or a radioactive projectile can be
used (so-called radioactive beams) [36].

There are few main reaction types that can occur when a nucleus interacts with another. When the
available energy is low (close to the Coulomb barrier, typically 2 to 6 MeV /nucleon), two nuclei that
collide centrally can fuse together to form a single heavier nucleus, which later de-excites by emission
of particles and y-rays (fusion-evaporation reaction). Instead of fusing together, projectile and target
can exchange part of their nucleons. After such transfer, projectile-like and target-like nuclei appear
in the final state. When two nuclei collide peripherally at higher energies (50 MeV /nucleon to
1 GeV/nucleon), a fragmentation reaction occurs - this is the breakup of nucleus into fragments
(usually projectile fragmentation is used). At higher energies when the projectile is a light ion (e.g.
proton, deuteron etc.) and the target a heavier nucleus, the target does not fragment, but part of
its nucleons are removed - such process is called spallation. Neutron-rich targets can also be the
source of neutron-rich medium mass nuclei via fission reactions. The latter can also occur as a decay
channel of excited heavy nuclei produced via other reactions [12].

Fragmentation

A fragmentation reaction, shown schematically in Figure 2.1, consists of two phases. In the first,
abrasion phase, rapid interactions appear in the overlapping zone of the nuclei, between the so-called
participants. As a result, a part of the projectile nucleus is removed and a highly excited projectile-
like pre-fragment is formed. Spectators (target-like nucleus and projectile-like pre-fragment) continue
their relative motion in the center-of-mass frame. In the ablation phase, the pre-fragment de-excitates
by particle and -y emission, fission etc. Due to the high energies involved and momentum conservation,
the final fragment has nearly the same direction and kinetic energy as the projectile [36,37]. For the
energies of interest in this work, the fragments leave the target totally ionised (with charge ¢ = Z-e,
e being the elementary charge), a feature that becomes important when it comes to their separation
and identification.

For projectile energies above 100 A-MeV (limiting fragmentation regime) the total reaction cross sec-
tion depends weakly on the projectile energy and becomes a geometric dependence of mass numbers
of target Ar and projectile Ap:

a s AL/3 4L/3 2
O'R:ﬂ'T'O AT +AP +aﬁ—c (21)
T P
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Figure 2.1: Scheme of a fragmentation reaction. See text for details.

where 79 = 1.1 fm is the radius parameter, a = 1.85 is the mass asymmetry coefficient, and the
parameter ¢ /2 2 introduces a correction for nuclear transparency [38].

For calculating cross sections for production of specific ions in a high-energy heavy-ion fragmentation
reaction, a semi-empirical parametrizations like EPAX3 [39] can be used. Several theoretical models
describing fragmentation reactions also exist. One of the most sophisticated is ABRABLA, which
includes a geometrical abrasion model and a macroscopic evaporation model to describe both steps
of the reaction [27].

Fragmentation is a very fast and universal way of producing practically any nucleus with N and Z
smaller (or equal) than those of the projectile. Thus, it is the most frequently used reaction for
production of isotopes in the in-flight method [37] (see section 2.1.2) and a key reaction mechanism
for radioactive beam facilities [36].

2.1.2 Production and separation methods

The two most often used (and complementary) methods of production and separation of rare nuclei
are the ISOL (Isotope Separation On Line) method and the so-called in-flight method. The first one
requires a target of a thickness that is at least comparable to the range of the projectile in it. The
nuclei produced leave the target by diffusion or effusion into an ion source, from where they have to
be extracted. They are ionised (e.g. using high temperatures and/or a laser beam) and accelerated
to low energies (few tens of keV). After separation in mass separator, the ions of interest are sent to
the detection setup directly or after post-acceleration.

In the in-flight method the target has to be thin compared to the projectile range. The nuclei
produced (e.g. in a fragmentation reaction) leave the target with velocity close to that of the
incoming beam. Separation of the fragments of interest from the others and from the primary beam
is performed in a fragment separator. Afterwards, the nuclei can be transported directly to the
detection setup, post-accelerated or stored in a storage ring. Both methods are shown schematically
in Figure 2.2.

Advantage of the ISOL method is the high production rate (because of the target thickness), but it
is rather slow: it takes tens of ms to transport the reaction products to the detection setup. Thus
it is suited for studies of nuclei with at least as long halflifes, where high intensity and purity are
required [37].

On the other hand, the in-flight method offers much lower production rate, but it is very fast -
the separation and transporting time can be of order of magnitude of us or less. It also allows for
the direct determination of the decay branching ratios, since it is possible to determine ion-by-ion
the beam intensity, and for the measurement of the properties of several nuclei at the same time.
The in-flight method is ideally suited for the study of the shortest-lived exotic nuclei and search for
the most exotic decay modes [37].
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Figure 2.2: General principle of ISOL and in-flight separation. See text for details.

Selection of ions of interest with a fragment separator

A "cocktail" beam after the target contains the fragments of interest but also of other reaction
products and the un-reacted primary beam that need to be separated one from another. A fragment
separator consists of a set of electromagnetic elements to select and separate the fragments. The
main elements use dipole magnetic fields to separate different fragments according to:

Bp:E:’ymv

o= (2.2)

where B is magnetic induction of the field in which a particle of mass m and charge q moves with
velocity v and momentum p on its path with radius p. 7 is the Lorentz factor of the particle. As
m= A-u, we get

Bp= “?5 : ? = 3.107[Tm]75§ (2.3)

An appropriately set field B bends the beam in such a away that ions of desired % are on the
trajectory with known (central) p. At various stages of the spectrometer, in particular just after a
dipole magnet, slits can be mounted to stop fragments traveling on trajectories with different p and
thus different %. To improve the separation of the ions, a degrader can be used. The energy losses
of an ion in a material depend on its charge (which is equal to Z in case of fully ionized reaction
products) according to the Bethe-Bloch formula:

dE

B ez 2:4)

where

fe(B) = C1- % : (ln (10_25;) - 52> (2.5)

The two constants are C7 = 4”£4Z62N and Cy = 2"’;02 , with z being the charge of the moving particle,
N being the number of the atoms of the material in one unit of volume and I being the ionisation
potential. After the degrader velocities of various fragments will therefore differ. Thus, the next
dipole section allows for selecting the A and Z of interest, according to eq. 2.3. A simplified scheme

of an in-flight setup is shown in Figure 2.3.

Beside the dipole magnets and the degrader, typical fragment separator contain also higher-order
(quadrupole and octupole) magnets for fine-tuning the beam position and its focus and more de-
graders can be used for obtaining higher beam purity. Usually the higher the purity, the lower the
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Figure 2.3: Scheme of ions separation with the in-flight method. See text for details.

transmission (intensity) of the beam through a separator. Therefore, a proper configuration has to
be determined for a given detector and experiment. Electrostatic ion-optical elements, like e.g. Wien
filters, can also be used to further improve the beam purity.

2.1.3 Identification of ions

One of the main advantages of the in-flight technique is the possibility to obtain ion-by-ion identifica-
tion for the beam components. One of the observables used for ion identification is the time-of-flight
(ToF) between two locations positioned on the path through separator, typically intermediary and
final focal planes, measured through fast detectors (e.g. scintillators). For fragments of the same
velocity this time depends on the distance traveled and thus on the p (see eq. 2.2). Time-of-flight is
therefore a function of %. The additional measurement of the energy loss (AE) in a detector (e.g.
gas or thin silicon detector) allows for identifying each ion’s Z. In Figure 2.4 a typical identification
plot (id-plot) based on the ToF — AE measurement is presented.
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Figure 2.4: Partial identification plot showing ions produced during the experiment performed at
NSCL, MSU with 5°Ge ion-optics setting - see also Section 3.2. The exotic ions identified are labelled
accordingly.

As can be seen in Figure 2.4, the secondary beam contains a mixture (cocktail) of contaminants,
since the velocities of the fragments have a distribution. Ion-by-ion identification ensures that only
the ions of interest will be chosen for the analysis through proper gating.
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Using ions range for identifying fragments

Not all fragment separators have the possibility to have both AE and ToF as observable. For
example, in the experiment performed at TAMU (see section 3.1), the ToF measurement was not
available. Hence, an alternative approach was used for uniquely identifying the ions: in addition to
AE in a silicon detector, the range of the ion implanted in the active volume of the detector (see
section 2.2) was used. This is possible because the energy loss of an ion in a material depends not
only on Z of the ion, but also on its mass and velocity. Therefore, the combination of AE in a layer of
active material and the total range in the detector medium allows also for disentanglement of A and
Z. This is shown in Figure 2.5a, where the range of the isotopes studied in the TAMU experiment
are plotted as function of the energy with which they entered the detector. The ranges differ visibly
between isobars while the difference among isotopes of the same elements are smaller. Nevertheless,
the ions can be identified, as shown in Figure 2.5b, where a simulated id-plot based on range and
stopping power (%) of the same set of ions is shown for two different ion energies. The energies
were calculated to be such that the ions stop around 60% and 70% of the detector length.
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300 4 '; 7.0 A A ® Mg E=140 MeV
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Figure 2.5: (a) Range-energy dependence for neutron-deficient Mg, Al and Si isotopes. (b) %£ versus

range of the same isotopes, for two different ion energies (140 MeV and 170 MeV). Energy losses
were calculated using the SRIM software [40]. See text for details.

2.2 Detection of charged decay products: Optical Time Pro-
jection Chamber

2.2.1 Detector design

The Optical Time Projection Chamber (OTPC) is a type of gaseous detector with optical readout.
It was developed in late 2000s at the Faculty of Physics, University of Warsaw, for studying angular
distributions in 2-proton radioactivity [41]. Its current version contains an active volume 33 cm
deep (), 20 cm wide (y) and 21 cm high (2) filled with a gas mixture that remains at atmospheric
pressure under constant flow and thus constant exchange, therefore maintaining the gas purity and
composition. The detector principle is shown schematically in Figure 2.6a. The chamber and whole
detector are visible in Figure 2.6b and 2.6c, respectively.

The active volume of the OTPC detector is immersed in a uniform vertical electric field
(= 100 — 150 V/cm). Its homogeneity is assured by the electrodes on the upper (cathode), bot-
tom (anode) and electrodes on the side walls of the chamber. The ions of interest enter the detector
horizontally, perpendicular to the field lines through a 50 um kapton window. The electrodes formed
by 7 mm-high strips consisting of 5 ym of Cu and 2 pm of Au, with 3 mm spacing between adjacent
strips, are pasted to the side-walls of the detector, including the kapton window. Electrons are gen-
erated in the ionisation process by the interaction of the heavy ions and their charged-particle decay
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Figure 2.6: (a) Scheme of the OTPC detector principles. An ion enters the chamber through a window
(W). The active volume is immersed in a uniform electric field generated between the cathode (C) and
the anode (A). Electrons emitted along the trajectory of the ion and its subsequent decay product
(e.g. proton) drift towards the anode and they get multiplied by a stack of GEM foils (GF) before
reaching the anode. Light is then emitted and recorded by a CCD camera and a photomultiplier tube
(PMT). Before the GEM foils, an additional gating electrode (G) is placed to allow the use of a dual
sensitivity mode. (b) Drift chamber of the OTPC detector installed at the National Superconducting
Cyclotron Laboratory. Beam from the A1900 separator enters the chamber from the right side of
the picture. CCD camera and PMT are installed underneath and not visible in the figure. In front,
cables for applying high voltages to the electrodes are visible. (¢) OTPC detector. The drift chamber
and place of mounting CCD camera and PMT are visible in the upper and lower part of the picture,
respectively. The photos in (b) and (c) show the OTPC before the external-light shielding structure
is installed. See text for details.

products (protons and « particles; 3 electrons do not deposit enough energy to be detected) with the
gaseous medium. They are produced along the trajectories of ions/particles and drift downwards at
a constant velocity (vayif) in the electric field, towards an amplification structure based on a set of
four Gas-Electron Multiplier (GEM) foils [42] and the anode. Each GEM foil consists of two copper
foils and a kapton layer between them, perforated with numerous tiny holes with diameter 50 pm
and a spacing of 150 um between them. A potential difference of 200-350 V (the value depending
on the gas mixture used) is applied between the two Cu layers, generating a very strong electric
field inside the holes. Electrons drifting through the holes are amplified by the strong electric field
and cause secondary ionisation. Each GEM foil provides a multiplication of the emitted charge by a
factor slightly larger than 10.

Between the last GEM foil and the anode another potential difference of a few hundreds V is applied.
The multiplied electrons drift in the electric field and excite the gas molecules that de-excite and
emit photons of a specific wavelengths. The intensity of the light emitted in this last stage is strong
enough to be detected by a camera and a PMT. The chemical composition of the gas mixture in the
detector is selected to optimize the light emission in the visible range [43, 44|, the number of ions
implanted inside the chamber in an interplay with the ions energy, and the range of the stopped
decay products.

It is important to mention, that the values of the voltages applied to the detector depend strongly
on experimental conditions and therefore are chosen individually for each experiment.

The drift chamber is closed from the bottom by a polycarbonate window. Underneath it, the CCD
camera and the PMT are mounted. They are visible in Figure 2.6c. The whole detector is closed
by an additional lightproof cover. While the CCD camera records the distribution of light projected
on the horizontal (x-y) plane, integrated over the whole camera exposition time, the PMT records
the total light as a function of time. Taking into account the constant vq,ie of the electrons in the
active volume of the detector and using z = vq,i - t, one gets a projection of the particle trajectory
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on the z axis, i. e. along the field lines. Thus, the reconstruction of trajectories in three dimensions
is possible, see Figure 2.7.
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Figure 2.7: Principle of three-dimensional reconstruction of a track recorded by the CCD (x-y
projection) and PMT (time distribution). With known vg,i; of the electrons in the gas, a 3D
reconstruction of the trajectory, hence of the momentum, is possible. See text for details.

