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pendant ma thèse. Vous m’avez appris l’importance et le sens d’être un groupe. Ensemble, on est plus
forts et je suis heureuse de faire partie de ce noyau exotique qu’on forme ensemble.
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Merci a mon NEX-mate, ACTAR family mate, GANIL-mate, party-mate,massage-mate, karaoke-mate and (even!) climbing-mate, Quentin. Tu es devenutrès vite un de mes plus grand supports au labo depuis ton arrivée et j’ai vraimentapprécié notre temps ensemble (peu importe où et peu importe quoi), des discussionssur des analyses à nos moments de danse les plus fous (La pepas, Moskow!). Ona tout simplement trop d’histoires drôles ensemble, merci pour tout ça.——————————————————————————–
Merci également à Matthieu, pour tous les moments au labo et hors labo et pour m’avoir donné lemeilleur conseil avant ma soutenance de thèse. Grâce à toi, j’ai pu vraiment profiter du moment. Merci aussià Dinko, j’ai énormément apprécié chaque discussion avec toi, et tu m’as donné un peu plus de confianceen moi-même pendant nos conversations, merci pour ça.
Finalement, je voulais aussi remercier à la troisième génération des non permanents NEX qui ontpartagé avec moi la fin de la thèse et qui se sont beaucoup impliqués avec moi également: Camille,Emmanuel et Samuel (qui a même lu toute ma thèse!).
En général, merci infiniment au groupe NEX, permanents et non permanents. Je suis certaine que

chacun a eu un rôle important dans différents moments de ma thèse, du côté scientifique ou personnel.
Tout ce que j’ai appris pendant ces années et tout ce que je suis devenue, c’est, en partie, un mélange
de vos connaissances, et nos interactions.
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Merci aussi à Reda et Houda, avec qui j’ai partagé le tout début de cette période sur Bordeaux et quim’ont énormément aidé a me sentir chez moi très vite.
Merci, en général, à tout le monde qui a participé à la construction de ma nouvelle vie à Bordeaux

dans n’importe quel moment. Je garderai de cette étape de ma vie plein des bons souvenirs très
profondément dans mon cœur.
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My parallel life in Caen

During my thesis, I spent that much time at GANIL that some people actually thought that I wasworking there. During my stays at GANIL I had the chance to meet too many people and I even managedto build a "parallel life" there.
The interactions with all people at GANIL were quite enriching for me. I want to thanks to the LISEteam and the E791 experiment collaboration, for making their best during the experiment of my thesis, forteaching me a lot of things during and after the experiment. I (sometimes) also had some life outside thelab: I want to thank all the PHD students from GANIL which whom I enjoyed my time there: Alex, Mukul,Julien, Jekabs, Nishu and my gym-mates Laura and Marina, who I met randomly in the gym and became apart of my life in Caen.
During my periods in Caen, I also had the chance to have a family, the ACTAR family: Thomas, Julien,Jérôme, Juan, Quentin and Anastasia. When I remember our times together at GANIL I just feel lucky.Working with all of you was just amazing. Thanks for coming with me to climb and for all our crazy momentstogether outside GANIL.
I had the chance to meet Juan quite early during my first stays at GANIL. You became my superACTAR-mate since the beginning and someone really important, at present, in my life. I just cannotimagine this stage of my life without you. We became inseparable (Pin y Pong!) quite fast and spentalmost all the hours of the day with each other. Together we were stronger (we even managed to survive aconfinement at GANIL, and to become professional tennis players in the meanwhile).
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I had the chance to meet some of you several times in different situations and I become friends withyou. Thanks for showing me all your amazing projects, for example the crazy PUMA project (Alex) or thecousin of ACTAR (Oleskii). Thanks also for teaching me some theory along long night shifts (Louis Heitz),or for deep conversations that made me trust myself a bit more (Louis Lalanne).
Special thanks to the people from the USC Santiago (Juan, Bea, Dani R, Dani F, Cristina, Manu,Diego) because you have adopted me in your family during our periods together at GANIL, the collaborationmeeting or the week I spent with you at the end of my thesis. I felt that I could really count on you duringthese four years. Thanks for making me feel this way.
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14



Preface (explanation of illustrations)