2.2.2 Data acquisition

Data from the CCD camera are collected in the following way: after a given exposition time, a
frame-grabber unit connected to the camera passes the camera frame to the data acquisition (DAQ)
computer hard drive via PXI bus. During the data readout, the so-called "camera busy" signal
is generated. The PMT signal is recorded by a fast oscilloscope (50 MHz sampling) and saved to
the same hard drive via a PCI express card. Two main features characterize the typical operation
of the OTPC DAQ, namely the so-called extended-exposure mode for the CCD camera and the
dual-sensitivity mode for the whole detector. Both features require a trigger signal. The exact logic
behind generating a trigger depends strongly on the experimental conditions, although, it is usually
the logical AND of "good ion" signal and the negation (NOT) of the "camera busy" signal. The
so-called "good-ion" signal is generated by hardware gates on the ID signals from the AE and/or
ToF to select only ions that are candidates for the isotope of interest. In this way the system is
not triggered by the vast majority of contaminant ions. The OTPC can infact accept only a rate of
about 1 Hz.

Extended-exposure mode

There are various ways to stir the CCD camera and manage the time structure of the exposition. In
the studies reported in this thesis the extended-exposure mode typical for OTPC experiments was
used. In this mode, the CCD camera runs continuously frames of a given exposure time (implantation
gate) while waiting for an external trigger. Upon the trigger, the current frame is extended by an
observation-window time (decay gate) typically of the duration of a few half-lifes for the ion of
interest. Other signals, like camera control and ion identification signals are also collected by fast
oscilloscopes.

Dual-sensitivity mode

Tons implanted in the detector are characterised by much higher ionisation intensity than light decay
products (mostly protons in these studies), as shown in Figure 2.8. If the electric field applied to
the drift volume of the detector would stay constant during implantation and decay gates, either the
trajectories of the decay products would be too faint or the charge generated by the ion trajectory
would overload the amplification structure and thus overexpose the CCD camera and PMT, not
to mention generate uncontrolled avalanches of charge (sparks). For this reason, a dual-sensitivity
running mode is used in the OTPC. A gating electrode (G in Figure 2.6a) is installed at the anode-
end of the drift region, just before the GEM amplification stage. It reduces the sensitivity of the
detector by inverting the electric field just before the amplification stage, hence strongly suppressing
the amount of electrons reaching the GEMs. Fine-tuning of the voltage applied to the G electrode

21



allows to regulate the intensity of the ion track from high intensity to full suppression. Typically, a
few volts are sufficient to fully suppress the ion signal. A voltage change on the G electrode switches
the mode the detector is in. Such change is managed by a custom-designed unit (gating pulser).
While waiting for a good ion to trigger the DAQ, the detector stays in the low-sensitivity mode,
which allows for observation of the ions entering the chamber. Within tens of us from the accepted
trigger the voltage is increased and the detector switches to the high-sensitivity mode, which allows
to observe weaker-ionising particles. This mode lasts until the end of the observation window/decay
gate, when the detector returns to low-sensitivity mode. An example of a typical event recorded by
the OTPC detector is shown in Figure 2.9.
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Figure 2.8: Energy losses of a proton (left) and a 23Si ion (right), both having a range of 10 cm,
in one of the gas mixtures used in OTPC detector (69% He + 29% Ar + 2% CFy, see section 3.1).
The ion’s ionization intensity is around 30 times larger. Energy losses was simulated with the SRIM
suite [40].

PMT signal CCD image

) - -
cbservation 02
04 window |
0.02

11
'
2 2
-
T—
=2
—
=

g
200 SO s |
fou M|
j; proton Q I
t £ !
e on @
54 1
!
1"
6 proton
4] %0 10 "n s ») ] 2 M ™
trme [(ma) time [p)
. /m
. - [
§ !
r pr 0 |
3 00 wem— 1 |
3 g |
A | 8 \
- lon § 0w |
‘ Y
0.6 0.3 ion

Figure 2.9: An example event recorded by PMT (left) and CCD camera (right). For the PMT signal,
the total recorded signal (left top), zoom on the beginning of the decay gate (left bottom), zoom
on ion (right bottom) and proton (right top) trajectory, are shown. Thanks to the dual sensitivity
mode both ion and proton signals are of comparable amplitude and are well visible in both PMT
data and CCD image. The two 0.6 V signals in the PMT data at 150 ms are oscillations happening
at the edges of the decay gate (observation window) generated by the gating pulser returning to
low-sensitivity mode.
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The way in which OTPC collects events imposes certain constrains on the experiment. It needs
well identified ions implanted on a one-by-one basis. Moreover, the beam has to be stopped after
each trigger during the duration of the whole decay gate while waiting for the implanted ion to
decay (however, if this is not possible, a different operating mode can be used in some cases, as
it was done for example during search for exotic decay modes of 3*Ar [45]). This does not easily
allow for experiments with high trigger rate, while it is well suited for studies of rare events. In
most cases it allows for unequivocal determination of the number of particles emitted in the decay,
their spatial and time correlation and thus to identify exotic decay modes on basis of single events.
Moreover, it does not suffer from background from S electrons (because of the too weak ionisation
density of the electrons) and thus often allows for completing the low-energy part of the decay
product energy spectrum, where difficulties can be encountered in experiments performed with silicon
detectors because of S-summing effects. Therefore, OTPC experiments are complementary to studies
performed with more traditional silicon-detector arrays.

2.2.3 Drift velocity determination

The conversion of the PMT signal duration into length requires a good knowledge of the electron drift
velocity in the given gas mixture and electric field. It can be determined by computer simulations with
the Magboltz suite [46] and/or by direct measurement with a drift velocity detector. Such detector
consists of a drift volume immersed in a homogenic electric field and filled with the gas mixture of
interest, and three single-wire detectors: pickup (p), close (¢) and far (f). Two radioactive sources
emitting « particles are placed in front of detectors ¢ and f. After applying the appropriate drift
voltage, it is possible to measure the time in which the electrons generated as a result of ionization
of the gas by the « particle move between pairs of detectors c-p (At.,) and f-p (Aty,), which allows
for the drift velocity calculation vgrip = (Atfp — Atep)/dey), with dey = 10cm being the distance
between detectors ¢ and f. A sketch of the drift velocity detector principles is shown in Figure 2.10.
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Figure 2.10: A sketch of a drift velocity detector used for measurements. See text for details.
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Chapter 3

Experiments

The measurements that form the basis of this thesis were conducted during two experimental cam-
paigns. Neutron deficient silicon isotopes were produced and investigated at the Cyclotron Institute
at Texas A&M University, College Station (TX), USA (TAMU experiment). Neutron deficient ger-
manium and zinc isotopes were produced and studied at the National Superconducting Cyclotron
Laboratory (NSCL) at Michigan State University, East Lansing, USA (MSU experiment). In each of
these experiments, the ions of interest were implanted into and their decays were studied by means
of the OTPC detector (see section 2.2). In this chapter the characterizing features and details of
each experiments are presented.

3.1 TAMU experiment - silicon isotopes

In the TAMU experiment, 2223Si ions were produced in the fragmentation reaction of a 28Si beam
accelerated to 45 A-MeV by the K500 superconducting cyclotron impinging on a 150 ym-thick nickel
target. They were separated from the rest of the reaction products by the Momentum Achromat
Recoil Spectrometer (MARS) separator [47]. A schematic representation of MARS is shown in Figure
3.1. Two ion-optics configurations were used for the separator, each optimised for transmission of
one of the two isotopes. During the beam-tuning phase, a 300 pm-thick silicon detector, segmented
along the vertical direction, was inserted at the focal plane. The ions reaching it were identified on
an event-by-event basis by plotting AE in silicon detector versus vertical position (Y, corresponding
to z in OTPC detector) of the ion - MARS is vertically dispersive (ions traveling on a trajectory
with different radius p in the magnetic field leave the separator spread vertically) [47]. Slits were
inserted to cut off most of the contaminants. The beam obtained was very pure, composed of the
ions of interest, 22Si or 23Si, with small amount of other fragments. The AE-Y plot before and after
use of slits in 23Si setting, as well as AE spectra for both settings are shown in Figure 3.2.
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Figure 3.1: Scheme of the MARS separator, figure from Ref. [47].

After the spectrometer optimisation, the detector was removed. The beam reached the detection
setup, where its energy was adjusted by use of the aluminium degrader and it was implanted into the
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Figure 3.2: AE-Y plot before (a) and after (b) inserting the slits (23Si setting). (c) AE spectrum
of the beam, with slits inserted (23Si setting). The final beam composition consists of the ions of
interest, as well as some amount of 2°Mg and a tiny addition of 22Al, and lighter ions that were not
stopped inside the chamber. (d) Analogous AE spectrum for the ?2Si setting. Apart from 22Si, some
amount of 23Si (and lighter ions) is present.

OTPC detector through a different 300 pm-thick silicon detector (see Figure 3.3a). The ions were
stopped in the gas mixture composed of 69% He + 29% Ar + 2% CF, at atmospheric pressure. The
range of the ions as a function of energy in this gas mixture, calculated using the SRIM software [40]
is shown in Figure 2.5a. The average electron drift velocity during the experiment was measured to
be varise = 1.17(2) cm/ps, see Section 4.1.4.

The trigger was constructed by a hardware gate using a single-channel analyzer (SCA) on the AE
signal from the silicon detector placed just in front of the OTPC (see Figure 3.2a) in anti-coincidence
with the camera-busy and computer-busy signals. The gate on the AE signal allowed to suppress
most of the contaminants from the ions visible in Figures 3.2c and 3.2d and trigger mostly on "good
ion" candidates. While waiting for the trigger, the CCD camera was running continuously 65 ms
frames (implantation gate - see section 2.2). Upon the trigger, the current frame was extended by
150 ms (decay gate) and the detector was switched to the high-sensitivity mode within 20 us. At
the same time, the beam was switched off for 1.5 s. This time allowed not only to cover the duration
of the observation window, but also for readout and saving the 1000 pixels x 1000 pixels image from
the CCD camera and the data from the fast oscilloscopes that were recording the PMT signal, the
signal from the silicon detector and camera control signals. After 1.5 s the beam was switched on
again, see Figure 3.3b.

The ion-by-ion identification was performed off-line on the basis of energy loss in the silicon detector
placed in front of the OTPC and the range of the ions in the OTPC itself. The resulting id-plots
are presented in Figure 3.4. Details of the experiment settings are summarized in Table 3.1.
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Figure 3.3: (a) Sketch of the experimental setup. The primary 28Si beam reacts with the nickel target
and the reaction products are separated by means of MARS separator. The secondary beam compo-
sition is determined via the diagnostic vertically stripped silicon detector (dashed line). The beam
energy at the detector is adjusted by an Al degrader for optimum implantation profile. (b) Scheme
of the timing of the OTPC DAQ), see text for details. Figures not to scale.
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Figure 3.4: (a) Id-plot with triggering ions in the 22Si setting. The upper part of the plot contains 22Si
(right group, within the red box) and 23Si ions (left group, above AE = 0.6). The lower part contains
events corresponding to lighter contaminant ions not emitting protons. (b) Id-plot with triggering
ions in the 23Si setting. The upper part (within the red lines) contains events corresponding to 23Si
ions, whereas the lower one is a mixture of mostly 23Si and 2°Mg. Both id-plots are based on AE
in the silicon detector placed in front of the OTPC and the range in the OTPC, given in pixels in
the CCD image along the beam axis. The range coordinate in the id-plots is between 50 and 950
or 100 and 900 pixels (for 22Si and 23Si, respectively), since ions implanted outside these limits, i.e.
closer to the edge were not taken into account during the analysis. The group of 23Si ions in panel
(b) shows an additional structure: it is divided into two sub-groups having different ranges due to
the electrode strips on the OTPC entrance window (Section 2.2.1). The vertical spread of the beam
was in fact wider than the width of the strip as well as of the interspacing between adjacent strips,
hence some of the ions faced a thicker entrance window than the others, resulting in larger energy
losses. The same applies to all ion groups, but it is less visible elsewhere. The id-plots contents were
verified by observing the decay of the ions and measuring their half-life. Details on this analysis are
given in Section 4.1.
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3.2 MSU experiment - germanium and zinc isotopes

In the MSU experiment, neutron deficient germanium and zinc isotopes were produced in the frag-
mentation reaction of a "®Kr?* beam with energy 150 MeV /nucleon and a 200 mg/cm? beryllium
target. The ions of interest were separated from the rest of the reaction products by means of the
A1900 separator. Its scheme is shown in Figure 3.5. Ion-optics of the A1900 was set individually for
each of the germanium isotopes of interest, i.e. 9762Ge.

The beam was implanted into the OTPC detector placed at the end of a transmission line (in the
experimental S2 vault). The active volume of the detector was filled with the gas mixture consisting
of 49.5% He + 49.5% Ar + 1% COg at atmospheric pressure. The average electron drift velocity
during the experiment was measured to be vqyg = 1.05(1) cm/ps. The scheme of the experimental
setup is presented in Figure 3.6.

Ton-by-ion identification of the fragments was performed on the basis of the energy loss in a silicon
detector in front of the detection setup and ToF measurements. Two (redundant) ToF measurements
were performed (ToF1 and ToF2) using TACs, see Figure 3.6.

Two data acquisition systems were running independently. The first one (DAQ1), based on PIXIE16
digitizers [49], was recording AE, ToF1, and ToF2 for all ions reaching the silicon detector. The
second data acquisition system (DAQ2) is the OTPC data acquisition. Hardware gates were applied
on AE and ToF1 with SCAs to allow triggering DAQ2 only by germanium ions and a limited amount
of respective zinc ion contaminants (see id-plots in Figure 3.7).
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Figure 3.5: Scheme of the NSCL cyclotron facility and A1900 separator, figure from Ref. [48].
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Figure 3.6: Sketch of the experimental setup. The primary "®Kr beam reacts with the beryllium
target and the reaction products are separated by means of A1900 separator. Two time-of-flight
measurements were performed: between a scintillator (FPSC) at the focal plane of the spectrometer
(FP) and a scintillator (RFSC) positioned downstream from it (ToF1), and the ToF between the
FPSC and the silicon detector (ToF2). The energy loss of the ions was measured by a silicon
detector upstream from the OTPC. The energy of the secondary beam was optimized by means of
an aluminium degrader installed before the entrance window of the OTPC detector to maximize the
implantation rate.
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Figure 3.7: Identification plots for (a) ?*Ge and (b) 9Ge settings. In the plots on the left-hand side,
all ions reaching the detection setup in the last implantation gate before each trigger are shown. On
the right-hand side, only the triggering ions are shown. All the data in these plots stem from DAQ2.
For each of the settings, the ToF resulting in better resolution was chosen: ToF2 and ToF1 for **Ge

and %°Ge setting, respectively.

While waiting for a triggering ion, the OTPC was kept in low-sensitivity mode, with CCD camera
running continuously 32 ms frames. After the trigger, the CCD frame was extended by 100 ms
and the detector changed to high-sensitivity mode within 100 us. At the same time, the beam
was switched off for the whole decay observation window to prevent additional ions from entering
the system while waiting for the decay of the implanted ion. DAQ2 recorded the PMT waveform
acquired by a digital oscilloscope from the beginning of the last implantation gate, before the trigger,
until the end of the decay gate, the image from the CCD camera, AE from the silicon detector and
the waveforms of the ToF1 and ToF2 signals. All events recorded by both DAQ1 and DAQ2 were
time-stamped to ensure the synchronicity between them. The identification redundancy was of great
importance to ensure correct identification of the new isotope **Ge. The trigger scheme is shown in
Figure 3.8. Details of the experiment settings are summarized in Table 3.1.
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implanted. Since the aim of 61:62Ge measurement was the cross-section determination and the
OTPC was not used, some of the parameters (energies, degrader thickness) are not given for these

Table 3.1: Details of the experiments settings and configuration.
isotopes.

LISE++ [50] and the maxima of the distributions are given.
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Figure 3.8: Sketch of the timing for the OTPC DAQ2 for the MSU experiment, see text for details.
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Chapter 4

Neutron-deficient Si isotopes

4.1 Data analysis

4.1.1 Selection of the ions of interest

The first step in the data analysis consisted in selecting the ions of interest. In Section 3.1 the online
identification of ions is described: Figures 3.4(a) and 3.4(b) show the id-plots with triggering ions
in the 22Si and 23Si settings, respectively, together with the gates on basis of which the ions were
chosen. The way in which the gate limits were established is described in the following. As the ions
were identified on the basis of AE and range in the detector, Figures 3.4(a) and 3.4(b) were prepared
offline and show only ions that entered the OTPC detector.

In order to maximise the detection efficiency for the emitted charged decay products, it was important
to make sure that each ion of interest was implanted not only within the active part of the OTPC
detector, but also at some distance from the walls. This was necessary to avoid the situation in
which a proton will be emitted very close to the chamber wall, towards it, and therefore will not be
recorded. It was checked that the ions entered the chamber close to its middle in y-direction (width),
as shown in Figure 4.1. The beam was with good approximation parallel to the chamber length,
i.e. the z-direction. This was concluded from the fact that the difference in y-direction between the
implantation point of an ion and the end of its trajectory (corresponding to the point from which a
decay was observed) was negligible with respect to the chamber size (see Figure 4.2).

As for the z-direction, the beam spot was at % of the chamber height, z = 7.0 + 1.0 cm (see Section
2.2.1). The direction with largest spread was along the length of the chamber, corresponding to the
beam axis, the z-direction. Implantation profiles along this direction are shown in Figure 4.3.

Gate in ?2Si setting

In the 22Si setting, ions were stopped close to the back wall of the detector. Considering also the
limited statistics, an ion was considered as implanted if it stopped not further than in 95% of the
chamber length. A lower limit of the range gate was set to 57% because of the 23Si admixture that
has similar AE and that was implanted closer to the entrance of the detector. As the length of the
chamber was exactly the size of the CCD picture (1000 pixels), the > 57% gate correspond to pixels
570-950. The group of 22Si is well separated from the other ions with lower AE, which is why a lower
boundary of the gate in this dimension was chosen to be a constant AE = 0.6 (in arbitrary units),
as visible in Figure 3.4(a). During the experiment, 63 22Si ions implanted correctly were identified
and hence considered in further steps of the analysis.

Gate in 23Si setting

Ions in 23Si setting were considered as correctly implanted within 10% and 90% of the chamber
length, which corresponds to pixels 100-900. Since there was a significant component of 2°Mg ions
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Figure 4.1: Distribution in y-direction of the implantation points of (a) 22Si and (b) 23Si ions. To
each distribution a Gaussian function was fit. The parameters resulting from fitting are given on the
plots. During data analysis, first the events with proton emission were selected, and secondly, the
ion and proton trajectories within these events were analysed in more detail. For this reason both
these and the distributions in Figures 4.2 and 4.3 are based on a data subset in which only events
containing proton emission are. As the u value of two fits equals to pixels 538 and 535 in 22Si and
23Gi setting, respectively, and the middle of the chamber corresponds to pixel 517.5, the distance
between the centroid of the distribution and the center of the chamber along x, was around 6 mm
in both settings.

. data
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Figure 4.2: Distribution of the difference between y of the implantation point of an ion and y; of
the proton trajectory corresponding to the y; of the ion trajectory for the 23Si ions trajectories. A
Gaussian function was fit to the distribution. g = 15 px corresponds to less than 5 mm with the
mean length of the ion trajectory of ~ 16 cm. The beam was therefore considered to be parallel to
the z-axis.
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Figure 4.3: Implantation profiles of 23Si (left) and 22Si (right) along the x-axis (beam axis). A 274
order polynomial was fit to the distributions and used for the proton stopping efficiency simulations,
see text for details. To the 22Si distribution two polynomial functions were fit. First (fit 1) was a
quadratic function with all coefficients being fit parameters. Second (fit 2) was of the same shape as
the function fit to the 23Si distribution, with position in x being the only fit parameter.

with similar y-position and slightly lower AE (as visible in Figure 3.2(b)), no cut in constant AE was
possible. Instead, a linear dependence of AE from the range marks the limits of the gate. Figure
4.4 shows the projection of the ions distribution on the axis perpendicular to the gate edges. It
can be seen that the selected boundaries delimit the chosen 23Si ion group well. In further steps of
the analysis, the half-lifes of the ion groups were calculated to verify their composition (see Section
4.3). A total of 7497 23Si ions met the requirements set by the gate and were considered for further
analysis.
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Figure 4.4: Projection of the ions distribution on the axis perpendicular to the gate edges in the 23Si
setting. The group on the right corresponds to the 23Si ions (upper group in the id-plot in Figure
3.4(b)). The group on the left corresponds to the lower group in the id-plot consisting of a mixture
of 2°Mg and 23Si (see text for details). In both groups, a sub-structure caused by the electrode strips
on OTPC detector entrance window is visible (see caption of Figure 3.4).

4.1.2 Stopping efficiency simulation
The distribution of the implantation points of the ions shown in Figure 4.3 served as input to the

Monte Carlo simulations of proton stopping efficiency in the detector under the conditions of this
experiment. This simulation was needed to determine how many of the emitted protons of a given
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energy will be fully stopped inside the OTPC, and therefore its energy will be determined correctly,
as well as to determine the energy deposit in the chamber of the protons that escaped.

The simulation of a single proton consisted of the following steps:

e An ion entered the chamber through the front window at position (y, z). The distribution of
position in y was obtained from the Gaussian fits results shown in Figures 4.1(a) and 4.1(b)
for 22Si and 23Si, respectively. The distribution in z was a Gaussian with 4 = 7.0 cm and
o = 1.0 cm, see Section 4.1.1.

e The ion was assumed to move parallel to the z-axis. Its range was taken from the polynomial
distribution fit to the data (Figure 4.3). In case of 228i, fit 2 was used for the final simulation.
It was verified that the choice between fit 1 and 2 in Figure 4.3 does not change the shape of
the obtained efficiency function.

e A proton with a fixed energy E, was emitted from the point in which the ion stopped, the
angles of the proton emission were assumed to follow an isotropic distribution. The range of the
proton was calculated based on the energy-range dependence obtained with SRIM software [40]
for the gas mixture used in experiment.

e The proton was considered as stopped within the detector if its trajectory ended inside the
detector, and the distance between its endpoint and the side/front/back wall was not smaller
than 5% of the chamber size in respective dimensions. The 5% boundary was chosen on the
basis of the distribution of the real protons stopping points in the CCD (z — y) plane, which
is shown in Figure 4.5.
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Figure 4.5: OTPC chamber as seen by the CCD camera. The CCD camera was adjusted in such a
way that the x-edges of the chamber corresponded exactly to the edges of the picture. The white
vertical lines are the walls of the chamber in y. y = 517.5 px is the middle axis of the chamber, while
y = 535 px is the middle of the ?3Si ions stopping points (white dots) distribution. Blue dots are
trajectory endpoints of protons preliminarily considered as stopped due to the visible Bragg peak.
For the final analysis 5% edge (red lines) was chosen to assure that protons have stopped within the
detector and to avoid events in which the end of the trajectory of the proton hitting the detector
wall might look similar to the Bragg peak.

The simulation covered all values of E, from 0 to 3.5 MeV, in 25 keV steps. For each E,,, 1M protons
were considered. The efficiency for each step was the ratio of stopped protons to all protons. The
efficiencies obtained in this way for both Si isotopes are shown in Figure 4.6.
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Figure 4.6: Stopping efficiency as a function of proton energy simulated for 22Si (solid blue line)
and 23Si (dashed black line). The efficiency for 2*Si is nearly 100% for protons with energies below
1.3 MeV, after which it sharply drops and gets close to zero around 2.5 MeV. The high efficiency at
low energies is thanks the implantation profile of 23Si ions, being well centered in the chamber, see
Figure 4.3. In the case of 228i, the efficiency does not have a plateau at low energies. Instead, the
decrease in efficiency starts immediately and is more gradual. The efficiency drops to zero only at
approximately 3 MeV. This is to be attributed to the fact that the center of the 22Si implantation
distribution was located outside the detector. Consequently, most of the 22Si ions were stopped
in the back part of the OTPC. As a result, low-energy protons emitted in the forward direction
(relative to the beam direction) could escape from the detector, while high-energy protons emitted
in the opposite direction could be stopped.

For calculating the energy deposit spectrum, the steps followed for a single proton were similar, but
all the protons were assumed to have range larger than the dimensions of the chamber. For each
proton, the distance between the emission point and the point in which it hit the top/bottom wall or
the boundary distant by 5% from the other walls was converted to energy deposited in the detector
on basis of SRIM tables. The spectra were simulated for 1M protons for both ?2Si and 23Si and are
shown in Figures 4.7a and 4.7b.

4.1.3 Observation probability

Due to the finite-time observation window, there is a non-zero probability that a decay event occurs
after the recording of the event has been completed. The probability of observing a 3-delayed particle
emission within the observation window was therefore determined by the integral % ftif e~t/7 dt, where
t; and ¢y are the beginning and the end of the observation window with respect to the production time
of an ion, respectively, and 7 = t;/5/In2 is the lifetime of the decaying isotope. The half-lifes taken
into account were uncertainty-weighted averages of literature values for each isotope (see Section
1.2.1) and the observation window spanned from 100 us (begin of the observation window) to 150 ms
(see Section 3.1). The values of observation probability were calculated to be P,ps(?25%) = 97.2(6)%
and Py (*25i) = 92.1(2)%. Once t; 5 values for both isotopes were determined from the analysis
of the experimental data, the observation probabilities were recalculated taking into account the
additional half-life value in the weighted average. In this way, it was verified that the branching
ratios were not affected beyond the uncertainties, and the probabilities derived from literature data
(having smaller uncertainty) were used for the final values.

4.1.4 Drift velocity

In order to convert the duration of the PMT signal into the z-component of the particle range,
the drift velocity of the electrons in the given gas mixture and electric field is needed. For technical
reasons it was not possible to measure it directly during the experiment, and it had to be determined
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Figure 4.7: Energy deposit spectra obtained in the simulation for (a) 22Si and (b) 23Si. They both
exhibit three peaks in the central region. The left slopes of these peaks correspond to the energies
of protons emitted directly towards and exiting the detector through the lower- (left peak), side-
(middle peak), and upper (right peak) walls. These peaks are similar for both ?2Si and 23Si case
due to the similar distribution of ions in y and z directions, with only a slightly different position
relative to the side walls, see Figure 4.1. However, the components of the spectra resulting from the
distribution along the z-axis are different. The energy deposit distribution of 22Si has two broad
tails spanning from 0.5 to over 3 MeV. This broad range is caused by the emission of protons mostly
in close proximity to the back wall of the detector, resulting in the possibility of depositing both
low- (when emitted towards the back wall) and high- (when emitted towards the detector entrance)
energy inside the chamber. In contrast, the energy deposit distribution for 23Si is narrower. This is
because the protons were mostly emitted from the central region of the chamber, where the distances
to the front and back walls and, consequently, the amount of energy deposited in the detector, were

similar to the distance to the top wall. This explains the higher intensity of the third, highest-energy
peak.
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a posteriori. The values of vg,;r; for the used gas mixture and electric field in different meteorolog-
ical conditions were obtained by simulation with the Magboltz software [46]. 77 simulations were
performed for pressures from P = 990 hPa to P = 1040 hPa in 5 hPa steps and temperature from
T =18°C to T' = 30°C with 2°C steps.