Along this thesis, there are multiple illustrations (photo-montages1) which I created myself. In particular,the chapter cover ones, are sometimes not easy to understand, so I wanted to explain them. I encouragethe reader to go through the thesis and come back to this preface, if desired, to understand the parallelstory behind these illustrations.
Thesis cover: Z=28 region close to the proton drip lineThe introduction image, the cover of this thesis, is a representation of the nuclear chart at the proton dripline. On the cliff, the main nuclei studied in this region are represented by different squares, each of themwith a particular color, with the protagonist (48Ni) in the foreground, represented in orange, which is THEcolor of this thesis. There are some quickdraws on the cliff, representing at once my passion (climbing),which I discovered during my thesis and that greatly helped me along these years. Also, this climbing pathrepresents somehow the difficult way along these four years. The original design was made by hand by A.Moral (my mother) and was later digitalized and treated by myself. Two different versions with differentcombinations of colors were created, and I even made a poll to choose the final one. Thanks to all peoplethat participated in that poll!. The results were that tight that finally I choose to put both pictures alongthe thesis at different moments, as suggested by Jordan (thanks for that!).
Context and motivations: understanding the nuclear forceIn this image, an alpha particle is teaching the protons and neutrons how to behave within the nucleus.Could we, attending to this course, understand the mysteries of the nuclear force?. This image has someparticularities, for example, the two plants in the self (Math and IAS) which are real plants in my office,that replace my office-mate Mathias when he is not there. The equations and the potential design in theblackboard have been drawn by Louis Heitz (a real theoretician!) during the two-alpha experiment in 2023.Finally, two of the protons are a bit far away from each other, due to the Coulomb repulsion.
ACTAR TPC: the CoBo alignment partyThis is, most likely, the hardest illustration to understand. Different elements of the ACTAR TPC detectorhaving a party are represented on it. Each of them is, at the same time, one member of the ACTAR family:from left to right: MuTanT module: Jérôme, Field cage: Julien Pancin, (crazy) CoBo module: Anastasia,Silicon Wall: Juan, Source support: Quentin, Mesh: Thomas and Pad plane (myself ). This special party"the CoBo alignment party" makes reference to a very tuff process to carry out each time the acquisitiongets blocked, due to a problem in the clocks of the different CoBo modules. This image aims to representour times together at GANIL, which was just one of the most incredible stages during my thesis and my

1base images are often taken from https://www.freepik.es/
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life.
E791 experiment: a real messThis image was the first one to be created, it is inspired by a game of my childhood (Hercules) which Iused to play with my sister. It represents the huge mess and how difficult it was to run this experiment:implanting the 48Ni nuclei (the arrow on the left) in the ACTAR TPC detector (on the right). Althoughoriginally, some of the elements did not have special sense, when discussing with people I realize thatthey could. The huge magnet can represent the magnets in the LISE spectrometer, the fire, some of thefire-alarms that eventually made stopping the experiment, the moving axe, the slits on the spectrometer,the shark and the water, all the water leak problems during the experiment. In summary: a real mess.
CalibrationsThis image just represents the different processes (a bit complicated) to pre-treat all the signals fromACTAR TPC and other detectors with a colorful and a bit crazy machine.
Analysis: the emotive finding of two-proton emission from 48NiIn this image, the implantation-decay correlation process is represented2. My analysis code (Analysis.C)is classifying the different proton events into "boxes", after an energy measurement (device in purple). Thedifferent boxes correspond to the different nuclei implanted during the experiment. There are a lot of protonsemitted from 41Ti (the most produced isotope during the experiment) that fill the corresponding box on theright. The program is completely moved because of the event that he is just classifying: a two-proton eventfrom 48Ni. The mountains and the rainbow in the back are actually different graphs obtained during theanalysis. The grass, the sun and the clouds are the same ones represented in the portrait of the thesis,this analysis is indeed happening in the nuclear-chart cliff.
Results: sunset at the proton drip lineIn this image, a sunset version of the nuclear chart at the proton drip line is represented. After the hugeefforts of analysing these data (∼50 pages of analysis) it has certainly become a bit dark. This imageleads to the result chapter, in which each of the nucleus (represented by the different squares) will descendto be analysed. All graphs and tables will match their specific square colors in the cliff, and this is thereason for the "colorful" and a bit crazy result chapter.
Further analysis and perspectives:"le fameux chapitre du futur"This is a futuristic version of the analysis program (C+++) and process in an undefined space-time.Several issues encountered during the analysis and some of the proposed solutions are represented in the