Additionally, vg,;f+ was measured with the drift velocity detector (see Section 2.2.3) in the laboratory
in Warsaw for the same gas mixture and electric field for two sets of conditions (P = 1000 hPa
and temperatures Ty = 25 °C and T, = 27 °C). The values acquired from the drift veloc-
ity detector measurements for these two sets of P and T were vgripsn = 12.10(17) mm/us and
Varifta = 12.17(17) mm/pus. The results of these measurements were extrapolated using the trends
obtained from the simulations to the conditions during the experiment. The temperature and pres-
sure during the whole experimental run were found to be P = 1030(5) hPa and T = 21(1) °C
(the stability of the temperature was due to air conditioning in the experimental hall). The resulting
Varift was found to be vgripe = 11.7(2) mum/ps, with the uncertainty resulting from the uncertainties
of the two measurements and the meteorological conditions during the experimental run.

4.1.5 Energy calculation

The energy and the angle 6 between the trajectory and the xz — y-plane were calculated in two
ways. The first and main method of determining them was based on the length measurement of the
trajectory components:

e The length of the  — y component was calculated on basis of the (x;,y;) and (z,ys) points
in pixels and the relation pz/mm = 3.2(1) known from calibration measurements.

e The vertical component of the trajectory was calculated using duration of the PMT signal and
the established drift velocity value.

The ratio of these two components allowed for calculation of 6 and the resulting total range was
directly related to the energy of the proton via SRIM range tables.

The second way of calculating the energy and 6 was to fit the Bragg curve shape to the PMT
signal with length of the CCD component (calculated as in the first approach) being given as a
constant with the possibility to vary it within the uncertainty limits, and energy and # being the
fit parameters. This approach resulted in a good reconstruction of the shape of the signal and thus
accurate energy values, but its use was limited to only part of the statistics for several reasons.

e The GEM foils used in the OTPC consist of 4 parts with breaks between them, which resulted
in the deformation of the signal if the proton trajectory runs across such break.

e Protons that are not stopped inside the chamber are characterized by a shape of the PMT signal
that differs from Bragg curve. Furthermore, for stopped-yet-high-energy protons the energy
losses along the track are low and the noise-to-signal ratio can prevent the proper fitting.

e A significant part of events contained a signal component resulting from the ion recoil, which
was not negligible and increased the number of fitting parameters.

e Fitting of more than one trajectory was not always possible with the given data quality due to
the increased number of fit parameters and the broad minimum in the 72 = Y (x Fit — Tdata)?
value landscape.

It is worth mentioning that even more accurate results could have been obtained by simultaneously
fitting the Bragg curve shape to both PMT and CCD signals, provided that the noise level in the CCD
camera would allow for it. However, it should be noted that the manual readout of the trajectory
edges from the CCD was accurate enough to reasonably assume that the potential gain in accuracy
would not have been significant.

Even though it was not possible to use the second approach for the whole dataset, it was used to
estimate the systematic error of the first method, which could then be applied to all events. From the
difference between results of two methods it was found that the width of the PMT signal in the first
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was underestimated by around 0.5 us in average, due to the blur of the signal edges caused by the
diffusion of electrons drifting in the gas mixture. As a consequence, the following uncertainties were
taken into account while performing the energy calculations using the first approach: for the z —y
component, x; s and y; r were taken with uncertainty of (£2px) and ¢ ppsr was taken with uncertainty
of (£0.5(statistical) s —0.5us(systematic)). The uncertainties of the vgr; s+ value and px/mm ratio
were also taken into account. Due to the limitations listed above, the second approach was used
for calculating proton energies from Sp events in which the protons stopped inside the chamber (fit
quality was verified by means of r? value), whereas the first approach was used for calculating partial
energies of protons that left the chamber as well as energies in events with emission of more particles.
The uncertainties of the reconstructed proton energies spanned from 80 — 100 keV at 200 keV to
40 — 60 keV at 1000 — 1500 keV.

4.2 B-delayed charged-particle decay of ?2Si

4.2.1 [-delayed p and 2p emission

63 events correlated with ions that met the requirements described in Section 4.1.1 were further
examined for occurence of 8-delayed particle emission. The analysis allowed for confirmation of both
previously known decay channels of 22Si, namely Ap and 42p. Data recorded by CCD and PMT
for example events are shown in Figures 4.8(a) and 4.8(b) (8p), and 4.8(c) (52p). The number of
observed events and the calculated branching ratios are summarized in Table 4.1. The obtained
values take into account the finite observation window, as described in Section 4.1.3.

Table 4.1: The total branching ratio for the observed ?2Si decay channels from this and previous
work.

decay channel number of events branching ratio (this work) branching ratio (lit.)

Bp 58 95(T1)% ~ 100% [14]
B2p 2 3(5)% 0.7(3)% (IAS) [17]

Among the 58 [S-delayed protons identified, 24 stopped within the active volume of the detector,
within 5% boundaries from the chamber walls (see Figure 4.5). Their energies were reconstructed
and their energy spectrum is shown in Figure 4.9. Two groups of low-energy protons can be iden-
tified at energies of 0.6(1) MeV and 1.7(1) MeV. The corresponding total branching ratios for them
are 10(*$)% and 77(727)%, respectively. The lower-energy group corresponds to the proton group
identified at 680(50) keV [16] or 710(50) keV [17]. The higher-energy group of protons is located
on the slope of the stopping efficiency function and might therefore correspond to the low-energy
tail of the two protons transitions known at 1950(50) and 2150(50) keV [17]. Among the two events
with 82p emission, none allowed for the total energy reconstruction, as in each case one of protons
escaped the chamber.

4.2.2 Half-life calculations

A maximum likelihood fit of the decay time distribution of the events with respect to the time of ion
implantation, shown in Figure 4.10(a), yielded a half-life of 25(3) ms. This result is in agreement
with the previously measured values: 29(2) ms [14], 27.8(35) ms [16] and 28.6(14) ms [17] and
indicates that the selected ion group consisted exclusively of 22Si ions. Moreover, for 5 events the
decay of the daughter nucleus 2'!Mg by Sp emission was observed within the observation window.
The times of these decays with respect to the time of 8p emission from 22Si are in compliance with
the expected distribution, as shown in Figure 4.10(b).
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Figure 4.8: Example data from CCD (left) and PMT (right) for events with Sp emission ((a) and
(b)), and B2p emission (c) from 22Si. The PMT data are shown around the time of the proton
signal. Subfigure (a) depicts a proton belonging to the lower-energy group (see Figure 4.9 below),
with E, = 0.55(6) MeV, whereas the proton visible in (b) belongs to the higher-energy group
(E, = 1.74(4) MeV). Among the two protons visible in subfigure (c), one was stopped inside the
chamber (brighter trajectory with visible Bragg peak in the CCD picture corresponding to the more
intense peak in PMT signal), and the second one escaped (faint trajectory).
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Figure 4.10: (a) Distribution of decay times for 2?Si events (histogram) and the exponential decay
curve with half-life ¢, , = 25(f§) ms, which was determined by the maximum likelihood method using
an exponential decay distribution with a finite-time decay observation window [51]. (b) Logarithmic
distribution of decay times of 5 identified 2! Mg decays (black vertical bars). The bell-shaped curve
corresponds to the distribution calculated for the known *'Mg half-life value ¢; /5 = 122(3) ms [2].
The dashed lines show the end of the observation window with respect to each of the five decays.
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4.3 [(-delayed charged-particle decay of 2Si

The gate applied to triggering ions in the 23Si setting allowed for identification of 7497 well-implanted
events which were considered for further analysis. The study of the collected PMT and CCD data
resulted in the confirmation of the two already known decay channels, Sp and ([2p, as well as
identification of two new decay modes: $3p and Spa. The branching ratios for all the four decay
channels are summarised in Table 4.2. The total branching ratio biote; = 90(1)% determined in
this study is in good agreement with the previously obtained ~ 92% [19]. The missing 10% is most
likely caused by feeding of the grund state of the 22Al daughter in the 8 decay of ?3Si. Shell-model
calculations support such interpretation by giving 6% direct decay to the 23Al g.s. [19].

Table 4.2: The total branching ratios for the observed ?3Si decay channels. Observation probability
in the finite time window is taken into account. See text for details.

decay channel number of events branching ratio (this work)

Bp 5643 81.8(11)%
32p 533 7.73(35)%
B3p 2 2.9(738) x 1072%
Bpa 1 L4A(T33) x 1072%

4.3.1 Half-life and cocktail beam composition

A maximum likelihood fit of the decay time distribution of all observed decay events with respect
to the time of ion implantation yielded a 23Si half-life of 47(1) ms, slightly larger than previously
reported [19,20]. The half-life values were established also for sub-groups of 23Si ions to verify the
homogeneous isotopic composition of the ions within the chosen gate as well as among event groups
with different decay modes identified. Additionally, the composition of the ion group below the
chosen gate was verified by determining the half-life. The results of the fits are presented in Figure
4.11. All the values obtained for events sub-groups are consistent with the result for total statistics.
Half-lifes calculated for Sp and (52p branches are 46(1) ms and 51(4) ms, respectively. Fit to decay
times distribution of events in the upper and lower of sub-groups generated by the passing of the
beam through the electrode strips yielded values of 45(2) ms and 47(1) ms, respectively.

The analysis of decay events of the mixture of 23Si and 2°Mg resulted in t1/2,miz = 55(4) ms, as visible
in Figure 4.11(e). By taking t;/2(**Si) = 47(1) ms (corresponding to an observation probability of
0.89(1)) and the calculated branching ratio for Bp b, = 82(1)%, as well as t;/5(** Mg) = 91 ms
and Bp b, = 27% [2], the amount of 23Si and ?°Mg can be determined to be 0.3(1) and 0.7(1),
respectively. The resulting expected number of Sp emissions observed in this group of events equals
790(120) decays. 825 decays were observed among 2262 ions in the investigated group, which is
compatible with the expected amount resulting from the measured ¢, /5 (miz). Performing the same
calculations assuming the literature value of t;,5(**Si) = 42.3(4) ms [19] yields an expected number
of Bp emissions from this ion group of 930(130), also compatible with the observation.

4.3.2 [-delayed p and 2p emission

The analysis of the decay events yielded 5643 cases of Sp emission from 23Si, among which 585 were
fully stopped in the active volume of the chamber. The rest of the protons escaped the detector.
The detected protons’ energy deposit spectrum, i.e. for both all protons and only those that left the
chamber, is shown and compared with energy deposit simulation results (see Section 4.1) in Figure
4.12.

In Figure 4.13, the energy spectrum of the stopped Bp in shown. The spectrum contains five groups
of protons that can be identified at energies of about 300, 650, 1250, 1550 and 2050 keV. The
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Figure 4.11: Distribution of decay times of sub-groups of 23Si events (histograms) and the exponential
decay curves, which were determined by the maximum likelihood method using an exponential decay
distribution with a finite-time decay observation window for subgroups of events(Sp (a); 82p (b); Sp
& upper subgroup in Figure 3.4(b) (c); Bp & lower subgroup in Figure 3.4(b) (d)), for all 22Si decay
events (e) and for events with ions forming a group below the chosen 23Si-gate in Figure 3.4(b),
which is composed of a mixture of 23Si and 2°Mg (f). See text for details.
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Figure 4.12: Spectrum of energy deposited inside the chamber by all protons (gray), by those protons
that exit the detector (blue) and the spectrum obtained by means of the energy-deposit simulation
(dashed black line). The results of the simulation accurately reproduce the experimental data. The
only meaningul difference between the two occurs at high energies (above 2.2 MeV). This discrepancy
might be due to the fact that high-energy protons exhibit faint trajectories, and the low light intensity
at the end of the track may lead to underestimating the protons range.

energy intervals corresponding to each group are marked in both spectra. The branching ratios

corresponding to the respective portions of spectrum (shown in Figure 4.13) are summarized in
Table 4.3.
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Figure 4.13: Energy spectra for protons emitted following 3 decay of 23Si, stopped within the active
volume of the OTPC detector presented in (a) full energy range and for (b) energy below 1 MeV.
Gray vertical lines mark the energy intervals described in text and summarized in Table 1.3. The
dashed black line shows the proton-stopping efficiency as a function of energy.

The group of particles with E, ~ 650 keV lies close to the previously reported proton peak at
600(60) keV [19] (or 673 keV [20]), however its partial branching ratio is much smaller than the
values from literature. The group of protons may also be due to several weak transitions. The group
around 1250 keV corresponds to the transition at 1320(40) keV [19] (1346(39) keV [20]), which links
the 1475 keV 3/2% level in 2Al [53] to the g.s. of 22Mg. The next group, with energy of about
1550 keV corresponds most likely to the peak at 1700(60) keV [19] (1631(46) keV [20]) and might be
placed in the level scheme as a transition between the 3166 keV 3/2F level in 22Al [53] and the first
excited state in 22Mg with energy 1247 keV as well as to the transition from the 5134 keV 7/2% level
in 23Al to the 3308 keV second excited state in 22Mg. The group with the largest energy observed
(at 2050 keV) might be due to the low-energy tail of the proton transition at 2400(40) keV [19]
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Table 4.3: Observed groups of protons with corresponding number of events with uncertainties [52]
and respective partial branching ratios, compared with previously reported values of peaks energies
and branching ratios [19,20]. The number of events corresponds to the integral of the regions marked
in Figure 4.13. The values include the bin-by-bin correction for the stopping efficiency.

This experiment Previous studies
E, |keV]  events b %] E, [keV] b %]
[19] [20] [19] [20]
300 873 0.1270%¢ - - - -
650 8ts 0.1215:9%  600(60)  673(36) <3  2.4(1

)
1250  230+£16 3.6+0.2 1320(40) 1346(39) 10(1) 5.1(4)
1550 20015 4.6+0.3 1700(60) 1631(46) <5  4.6(6)
2050 5248 44407 2400(40) 2309(41) 32(2) 21(2)

(2309(41) keV [20]), with a lower branching ratio than previously reported, as this proton transition
lies at the edge of the detector’s proton-stopping ability. The lowest energy proton group around
300 keV was observed in these studies for the first time. It might be due to several weak transitions,
and, unfortunately, cannot be placed in the level scheme. Figure 4.14 shows the partial decay scheme
of 238i with the observed and assigned transitions. Possible transitions involved in 32p emission from
23Gi, as described in the following, are also shown.

Examples of Sp and 52p emission events are presented in Figure 4.15.

Among the correctly implanted 23Si ions, 533 decayed via 32p emission (an example event containing
two protons stopped inside the detector is shown in Figure 4.15¢). In 22 of these decay events, both
protons stopped inside the active volume of the detector, yielding the possibility to calculate their
total energies. For 240 among the remaining events, the calculation of the partial energy deposited
in the detector was possible, as the endpoints of the trajectories were clearly identified and the
ratios lightccop and light ppsr allowed for correlating the trajectories in the CCD picture and in the
PMT data with each other. This was possible because the linear relationship between lightccp and
light pprr was verified.

The spectrum of the sum energy of the two protons (Ej,,,) in events in which both protons were
stopped inside the chamber as well as of the partial energy for those events in which one or two
protons escaped are shown in Figure 4.16. Limited statistics and level density prevent observation of
any peak structure. Nevertheless the shape of the spectrum indicates decay by emission of 2 protons
from levels at excitation energies 6.5-9 MeV in 23Al, providing new information on the structure of
this nucleus above Sy;,. The group of events above 2 MeV and centred around 2.7 MeV in Figure
4.16(a) could originate from feeding in 8 decay of a broad level or several ones at excitation energy
around 8.6 MeV in 23Al.

The energy seems to be shared between the two stopped protons rather equally, see Figure 4.17,
hence the single protons energies in the group described are in range of 1-1.5 MeV. Assuming GT
decay of the 23Si 5/2% ground state, one might expect feeding of 3/2%, 5/2% and 7/2% levels in
23A1. This is followed by proton emission to low-spin states in Mg at around E, = 7 MeV and
sequential emission of another proton to the 3/2% 2!Na ground state, if emission of low-¢ protons
is considered. These possible transitions are shown in the partial scheme of 23Si decay in Figure
4.14. Tt is important to note that the data presented in Figure 4.16(a) are biased due to the rapid
decrease in the single-proton stopping efficiency at approximately 1.5 MeV energy, as illustrated in
Figure 4.6.

The energy spectrum deposited inside the detector in events in which at least one proton escaped
(Figure 4.16(b)) stretches between 2 and 4 MeV, with a maximum around 3 MeV, which corresponds
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Figure 4.14: Partial decay scheme of 23Si decay. All known levels in 22Al fed in 3 decay [53]
and levels in ?2Mg populated by 23Si Sp decay are marked with black lines. Arrows mark proton
transitions that could be placed in the scheme. The black arrow marks the transition observed at
1250 keV, corresponding to 1320(40) keV [19] / 1346(39) keV [20]. Blue arrows mark two possible
transitions corresponding to the peak observed around 1550 keV, reported at 1700(60) keV [19] /
1631(46) keV [20]. Gray arrows depict a possible approximate placement of transitions involved in
B2p emission. Solid gray arrows correspond to the transition (or group of transitions) resulting from
the spectrum of El,,, of 82p events where both protons were stopped (see Figure 4.16(a)), whereas
dashed gray arrows show possible, yet not observed due to too high energy, decay via two sequential
proton emissions after feeding the IAS in 22Al. See text for details.
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Figure 4.15: Example data from CCD (left) and PMT (right) for events with Sp emission ((a) and
(b)), and B2p emission (c) from ?3Si. The PMT data are shown around the time of the proton signal.
Subfigure (a) shows a proton with energy 0.34(6) keV originating from the lowest-energy proton group
in Figure 4.13. The proton visible in subfigure (b) has energy 1.24(4) keV and therefore belongs to
the third group of protons in Table 4.3. Both protons visible in (c) were completely stopped inside
the detector: two Bragg curve shapes ending with Bragg peaks are visible in the PMT and CCD
data.
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Figure 4.16: Sum-energy spectra of $2p emission events in which (a) both protons stopped in the

active volume of the OTPC detector and (b) at least one proton left the chamber. See text for
details.
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Figure 4.17: Single proton energies from [S2p events in which both particles were stopped, thus
corresponding to the Ej,,, spectrum in Figure 4.16(a). The energy of the higher-energy proton
(Ehigher) is plotted as a function of that of the lower-energy proton (Ejouer)-
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to roughly double the energy of the most intense peak in energy deposit simulated for single escaping
protons (see Figure 4.7(b)). These are protons leaving the chamber through side walls.

The distribution of opening angles between the two protons are shown in Figure 4.18. Due to
limited statistics it is not possible to establish the exact decay path and hence the decay mechanism.
Nevertheless the opening angle distribution presented in Figure 4.18(a), i.e. for events in which
both protons stopped, seems to be centered symmetricaly around 90°, which indicates uncorrelated
sequential two-proton emission rather than simultaneous/diproton. The opening angle distribution of
the group of events in which at least one of the protons escaped, see Figure 4.18(b), shows compliance
with sinusoidal shape characteristic for uncorrelated sequential two-proton emission, indicating that
this is most likely the main decay mechanism at play.

sin(o. angle)
I data

number of events [1 /(0.1 7 rad)]
number of events [1/(0.314 rad))]

0-
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
opening angle [rad] opening angle [rad]

(a) (b)

Figure 4.18: Opening angle distribution in group of events in which (a) both protons were stopped
and (b) at least one particle escaped the chamber. Even though at least one particle escaped
the chamber, it was possible to determine the angle between them. The distribution (a) appears
to be centred symmetrically and suggests that the decay occurs via uncorrelated sequential two-
proton emission. The second distribution shape is well described by a sine distribution, which is
characteristic for the same decay mechanism.

4.3.3 [-delayed 3p emission

The first newly discovered decay channel involves the emission of three 8-delayed protons. This
decay mode was identified on the basis of only two events, highlighting the sensitivity of the OTPC
detector in detecting exotic decay channels even with very limited statistics. The CCD images that
clearly show the presence of three emitted protons, as well as respective PMT signals, for both events,
are shown in Figure 4.19.

In the first event (Figure 4.19(a)) all protons were stopped within the active volume of the detector.
Consequently, both the CCD image and the PMT signal show three distinct Bragg peaks. All three
trajectories start at &~ 7.5 us. One proton is emitted downwards, which is indicated by the position
of its Bragg peak at ¢ = 7.1 us, while the other two particles are emitted upwards, with their
trajectory endpoints at ¢t = 7.9 us and ¢t = 8.1 us, respectively. Although it is not possible to assign
unambiguously the PMT signals to the tracks visible in the CCD image, calculations of the energies
for potential pairs of CCD and PMT trajectories allowed for the determination of the average total
energy of the three emitted protons to be Esym,m = 3.65(35) MeV, for all 6 combinations.

In the second event (Figure 4.19b), all protons escaped from the chamber — one through the wall
opposite to the entrance window and the other two (two short tracks visible on CCD image in
Figure 4.19(b)) through the upper/bottom walls. As a result, the PMT signal does not show any
Bragg peak. The portion of the signal at later times corresponds to the proton emitted forward
and almost horizontally. Since the protons escape, only a lower limit on their total energy could
be calculated. Depending on the assignment of trajectory pairs, the energy Fs,, ranges from
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Figure 4.19: The two events with 33p emission from 23Si recorded on CCD images (left) and PMT
signals (right). On the CCD images both the implanted ion as well as three emitted protons are
visible, whereas the PMT signal is zoomed around the proton trajectories. All protons in the first
event (a) were stopped inside the chamber while in the second event (b) all particles left the detector.

See text for details.
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2.7(7) MeV to 3.3(6) MeV. The former event is consistent with the decay of the isomeric state in
Z3Al, while the latter event might also originate from the IAS, although it remains uncertain.

The calculated branching ratio, bgz, = 2.9(f{’g) x 10~* may be compared with values for others
T, = —5/2 isotopes, among which two, ! Ar and *3Cr, were observed to decay via this channel [45,54]
and for the missing member of the T, = —5/2 sequence, 27S, an upper limit was established [55].

The value obtained for 23Si is close to those for 3*Ar and *3Cr, as shown in Table 4.4. The only other
remaining 33p emitter known to date is **Fe [41], more exotic and hence characterized by larger
branching ratio.

Table 4.4: Comparison of the branching ratio bz, determined for 23Gi with values from literature
for all other known 33p emitters. The values for the isotopes with T, = —5/2 (37S [55], 3! Ar [45]
and 43Cr [54]) are all of order of 10~* and the value obtained for 23Si fits this trend. The only other
known case of 33p, *°Fe, has T, = —7/2 and larger bgs, = 3.3(16) x 1072 [41].

isotope T, branching ratio bgs,
8BS —5/2  2.9(738) x 1074 (this work)
g —5/2 <1x 1073 [55]
SAr —5/2 7(2) x 10~ [45]
Bor  —5/2 13(13%) x 1074 [54]
BFe  —7/2 3.3(16) x 1072 [41]

4.3.4 [-delayed ap/pa emission

As the energy window open for Bap/fpa in 23Si is of similar size as the one for 33p emission, it
was reasonable to consider if also such a decay can be identified. Due to differences in energy losses
along the trajectory of « particles and protons (see Figure 4.20) and the « particles’ shorter range
(for the same energy), the search was restricted to events containing two particles among which one
was brighter and shorter in both CCD and PMT. The assignment was made on basis of the ratio of
total light of both components of the trajectories lightccp/light parr.

The analysis yielded the selection of one candidate event (shown in Figure 4.21) to which PMT
signal fitting was performed, assuming two possible scenarios: that both tracks are due to protons
and that the shorter and brighter one comes from an « particle. The results of the fitting are shown
in Figure 4.22. Due to the limitations described in Section 4.1, in particular with respect to the
signal /noise ratio, the difference in residual r? values for both scenarios is not big (r? = 0.4 and
r2 = 0.6 for a+p and p+p cases, respectively), but the curve for the o+ p scenario reproduces better
the shape of the signal. The event was therefore tentatively recognized as the emission of S-delayed
proton and « particle. The energies of the two particles resulting from fit are E, = 1.6(1) MeV and
E, = 1.2(4) MeV, which is compatible with possible emission from the IAS in 2*Al. For comparison,
the energies for p + p scenario are E,; = 1.6(1) MeV and E,; = 0.4(2) MeV.

It still remains to be considered, in which order the two particles are emitted, under the assumption
of the sequential emission. Two scenarios are possible, as shown in Figure 4.23 and described in the
following.

1. Assuming the a particle to be emitted first with £ = 0 to the ground-state of **Na, which is
proton-unbound, followed promptly by the emission of an £ = 2 proton, these particles would
have energies of 3.1 and 0.3 MeV, respectively [4]. Another option would be the decay via an
excited state in 1Na. Nevertheless, the only candidates known for 5/2F states in Na have
energy of = 2.5 MeV [2]| and this would implicate an energy for the « particle of only 0.6 MeV,
which is incompatible with the result obtained here and means that its emission would be
suppressed by the Coulomb barrier. Consideration of higher-¢ « transition seems unjustified
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Figure 4.20: Energy losses dE/dz for protons (upper subfigures) and « particles (bottom subfigures)
with approximate ranges of 10 cm (left), 15 cm (middle) and 20 cm (right) in the gas mixture
used in experiment, simulated with SRIM software [40]. The corresponding energies of particles are
reported on the respective subfigures. As expected, a particles are characterized by higher energy
losses (1 x 1072 eV /A versus 4 x 1073 eV /A for proton in the Bragg peak) as well as different shape
along the trajectory, with less prominent Bragg peak and more gradual decline at the end of the
trajectory. These differences enable the distinction between protons and a particles.
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Figure 4.21: The image recorded by the CCD camera (left) and the corresponding PMT signal around
the time of the decay (right) for the event tentatively assigned to the Sap/Bpa decay channel. Tt
was determined on basis of the integrals of light of CCD and PMT components, that the shorter
and brighter trajectory in the CCD picture matches the left (shorter and more intense) part of the
PMT signal and both particles were emitted downwards. See text for details.
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Figure 4.22: PMT signal recorded for the event tentatively assigned to the Sap/Spa decay channel
with fit results assuming two scenarios: Sap/Bpa (blue) and 52p emission (red). See text for details.

because of the much lower barrier penetrability due to both larger angular momentum and
lower energy.

2. Supposing the opposite scenario, a proton emitted from the IAS in ?2Al could feed a highly
excited (~ 10.4 MeV) state in 22Mg followed by the a emission to the g.s. in ®Ne. This
should involve particles with minimum angular momentum, due to the barrier-penetrability
dependence on ¢ and energy. There are indeed several excited low-spin levels known in 2?Mg
at B, = 10 — 11 MeV known from transfer reaction studies [2| — including '®Ne(a,p)?!Na, the
indirect process to Bp emission to the same level in 22Mg [56]) — that could participate in the
[B-delayed ¢ =1 p and £ = 0 « emission with energies consistent with the results obtained here.

These considerations show that the recorded event occured most probably according to the latter
scenario, while the first one is still possible, but less likely, and therefore might require higher statistics
to be detected.