2I came out with this crazy idea with the help of Pierre C, thanks a lot for that!
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image: the identification process using a crystal ball function on the left. The classification of the emissionsfrom the cathode or the window (nuclei that are moving towards the first "mountain" (emissions from thewindow), the second one (emissions from the cathode) or that are decaying "on flight" (flying nuclei in theregion at the middle). The "mountains" themselves are a representation of the dispersion of the initialpoint of the protons, obtained in the analysis chapter, which served to characterize the non-neutralizationproblem. The strange sun on the right is also a result which showed a small shift between stopping pointand starting point of implantation and decay events. Finally, at the back, some crystals can be observed.This represents the future of ACTAR TPC: the coupling with γ detectors for full proton spectroscopymeasurements.
Conclusions: proton fireworks or "Fuegos protoficiales"This image is a representation of the proton-drip-line-cliff at night. After the analysis process, all thenuclei have decayed and have been analysed. The only thing left are the emitted protons, and this is whatis represented by the fireworks, that are actually real proton tracks from ACTAR TPC. This image wasdesigned by A(na).Ortega Moral (my sister) because I was certainly in a rush by then (thanks for that!)
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The atom has been considered to be the indivisible smallest unit of matter along the centuries. From1896, when the radioactivity was discovered by Henri Becquerel, multiple studies started to be performedaround a new hypothesis: atoms being themselves compound objects. In 1911 this theory was proved byRutherford, when he interpreted the Geiger and Mardens experiment, in which alpha particles were firedat a thin gold foil. The experiment showed that most of the alpha particles were passing through withminimal deflection (as it was expected for an indivisible atom with a constant density) but some of themwere being deflected at large angles. This finding led Rutherford to interpret the atom having a small,dense and positively charged nucleus surrounded by negatively charged electrons in orbits, giving rise toa new science: nuclear physics.
At the present time, around 100 years later, the nucleus itself is known to be composed by protons andneutrons (nucleons) that are also not indivisible units of matter but made of quarks. The aim of nuclearphysics is to understand the forces that maintain the nucleus together and how the nucleons are arrangedin the nucleus (nuclear structure). Explaining nuclear structure from nucleon interactions is already quitechallenging, and the connection to a deeper level interaction (quark interaction) is even more complex.Strong theoretical and experimental efforts have been done to understand the nuclear strong interactionby studying and modeling the structure of the different existing nuclei in Nature (mainly stable) and theunstable ones, that have been created artificially by the use of particle accelerators, living for a whileuntil they decay transforming themselves into a more stable nuclei by emitting decay products. Thereexist several theoretical models describing nuclear structure that have been established to work well undersome assumptions, by comparison with experimental information, but none of them is able to reproduce thecharacteristics of the more than 2500 nuclei that are currently known. Further theoretical considerationsare needed for the understanding of the different nuclear processes, and new experimental information isrequired to pursue this aim, in order to validate the different theoretical hypotheses.
Experimentally, information about the structure of the nucleus can be obtained in different ways, forexample, by exciting the nuclei and studying the de-excitation process or by induction of nuclear reactions.In the case of unstable nuclei, information about the structure can also be obtained by studying the decayproducts. This latter possibility constitutes in some cases, for very unstable nuclei, the only possibility toexplore the structure of the nucleus.
Since the discovery of the radioactivity in 1896, several radioactive decay processes have been dis-covered, allowing for a better understanding of nuclear structure. Electron capture, spontaneous fission, βand alpha decays, discovered from 1899 to 1938 constitute the "classical radioactivity processes". New raredecays were experimentally evidenced when the production of nuclei far from the stability became possibleby the use of particle accelerators: β/EC delayed particle emission, direct single or two proton emission,cluster radioactivity or with the improvement of detection techniques: double β/EC decays. These decaymodes constitute the "exotic radioactivity processes" and the only way for the study of the nuclear structureof nuclei far from the stability.
In particular, the two proton radioactivity, predicted at the beginning of 1960 by Goldansky andexperimentally evidenced only in 2002, is a very rare decay in which the emission of a single proton from thenucleus is energetically forbidden, indicating a correlation of the two proton subsystem inside the nucleus.Different theoretical approximations have been proposed to try to describe this process and to predictthe different available observables of such a decay: half life, energy and angular correlations betweenthe protons. Theoretical descriptions were able to reproduce the measured half-life for the few knownground-state 2-proton emitters: 45Fe, 48Ni and 54Zn, but not anymore when the two proton radioactivitywas established for 67Kr in 2016 with a half-life of the order of twenty times lower than expected. Two