In the previously known cases of Sap/Spa emission, i.e. ?C [57], 1"Ne [58], and ?'Mg [59], the
mother nuclei had T, = —3/2, and the decay proceeded through an a-conjugate nucleus, 8Be, 160,
and 2°Ne, respectively. Both decay sequences were observed in 1"Ne, with bgap+spa = 1.6(4) x 1074
and in ?C. The latter is a special case, since all states populated in 3 decay in its daughter B break
up into a proton and two « particles [57], which might be interpreted as bgaptspa = 100%, but is
not a typical case of this decay mode [36,37]. In the case of 2! Mg, only Spa emission was observed,
with a branching ratio of bgpe = 1.6(3)10 x 10~ [59]. 30, the missing member of the T, = —3/2
sequence, was predicted to decay via this mode with branching ratio bg,e = 0.9(3) x 1074 [59]. It was
recently reported to be the first known 33ap emitter, with a branching ratio of 7.8(6) x 10~* [60].
The result of bgpa = 14(1“;’3) x 10™% for 23Si closely aligns with the previously reported branching
ratios. Figure 4.24 presents the branching ratios for both exotic decay channels, Spa/Bap and G3p,
for all known emitters with different T, values.

The systematics of Sap/fpa decays from T, < —3/2 was discussed by Lund et al. in Ref. [59]. They
concluded that the presence of these exotic decay modes is most of all influenced by odd-even effects
on the decay energy, rather than the structural effects like a-clustering, despite the final-state nuclei
being a-conjugate. They proposed that the observation of this exotic decay mode in heavier nuclei
with lower T, such as 23Si, 27S, and 3! Ar would provide an opportunity to test their interpretation.
The discovery of this branch in 23Si with 7, = —5/2, with a comparable branching ratio as for
nuclei with T, = —3/2, supports their conclusions regarding the influence of odd-even effects on the
occurrence of this exotic decay mode.
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Figure 4.23: Schematic illustration of the two scenarios for Sap/Spa emission. In the first scenario
an « particle is emitted from the IAS in 23Al to the ground state (or to an excited state, which is
less probable as no suitable states are known) in 9Na, followed by the proton emission to g.s. in
18Ne (red and gray arrows, for decay via g.s. and excited state in *Na, respectively). In the second
scenario (blue arrows), a proton is emitted from IAS in 23Al to an excited state with E, ~ 10.4 MeV
in 22Mg, and sequentially an « particle is emitted to the g.s. in '®Ne. See text for details.
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Figure 4.24: Branching ratio values for all known Sap/fpa (blue) and 33p (black) emitters with
T, = —3/2 (triangles): 1"Ne [58] and 2!Mg [59]; T, = —5/2 (circles): 23Si (this work), 3*Ar [45],
43Cr [54], as well as upper limit for 7S [55]; and T, = —7/2 (square): “°Fe [41]|. The special case of
9C is not included here, as well as 130, see text. The branching ratio for fpa decay mode in 23Si
with T, = —5/2 is comparable to the results for nuclei with T, = —3/2. The plot shows also a clear
increasing trend in branching ratios for exotic decay channels probabilities with decreasing negative
T, values.
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4.4 Validation of theoretical calculations

Previous studies have already investigated the B decay of 23Si using the state-of-the-art shell-
model (SM) approach, which demonstrated to accurately describe the low-energy spectrum of 2 Al
[19]. In the present study, an alternative approach was chosen, employing multi-reference density-
functional-rooted No-Core Configuration-Interaction Model (DFT-NCCI) calculations performed
by prof. Wojciech Satula [61]. DFT-NCCI is a post-Hartree-Fock (HF) configuration-interaction. It
restores symmetries violated by HF solutions (angular momentum and isospin symmetry) by mixing
good symmetry states projected from different mean-field configurations. For the purpose of these
studies, two variants of the model were used. First, the more advanced variant, treats properly
the isospin symmetry and restores angular momentum. The configuration space chosen consisted of
the g.s. and the two lowest particle-hole configurations in 23Si as well as the g.s. and 13 excited
configurations in 23Al space. It was selected to allow for obtaining relatively well-converged solutions
for the g.s. of 23Si and 23Al, the low-lying (below 3.5 MeV) excited states in 23Al and the IAS in
Z3 Al In the second variant, only the angular momentum projection is performed, which makes this
variant less computationally demanding and thus allows to include more configurations.

The DFT-NCCI model belongs to a class of so-called global models. As such, it cannot compete
with SM, which is fine-tuned to the valence space, but it is applicable to predicting the properties
of a broad range of nuclei. Thus, the purpose of performing the DFT-NCCI calculations was not
to improve the theoretical description of 2Al, but rather to validate the new approach in a nucleus
where benchmark SM results already exist. Additionally, it allowed to test the properties of the
underlying functional in this mass region without any local fine-tuning of functional’s parameters.

The calculated binding energies for the ground states of 22Si and 23Al are 158.2 MeV and 172.7 MeV,
respectively, slightly larger than the experimental values [4]. The calculations yielded also the en-
ergies of the excited states, the spectrum of which is presented in Figure 4.25 and which compares
relatively well with the shell-model (SM) results at low energies [19]. The calculated excitation
energy of 9.27 MeV for the IAS in 23Al is lower than the experimental value of 11.78 MeV [19].
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Figure 4.25: Level energies resulting from SM [19] and DFT-NCCI [62] calculations, as well as
experimentally known levels in 23Si, which involvement in the 8 decay of 23Si was observed within
this study: the 1475 keV level corresponding to the transition observed at 1250 keV (black), and
3166 keV and 5134 keV levels that may correspond to the peak observed at 1550 keV (blue), see
also Figure 4.14. The proton transitions involving IAS were not observed due high energy of the
proton emitted combined with the stopping-efficiency limitation. The fact that around 90% of the
detected protons were not stopped inside the chamber due to their high energy is consistent with
the theoretical predictions of TAS feeding dominating the decay. The gray rectangle marks the
possible levels participating in S-delayed 2p emission (see Section 4.3.2) that could correspond to
the calculated levels, especially 6.77 MeV 5/2%, 6.81 MeV 7/2% and 7.80 MeV 7/27F.
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The level that is most fed in 2Si B decay is the IAS, with matrix elements |Mp| ~ /4.9 and
|[Mgr| ~ 1.5 for Fermi and Gamow-Teller decays, respectively. Decay to lower states is expected
to be hindered due to the shape difference between weakly deformed oblate 23Si, with calculated
mean quadrupole deformation parameters S = 0.090 and v = 60°, and well-deformed prolate
Z3A1 (B2 = 0.345 and v = 0°). The lowest particle-hole excitations in 2>Al were also found to be
well-deformed. The largest GT matrix elements within the selected configuration space are to the
I™ =5/2% and 7/2" states at excitation energies of 5.8 MeV and 7.8 MeV, respectively. The matrix
elements to other (especially lower) states, are significantly below unity. The TAS excitation energy
is underestimated, which suggests a need for improved calibration of the symmetry energy strength
in the used functional.

The stability of the low-energy spectra calculations was verified by angular-momentum-projected
calculations, i.e. the second variant of the model. The details of the calculations performed with
both variants and the results are given in Ref. [62] and its supplemental material.
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Chapter 5

Neutron-deficient Ge and Zn isotopes

5.1 Data analysis

5.1.1 Selection of the ions of interest

The identification of the ions of interest was performed online on the basis of AE and two independent
ToF measurements, as described in Section 3.2. Id-plots containing all ions entering the detection
setup and only the triggering ones were presented in Figure 3.7. Hardware gates were imposed
to allow only triggering of the DAQ2 by germanium and a limited amount of zinc ions. Offline,
software gates were imposed to select those events that were considered in further stages of the
analysis, especially while looking for the decay events. Figure 5.1 shows the selection of the ions of
interest in the %9Ge setting. The corresponding plot for ®*Ge setting will be presented in Section
5.2.1.
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Figure 5.1: Identification plot with ions triggering the DAQ2 in the 5°Ge setting of ion optics. Red
ellipses mark the regions of the software gates set for ©*Ge and °8Zn ions, see text.

5.1.2 Drift velocity

During the whole experiment, a drift velocity detector (described in detail in Section 2.2.3) was
used to monitor the vgrif; of electrons in the gas mixture measurements every 1-2 hours. The
meteorological conditions throughout the experiment were also monitored and found to be stable
with pressure P = 986(8) hPa and temperature 7' = 25.5(2)°C. Therefore it was possible to use one
drift velocity value for the analysis of whole data set, which was determined to be 10.5(2) mm/pus.
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5.1.3 Drift of the ions in the gas and its influence on the observation
probability and stopping efficiency

The ions implanted into the active volume of the detector did not fully neutralize and therefore drifted
in the gas in the opposite direction than the electrons, towards the cathode. This phenomenon was
evidenced by two facts:

1. Analysis of the observed decay events clearly showed that most of the protons were emitted
downwards as detailed later.

2. Just after the detection of each ion a period of about 20 ms during which significantly increased
noise in the PMT signals could be observed (see Figure 5.2).

The origin of the larger noise resulted to be the electrons emitted in the gas ionisation caused by ion
drifting through it before stopping at the cathode ! The duration of these signals allowed to estimate
the time of drift to be tgr;+ = 20(5) ms. During this time, the OTPC detector was sensitive to
protons emitted in the full solid angle. Afterwards, for the rest of the observation window, this
sensitivity dropped by 50%, since only protons emitted downwards could be detected.
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Figure 5.2: Two examples of portions of PMT signals just after the ion implantation at t = 0 ms.
The data for t between 0 and around 20 ms show increased noise level, which is caused by the
electrons emitted in the gas while the non fully-neutralized ion drifts towards the cathode. The gray
line corresponds to the raw data, while the black line to data with a median filter applied with a
window of 5 samples.

The ions drift affected the total probability of recording an emitted proton during the observation
window. This probability is therefore given by the sum of two integrals

1 tarift 1 ty
- / e UTdt + 7/ e t/mat (5.1)
T t; 2 tarife

where ¢; and t; are the beginning and the end of the observation window, respectively, tq,;s; corre-
sponds to the time of the ions drift towards the cathode and 7 is the lifetime of the isotope the decay
of which has to be recorded. The resulting probabilities were found to be around 60% for 59Ge, with
the exact value depending on the half-life taken into account, e.g. 60(4)% for t;/, = 34.6 ms [63],
64(4)% for 1 ;o = 29 ms [64,65], see Section 5.3 for details, and 35(2)% for *®Zn (t, /o = 86(2) ms [33]).

The ions drift was taken into account while performing the proton stopping efficiency simulations.
Apart from this, the procedure consisted of the same steps as those described in Section 4.1.2.
The only difference was the time dependence of the proton emission point. For this reason, the
simulation in this case already included the proton observation probability given by Equation 5.1.
The implantation profile along the beam axis for °Zn in shown in Figure 5.3, whereas the expected
distributions resulting from LISE++ simulations [50] are reported in Figure 5.4.

Hon-drifting times are typically 3-4 orders of magnitude slower than electron-drifting time.
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Figure 5.3: Implantation profile of ®®Zn ions for the partial statistics of the events (1111 events ~ 3%)
together with fit distribution used for stopping efficiency simulation. Only ions stopped between 10%
and 90% of the chamber length were considered as correctly implanted inside the detector. Gray
rectangles show the parts of chamber length outside this range.
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Figure 5.4: (a) Results of the LISE++ simulations [50] for the ion implantation distributions for
all isotopes present in the cocktail beam in log scale with A1900 spectrometer optimized for °Ge.
(b) Zoom on the °®Zn ions distribution in the detector. The majority of the ions is expected to be
implanted correctly, which was indeed the case during the experiment.
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The simulated stopping efficiency for ®8Zn is shown in Figure 5.5. This efficiency differs from the
previously presented efficiencies for 22Si and 23Si (see Figure 4.6 in Section 4.1.2). While the plateau
region in low energies is similar to that observed in the previous cases, the tail of the efficiency
extends much further, to almost 3.5 MeV. In comparison, the efficiencies for the silicon isotopes
tended to approach zero between 2.5 and 3.0 MeV. It should be noted, that due to the differences
in gas mixture used, the protons in the TAMU experiment had slightly larger ranges for the same
energies than particles in the MSU experiment. Nevertheless, this is only partially responsible for the
extension of the efficiency’s tail. For example, in the TAMU experiment protons with energies 2.5
and 3.0 MeV had ranges of 22.7 and 30.1 cm, respectively, whereas in the MSU experiment protons
with energies 3.0 and 3.5 MeV had ranges of 25.4 and 32.8 cm, respectively. Another reason of this
discrepancy is the fact that if the proton is emitted from the proximity of the cathode, it has a larger
volume inside the chamber to be stopped, especially if it is emitted diagonally towards one of the
chamber corners.
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Figure 5.5: Stopping efficiency as a function of the proton energy simulated for ®®Zn. The efficiency
includes the time-dependence characteristic due to the ion drifting in the gas. For this reason, it is
around 35 % at its maximum. The ions drift towards the cathode, decreasing the total efficiency,
but contribute to the extension of the energy range in which the protons might get implanted inside
the chamber to almost 3.5 MeV. See text for details.

5.2 Most exotic germanium isotopes

5.2.1 First identification of °Ge

The experimental data collected in the °?Ge setting allowed for the first identification of this isotope.
Among all events recorded, four were identified as ®*Ge on the basis of DAQ1 (see Section 3.2). Three
of these events were recorded also by DAQ2, whereas one unfortunately happened during dead-time
in DAQ2. In Figure 5.6 identification-plots AE - ToF2 based on data from both DAQs are displayed.
All 59Ge events are clearly separated from the rest of the ions in the plots, taking also into account
the expected gap corresponding to the unbound isotope °®*Ga. The plots are based on only triggering
ions, nevertheless it is important to mention that there was no **Ge ion among those non-triggering,
hence none was missed by the trigger.

In order to avoid the misidentification of the **Ge ions due to the pileup of the signals from lighter
contaminants, the AE and ToF2 signal shapes were inspected and are shown in Figure 5.7. It
is evident that both AE and ToF signals for each event show no sign of pile-up and the shapes
are as expected for a single ion. Therefore these events were identified as belonging to the new
isotope ®?Ge. Further experimental studies performed after this work confirmed the identification of
Ge [25]. Despite higher statistics, its 2p decay was not observed [66].
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Figure 5.6: Identification plots based on AE and ToF2 measurements performed with DAQ1 (left)
and DAQ2 (right). Both plots show events assigned to °Ge being very clearly separated from the
other ions. The hole in the ID plot corresponds to the unbound nucleus *®Ga. DAQ1 contains all
4 recorded events, while in DAQ2 those 3 events that did not happen during the dead time are
visible.

5.2.2 Cross sections for production of germanium isotopes

Events collected in the A1900 59~62Ge settings allowed for calculation of cross sections for production
of these exotic isotopes. The cross sections were determined according to the formula

Nions ,u

= 5.2
Nbeamd'NA'Tl'T2 ( )

g

where N;yns and Npeqpm are the number of ions of interest and of all ions in beam, respectively, during
the whole run with the given setting, u is the atomic weight of the target, d is the areal thickness of
the target, N4 is the Avogadro number, and 77 and T, are transmissions from the target to the focal
plane and from the focal plane to the AFE detector, respectively. The beam intensity was periodically
monitored by a Faraday cup and corrected to account for the beam-off time due to the triggers. The
transmission 77 was determined by means of the LISE++ ion-optics simulations [50], whereas T5
was determined from the ratio of the particle numbers observed at the FP and the AE detector. All
the measured values for each setting (Non, Npecam and the transmissions), as well as the calculated
cross sections, are summarised in Table 5.1. The table also contains values obtained in the previous
A1900 experiment [26] for 59=%2Ge and the predictions from EPAX3 parametrization [39] for the
primary beam and target used in our experiment.

Table 5.1: For each of the 9~52Ge isotopes, the table summarises the numbers of ion Njons and of
beam particles Npeqm measured, the transmissions 77 and T5, the cross section o (+ stat. =+ syst.
uncertainties), as well as o measured in the previous A1900 experiment (for isotopes ®*=62Ge, 140
A-MeV "®Kr beam on a Be target) and the EPAX3 parametrization predictions.

T [%] cross sections [barn]
Z Nions Nbeam Tl T2 Oexp Tl5t [26] OEPAX3 [39]
59 4 1.1x10' 24(5) 70(10) (17153 +£5) x 10715 - 1.56 x 10712
60 73 23x10'% 24(5) 60(10) (1.640.2+0.5) x 1072 (0.387327) x 10712 4.12x 107!
61 1230 6.2x 10 26(5) 70(10) (8.24+0.242.0) x 10~ 10(5) x 10~ 1.13 x 1079
62 1237 5.8 x 10" 28(5) 70(10) (8.240.242.0) x 10710 4.8(20) x 1079 3.25 x 1078
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Figure 5.7: (left) Waveforms of signals giving the AE (magenta, negative), ToF1 (blue, positive) and
ToF2 (yellow, positive) ion-identification signals for the three *Ge events acquired by the DAQ2
oscilloscope. (right) ToF1 and ToF2 signals, expanded. See text for details.
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The results of this study, along with those of two previous experiments (A1900 [26] and GANIL [29])
and EPAXS3 predictions for primary beams and targets used in both cases are shown also in Figure
5.8. The values of the germanium isotopes production cross sections show a smooth trend as a
function of mass, with no noticeable kink at mass 60, which could indicate in-flight losses of °Ge
due to 2p decay with very short half-life, as was suggested in Ref. [26]. The cross-section value
found in this work for this isotope is four times larger than the one obtained in the previous A1900
experiment using the same target and primary beam. Nevertheless, it is still approximately two
times lower compared to the value obtained in the GANIL experiment [29]. This difference could be
attributed to the use of a "°Ge beam on a Ni target in GANIL, instead of "®Kr on Be, indicating that
the first combination of beam and target might be a better choice when it comes to production of
the most exotic germanium isotopes. One might also expect that the cross section for the production
of 99Ge would be higher in the fragmentation reaction of a "°Ge beam on a Ni target. However, the
higher intensity available for a "®Kr beam and the better thermal properties of a Be target could
make the alternative choice more advantageous. Nonetheless, subsequent studies were conducted
using the latter beam and target configuration [25]. The cross section obtained for the production
of °Ge aligns with the value found in this work. Although the value of o for 5°Ge, was slightly
larger, the values are compatible within error bars (see Figure 5.8). The EPAX3 parametrization
overestimates the production cross sections calculated in all experiments by one to two orders of
magnitude, regardless of the beam and target combination, and this discrepancy increases with
decreasing A, i.e. for more exotic nuclei. The limited prediction capabilities of models when looking
at the productions of nuclei so far from stability makes the measurement of production cross sections
of vital importance for planning future experiments.
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Figure 5.8: Cross sections for neutron-deficient germanium isotopes calculated within this study (blue
squares), values obtained in previous A1900 experiment [26] (red triangles), GANIL experiment [29]
(black circles) and an experiment performed after these studies in RIKEN [25] (black crosses), as
well as EPAX3 predictions (blue and black solid lines). For all experimental results and predictions,
the respective combinations of beam and target are listed.

5.3 [-delayed charged-particle decay of “°Ge

Among all triggering ions, 41 events were found to meet the requirements set by the °Ge gate.
28 of them were implanted within the active volume of the OTPC. The rest of the ions stopped either
close to the wall or outside the detector, as expected on the basis of the shape of the implantation
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profile predicted by LISE++ [50]. The implanted ions were investigated for emission of 3-delayed
protons and such a decay was found in 19 cases. An example event is shown in Figure 5.9.
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Figure 5.9: Decay event with S-delayed proton emission from %°Ge recorded by the CCD (left) and
the PMT (middle: whole implantation window and right: zoom on proton signal). The CCD shows
the presence of two ions, identified as ®8Zn and %°Ge. The assignment of the ions to the trajectories
was performed on basis of light in PMT and CCD, and identification-signals timing. Therefore it was
possible to assign the longer trajectory on the CCD picture to the more intense signal (ion) in the
PMT, which was the triggering ion, as ®°Ge, which subsequently emitted a proton. The less intense
signal in CCD and PMT, which arrived before the trigger, was identified as 8Zn. The zoomed part
of the PMT signal shows the quality of the data on the decay, which was not sufficient to recognise
precisely the Bragg peak shape, but good enough to decide whether the proton was moving upwards
or downwards, as in this example.

For each decay event, the time between the arrival of an ion and the proton emission was measured.
Fitting of an exponential decay distribution with a finite-time observation window with maximum
likelihood method yielded the half-life of °Ge t; 2 = 20fg ms. The decay-time distribution of the
analysed events is shown in Figure 5.10.

The half-life for Fermi decay to the IAS in the daughter %°Ga was determined from Equation 1.9
assuming a pure Fermi transition:

C

[ |Mp]? (5:3)

F
t1/2 =

where |Mp|? = 4 for §9Gess and f is the phase-space factor for the transition to the IAS. To determine
the phase-space factor, the TAS energy was determined on basis of Coulomb displacement energy
systematic for T = 2 [7] to be 2516(280) keV, giving a decay energy to the IAS of 9664(6) keV,
and f determined with the logft calculator [67]. The resulting partial F-decay half-life of °Ge
is 44 ms [64]. The theoretically predicted GT-decay half-life is 82 ms (from finite-range droplet
model and the folded-Yukawa single-particle potential combined with the quasi-particle random
phase approximation (QRPA) calculations [65]). The predicted half-life of F+GT decay is therefore
1o = ((tf/Q)f1 + (th/TQ)’l)*1 = 29 ms, which is within two o from the experimental value. Other
theoretical calculations using the proton-neutron QRPA, including particle-hole and particle-particle
residual interactions, yielded a F+GT-decay half-life value between 31.3 and 34.6 ms [63], depending
on mass model used — also in agreement with the experimental value.

Among the 19 observed protons, 11 were classified as emitted downwards. This was decided on the
basis of shape of the signal, the amplitude of which increases along the trajectory, towards its end.
In the remaining 8 cases, the assignment of the trajectory direction was not possible. This may
have been caused by the nearly horizontal emission of a proton or its energy being so large, that the
Bragg peak structure by the end of the trajectory is not visible at all, because the protons escape
the chamber. There was no proton observed emitted clearly upwards. This can be explained by the
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Figure 5.10: Logarithmic distribution of decay times for the 19 identified °°Ge decays (black vertical
bars). The bell-shaped curve corresponds to the distribution resulting from ¢, 5 = 201‘; ms obtained
with maximum-likelihood method, with uncertainties shown as gray areas. The dashed vertical lines
show the edges of the observation window, resulting from the dead time after the trigger (100 us)
and the end of the decay gate (around 100 ms, see Table 3.1).

drift of the not fully neutralised ions towards the cathode, as described in Section 5.1.3. Therefore,
for an estimate of the branching ratio, 11 clearly downwards-emitted protons as well as 4 out of the
8 with unassigned direction were considered. Assuming 50% detection probability and taking into
account the number of ions (28), a branching ratio for Sp emission of ~ 100% is found.

The analysis of trajectory lengths of the protons, where approximate measurement of PMT signal
was possible (13 events in total), yielded energies between 2 and 3 MeV. In this energy range the
proton stopping efficiency drops rapidly, hence most of the protons would not stop inside the OTPC
detector. Since the Bragg peak was not clearly observed in any of these events, none of them was
classified as fully stopped inside the active volume of the detector.

Since for the overwhelming majority of the ions only half of the solid angle was observable, it is
reasonable to consider the possibility of unobserved 32p emission from %°Ge during the experiment.
Assuming no correlation between the two particles, the probability of observing both of them when
emitted from the vicinity of the upper wall is ~25%. The fact that 52p was not observed in any of
the 28 events, sets an upper limit for the branching ratio, bga, < 14%. Such small value is not totally
unexpected: the IAS in %°Ga has energy of only 2520(280) keV, which is the same as S, within
the uncertainties. Moreover, in the mirror nucleus of its S-daughter °Ga, %°Cu, there are several
1* states below the IAS. Being a similar structure expected in °Ga, such 17 states would draw
GT strength from the 07 %9Ge g.s. decay. Therefore, for 32p emission to happen with significant
probability, a remarkable [ strength at energies above the IAS would be required.

5.4 [ decay of **Zn

5.4.1 First observation of Sp emission

The ion optics setting of the A1900 were optimized for germanium isotopes, with hardware gates
set to allow triggering the DAQ2 by some zinc ions as well. Therefore, while looking for %°Ge decay,
it was also possible to investigate the less exotic, though still very interesting, ®®Zn. Almost 36000
ions of ®8Zn triggered the DAQ2 and were implanted correctly into the detection setup, with the
implantation profile shown in Figure 5.3 and the identification plot in Figure 5.1.

The analysis of the decay events of °®Zn ions yielded the identification of 88 decays by S-delayed
proton emission, being this the first observation of this decay channel of °®Zn. Due to the beam
intensity events with more than one ion implanted were registered. In order to avoid ambiguities, only
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those with all ions stopped inside the chamber were considered in the analysis. With the exception
of the %°Ge ions, the number of which was negligible in comparison to 58Zn (see Section 5.3), the
only other isotope present in the cocktail beam which has the Sp decay channel open, although not
observed, yet, was °”Cu. It has half-life longer than °®Zn, 196 ms [2], giving a probability of around
30% to observe a possible decay event within the decay gate. Moreover, the statistics for it was
almost 7 times lower than for ®®Zn. Therefore, for each °*Zn event there was an average of 0.05 of
5TCu ions present. The Q-value for Bp emission of 57Cu (1443 keV [68]) is 4 times lower than the
one of %8Zn. All these considerations render the possible influence of unobserved 5"Cu Bp on the
results obtained for °*Zn negligible.

As detailed in Section 5.1, the probability of proton detection within the observation window when
the ions drift is taken into account is 35(2)%. The resulting branching ratio is 0.7(1)%, which is
compatible with the previously given upper limit of 3% [31]. Example events with 8p of °8Zn are
shown in Figure 5.11.
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Figure 5.11: Example events with $-delayed proton emission from *8Zn recorded by CCD (left) and
PMT (right). In both cases the protons were stopped inside the chamber. Subfigure (a) contains a
low-energy proton with E, = 0.79(13) MeV, whereas (b) contains a proton with E, = 1.85(8) MeV.
The other ion present in the CCD picture in (b) was identified to belong to the less exotic, non-
triggering °°Ni ion. The faint traces visible in both CCD pictures are caused by light ions passing
through the chamber before the beginning of the observation window.

Among the observed protons, 55 clearly escaped the OTPC detector and were not considered further
in the analysis. The energies of the stopped protons were established on the basis of the lengths of
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their trajectories and the appropriate range-energy dependence resulting from simulations [40]. The
energy spectrum is shown in Figure 5.12.
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Figure 5.12: Energy spectrum of the 33 °8Zn protons for which the energy could be calculated. The
dashed black line shows the proton stopping efficiency as function of energy. The spectrum contains
two main proton groups. See text for details.

The gas mixture density allows for the observation of protons with lowest energies around 200-
400 keV. However, all the measured protons energies exceed 700 keV. The upper proton energy
spectrum limit is determined by the energy at which the protons escape from the chamber. As it
depends on the emission point, angle and the timing of the decay respective to the ion’s drift, this
boundary is broader and is situated between 1.7 and almost 3.5 MeV (see Section 5.1.3).

Two main groups of protons are visible in Figure 5.12. The lower energy group of protons centers
around 0.85 MeV, corresponding to an excitation energy in *®Cu of approximately 3.75 MeV, assum-
ing decay to the g.s. of °"Ni. It suggests a presence of one, or more, peaks located close to each
other. The example event presented in Figure 5.11(a) belongs to this group. Another cluster of pro-
ton energies extends between 1.4 and 2.2 MeV, corresponding to the excitation energy between 4.3
and 5.1 MeV. The energy resolution combined with the level density does not allow for disentangling
of individual proton transitions contributing to this group, however a division into a main group
centered around 1.75 MeV and another, smaller group around 2.1 MeV, will be adopted for further
discussion.

5.4.2 B(GT) strengths

The structure of the °*Zn B-decay daughter, *®Cu, was previously studied in the ®Ni(3He, t)°*Cu
charge-exchange reaction by Fujita et al. [69] and Hara et al. [70], with focus on proton and v decay of
populated levels, respectively. The first study yielded a detailed mapping of the B(GT) distribution
in the first few MeV of the proton-emitting energy region [69]. The second experiment addressed
also the y-decay branch of the same levels and established partial branching ratios values for these
two competing decay modes up to E, = 3.7 MeV by means of proton-vy coincidences [70]. Above
this energy no ~-decay competition was observed. The results of these studies show that there are
several states in 8Cu above S, fed with B(GT) comparable to that for the first excited, proton-
bound, 17 state. The data obtained in this study allow for further investigation of GT strength
distribution above the levels for which B(GT) was already reported [33] and for comparison with
the results of CE reactions. Levels in ®Cu identified in CE reactions at excitation energies between
3.4 and 5.2 MeV, corresponding to the range that can be explored within this study, as well as
information for the g.s. and the first excited state in ®®Cu obtained in both CE and 3-decay studies,
are listed in Table 5.2.

Despite significant B(GT) observed in the CE reaction, the 3.460 MeV level does not seem to par-
ticipate in Sp emission, since it is not visible in the energy spectrum, although being within the
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Table 5.2: Energies, partial branching ratios and B(GT) values for 17 states in *®Cu lying in energy-
range of interest obtained in ®®Zn 3 decay from this and previous research [33], and CE studies [69,70].

587n B decay %8Ni(3He, t)°®*Cu CE reaction
B, IM&V] by, (%] B(GT) B, IM&V] by, 4] B(GT)
0 0 0.30(13) [33] 0 0.155(1) [69]
1.051 0 0.17(3) [33]  1.051 0.265(13) [69)]

3.460  62(11) [70] 0.173(11) [69]
~3.75  0.06(2) > 0.015(8) 3.678  15(17) [70]  0.155(10) [69]

3.717 100 [70]  0.050(5) [69]
~4.65  0.20(6) 0.13(6) 4.720 100 [70]  0.042(4) [69]
5.065 100 [70]  0.040(4) [69]
~5.0  0.05(3) 0.05(4) 5.160 100 [70]  0.250(14) [69]

detectable energy range. The lowest-energy observed group of protons most likely corresponds to
the decay of the 3.678 MeV and 3.717 MeV 17 states in ®8Cu. It is worth noting that the 3.678 MeV
state decays mostly by « decay. Its decay via v emission, as well as that of the 3.460 MeV level, was
observed also in the 37 decay study of 58Zn a few years ago [71]. The main part of the higher-energy
proton cluster centered around 1.75 MeV possibly corresponds to the decay of 4.720 MeV 17 state,
while its higher-energy part around 2.1 MeV probably matches to the unresolved 5.065 MeV and
5.160 MeV 11 levels in 2Cu.

The calculated partial branching ratios and B(GT) values for the three proton groups observed in
this work are listed in Table 5.2. The results take into account the proton stopping efficiency at
different energies. Despite the small bg,, the Gamow-Teller strength for the main observed proton
group is comparable in intensity to the value for proton-bound 1.052 MeV state obtained in a previous
B-decay study [33]. It is important to emphasize that even when the probability of Sp emission is
very small, it should not be neglected when looking at B(GT) distribution. The level at 3.460 MeV
observed with significant B(GT) strength in CE studies does not appear to decay by Sp emission.
The two levels around 3.7 MeV draw a much smaller strength than obtained in the CE reaction
studies.

The experimental results are first compared with the B(GT) distribution obtained within the QRPA
approach based on self-consistent deformed Hartree-Fock mean field with Skyrme forces [72, 73].
The calculations use a spherical solution for ®8Zn and Skyrme SLy4 interaction. The spherical
approximation seems justified as it lies only two protons above the doubly magic °Ni nucleus. The
energy distribution of the GT strength can therefore be understood in terms of transitions between
spherical shells. This distribution exhibits pronounced peaks below 2.5 MeV and above 7 MeV, but
no sizeable GT strength was found between 4 and 6 MeV. Deformation and pairing effects in ®Zn are
expected to introduce fragmentation in the Gamow-Teller (GT) strength due to energy splitting of
spherical levels and partial occupation of states. By reducing the pairing interaction, the equilibrium
configuration deformation might be increased to 8 = —0.1. Although such a deformation is relatively
small, it leads to an enhancement of GT strength around 5 MeV, which aligns with the experimental
findings, and is therefore included in the calculations performed by P. Sarriguren [73]. The resulting
B(GT) distribution is shown in Figure 5.13.

The main transitions were found to occur from highly occupied proton states to nearly empty neutron
states. Significant strength is still predicted for transitions with excitation energies below 3 MeV
and above 7 MeV, i. e. transitions between states with the same orbital angular momentum L. The
strength between 4 MeV and 7 MeV is relatively smaller due to the influence of different dominant
L values, but it remains sizeable since it arises from transitions between deformed states involving
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Figure 5.13: The upper subfigure shows the B(GT) values calculated for three observed proton
groups (full circles with errorbars) and from QRPA calculations up to E, = 6 MeV, with gray bars
showing the calculations results and the dash-dotted blue line shows the calculated values folded
with the 200 keV-wide Breit-Wigner distribution to account for the limited energy resolution. The
bottom subfigure shows the energy spectrum of 8p from *®Zn corrected for the efficiency (see Figure
5.12), as a function of the excitation energy in *®Cu. The dashed vertical line in both subfigures
shows the S, value in *®Cu. Figure from Ref. [73].

many different L values. Therefore, within this approach, the effects induced by deformation were
found to be responsible for the strength between 3 and 7 MeV observed in the experiment.

5.4.3 Impact on the rp-process

As it was mentioned in Section 1.2.2, °Zn is situated on the predicted path of the rp process. The
impact of the 8-delayed proton emission of 58Zn on it using a one-zone X-ray burst model [74,75] was
investigated in collaboration with H. Schatz [73]. The influence of Sp emission on energy generation
and burst light curve resulted to be negligible because the - and Sp daughters, *®Cu and °7Ni,
remain in (p, v)-(7, p) equilibrium with each other, at least for most of the conditions in which the
rp process occurs in this mass region. Nevertheless, the Bp decay of ®Zn may affect the final A = 57
abundance in the burst ashes, which has influence on Urca cooling in the neutron star crust [76].
A branch of 100% would increase it by a factor of 3-4, with final abundances up to 2x 1072, depending
on the burst model. However, both the 0.7% branch measured here and the previous upper limit of
3% only change the final abundance up to a few percent.
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Chapter 6

Summary

When approaching the limits of stability, the binding energy difference between neighboring nuclei
increases, leading to opening of new decay channels and the appearance of exotic radioactivities. The
[B-delayed « decay, which is the most common decay mode for radioactive nuclei closer to stability,
loses to B-delayed particle emission near to the proton drip line, since the available energy for the
BT /EC decay increases while the particle emission threshold decreases. At the edge of stability
on the proton-rich side of the nuclide chart, a variety of 5-delayed multi-particle emission modes are
therefore emerging and can dominate the decay of such nuclei.

Two groups of neutron-deficient isotopes showing open energy windows for a diversity of exotic
decay channels were investigated within this study. 3-delayed charged particle emission from 22Si
and 22Si was studied at the Cyclotron Institute of Texas A&M University. °*°Ge and °®Zn were
investigated at the National Superconducting Cyclotron Laboratory at Michigan State University.
In each of these experiments, radioactive beams composed of the ions of interest were produced
in fragmentation reactions of 28Si and “®Kr beams, respectively, and selected among the reaction
products by the electromagnetic fields of the MARS and A1900 separators, respectively. The ions of
interest were then implanted into the OTPC detector and their decays were investigated. Within this
work the complete analysis of the data collected was performed. The obtained results were discussed
in the context of previously known experimental results, theoretical calculations, and supported with
Monte Carlo simulations. A summary of the region of the chart of nuclei studied in this work, with
the isotopes of interest highlighted, is shown in Figure 6.1.

Among the results of the first of the experiments are the confirmation of the previously known
B-delayed one and two-proton emission (Sp and 32p) from 22Si and 23Si. The study of the former
isotope allowed to establish the absolute branching ratio for 52p emission. Further studies with
larger statistics are needed in order to investigate in detail the mechanism of 32p emission. For 23Si,
the absolute branching ratios were determined for both decay branches and a new low-energy Sp
transition was identified. [52p emission through levels below the IAS was observed. The opening
angle between the two protons in the observed 52p events suggests sequential emission mechanism.
Moreover, two new decay modes were discovered in 23Si: 33p and Bpa emission. For the latter,
two possibilities, namely [S-delayed proton + « and « + proton were discussed. It was concluded,
that the identified decay event most likely corresponds to the decay via proton emission from TAS
in 23Al to an excited 07 state in 22Mg, followed by « emission to the g.s. in 8Ne. A reconstructed
B3p event was also found to be corresponding to the emission from the IAS in 22Al. The branching
ratios for these two channels are discussed in the context of the properties of other known emitters
with T, ranging from —3/2 to —7/2, see Figure 4.24. They are also marked in Figure 6.1. The fact,
that the bgpa of T, = —5/2 23Si is comparable to the values obtained for T, = —3/2 nuclei indicates
the influence of odd-even effects on the occurrence of this decay mode rather than of the presence
of the a-conjugate nucleus in the final state [59].

In an experiment at the National Superconducting Cyclotron Laboratory the new isotope ®°Ge
was identified on the basis of 4 events. In addition, the production cross sections for the neutron-
deficient %9~%2Ge nuclei were measured. The dependence of the cross section on the atomic number
was found to show a smooth behaviour, see Figure 5.8: no sudden drop indicating in-flight losses
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Figure 6.1: Nuclide chart up to N = 28 [2]. The colour scale on the chart depict the Qrc value.
The nuclei investigated within this thesis are marked with blue arrows and rectangles. All known
B3p and Bpa/Bap emitters (with the exception of the special cases of C and 20O, see Section
4.3.4) are marked with purple and turquise squares and arrows, respectively. The region of these
exotic decay modes extends from '"Ne, little below the silicon isotopes, up to *°Fe. A broad variety
of open decay channels in these nuclei and the continuous development of experimental techniques
encourages planning further research.

of °Ge was observed at A = 60, nevertheless, a steeper decrease in the cross sections with respect
to the EPAX3 parametrization was observed and the measured °?Ge cross section was found to be
two orders of magnitude lower than the EPAX3 predictions. The observation of *’Ge opened a
path for further investigation of this nucleus, which was performed after the current study by Blank
and collaborators at RIKEN and, despite larger statistics, the 2p decay of this isotope was not
observed [66]. The cross sections were found to be compatible with values from this study [25]. The
fact that the production cross section predictions are not reliable so far from stability emphasizes
the necessity of measurements such as those performed within this and other experiments. The
continuous development of experimental nuclear physics instrumentation and techniques, that began
more than 100 years ago, cannot proceed without increasing our expertise on designing efficient
experiments.

B decay of 9°Ge was measured here for the first time. (Sp emission from this isotope was observed
and the 3-decay half-life established as ¢, /5 = 201‘; ms. This value agrees with theoretical predictions
accounting for allowed F and GT f3 transitions. °Ge has Q¢ lower than 23Si (12.1(4) MeV and
17.2(5) MeV, respectively), but presents a similarly rich collection of open decay channels. Neverthe-
less, the well below zero value of S, in ®*Ga makes it unsurprising that the °Ge 3 decay was found
to proceed via Sp emission with a branching ratio compatible with 100%. A limit for 52p emission
was established as bga, < 14%. As the IAS in ®°Ga does not exceed the Sa,, this value may in fact
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be much lower. However, further investigations with higher statistics are required to study in detail
the less-probable decay modes in this nucleus. 3 decay of °®Zn was also investigated and the Bp
emission from this nucleus was observed for the first time, with a branching ratio of 0.7(1)%. Despite
bg, being small, the obtained proton energy spectrum allowed to study the B(GT) distribution to
states just above the proton separation energy in the *®Cu daughter. The results were compared
with QRPA calculations performed with the assumption of both spherical and deformed shape of
587n and it was concluded that the 3 decay strength feeding proton-unbound states in the daughter
nucleus is generated by effects induced by deformation. The impact of the obtained branching ratio
on the rp-process was also investigated: its influence on the abundance of A = 57 nuclei was found
to be of the order of up to a few percent. Further measurements with complementary techniques
and larger statistics are needed to study the full range of the proton spectrum with good resolution,
in order to fully establish the B(GT) distribution above the S,.

The results obtained within this dissertation cover a broad variety of exotic phenomena, from iden-
tification of new decay channels in nuclei with A & 20, up to measuring the low, yet important-to-
be-considered, branching ratios at A = 60. The identification of such decay modes is a rewarding
and satisfying task by itself, but also provides an input to theoretical calculations in fields of astro-
physics and nuclear structure. The aspiration of an holistic explanation of the laws governing our
Universe requires both brilliant ideas and constant accumulation of tiny building blocks of experi-
mental knowledge. The study of phenomena at the very edges of nuclear stability contributes to the
latter by allowing us to test the limits of applicability of the theories that have been proven to work
excellently in stable systems.
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