22



hypotheses have been recently proposed to explain this discrepancy for 67Kr: either a transitional situationbetween a direct and a sequential emission of the protons or the influence of the nuclear deformation inthe measured half-life. These hypotheses, and the corresponding theoretical frameworks, need to be tested,which requires measuring the correlations (angular and energy) of the emitted protons for the different twoproton emitters.
In parallel, important detection developments were achieved concerning gaseous detectors, historicallyused since the beginning of nuclear physics and the most suitable ones for tracking purposes. Themeasurement of the two proton radioactivity observables is one of the main motivations that boosted themost recent developments of gaseous detectors based on the principle of the Time Projection Chambers(TPC).
An experiment (E791) was performed at GANIL (Grand Accélérateur National d’Ion Lourds) in 2021aiming to produce the (two proton emitter) 48Ni nucleus to study the characteristics of the two protonradioactivity by using the ACtive Target and Time Projection Chamber (ACTAR TPC) gaseous detector.In addition, some other exotic decay modes in the 48Ni mass region were measured. The current workaddresses the analysis of this experiment, structured in seven different chapters.
The opening chapter is first devoted to explain some important basic concepts, the context and moti-vations in which this work is addressed in the nuclear physics field and a brief description of the differentdecay modes known up to date. Then, the main decay modes in the 48Ni mass region (β-delayed protonemission and two proton emission), are described. Finally, a summary of experimental and theoretical worksconcerning the two proton radioactivity is presented.
The second chapter comprises a brief report about the experimental context of gaseous detectors andthe characterization of the Active Target Time Projection Chamber (ACTAR TPC) device, a state-of-the-artgaseous detector used to study the decay products of the nuclei of interest during the experiment.
In the third chapter, the E791 experiment is described, covering different key points such as theproduction of the nuclei of interest, the selection process using the LISE3 spectrometer and the explanationof the different setting choices. Also, other ancillary detectors used for identification purposes and theacquisition decision logic of the experiment are described.
The fourth chapter is dedicated to explain the different processes applied for the extraction of theinformation from raw detector(s) signals to improve the quality of the data. Besides, the experimentalmeasurement of an important parameter for determining the energy of the protons, the drift velocity, isdetailed.
The fifth chapter covers the different stages of the analysis, the encountered problems and the strategiesto obtain the main observables: half-lifes, proton energies and branching ratios from the data.
In the sixth chapter, the results are presented nuclei per nuclei. Due to some encountered problems,result of an optimization of the experimental settings to increase the number of implantations of the 48Ninucleus, some of these results are still preliminary.
Finally, in the seventh chapter, some further analysis ideas, aiming to solve the main encounteredproblems and to improve the quality of the results, are briefly discussed.
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This chapter comprises the context and motivations of the current work. Important basic concepts and themain radioactivity processes of interest in the measured region are explained in sections 1.1 to 1.6. The lastfour sections include the description of the two proton radioactivity decay mode, the different experimentaland theoretical studies performed to understand this rare decay mode and the motivation of the study ofthe 48Ni nucleus.
1.1 Atomic nucleus

The word "atom" has been used along the centuries to represent the indivisible smallest unit of thematter until the discovery of the atomic nucleus in 1911 [1]. Different models and hypotheses of the structureof the atom have been proposed since then.

Figure 1.1: Mass deficit (∆m): The sum ofthe mass of the components (Z protons mp and(A-Z) neutrons mn) is higher than the mass ofthe nucleus (mnuc) which results into a positivebinding energy. The binding energy Eb of thenucleus is related to the mass deficit via theEinstein equation.

The atom is known to be composed of an atomic nu-cleus surrounded by an electron cloud. The atomic nu-cleus, is composed by protons and neutrons. The nuclearstrong interaction (principally attractive in nature, rathershort range, saturating and being charge-independent),maintains the nucleons together despite the Coulomb re-pulsion of the charged protons. This complex balance,responsible for the large amount of existing nuclei inNature, depends on the size of the nucleus, the pro-ton to neutron ratio (Z/N) and other effects such as thepairing energy or the shell structure of the nucleus.
This balance between forces maintaining the nucle-ons together can be quantified with the binding energy,characteristic of each nucleus. The binding energy cor-responds to the amount of energy needed to separate thenucleons from the nucleus. The larger this value, the
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more stable a nucleus will be. The binding energy can be determined by comparing the mass of thenucleus with the sum of the masses of its constituents, which results to be different from zero and positivefor bound nuclei, as illustrated in Figure 1.1.
When the binding energy is not enough to hold the nucleons together, the nucleus becomes unstable,living only for a certain amount of time and then transforming into a more stable nucleus. The nuclei areusually classified in a bi-dimensional graph representing the number of protons (Z) as a function of thenumber of neutrons (N) (Ségre chart) (See Figure 1.2). The stable nuclei (around 260 out of 2500) existing

Figure 1.2: Ségre chart. The stable nuclei with large binding energies are shown in black, constitutingthe valley of stability. This group of nuclei divides the chart in two: neutron deficient region (top) andneutron rich (bottom). The colors of the nuclei correspond to the main decay modes, as shown in the legend.The proton and neutron drip lines are represented by the blue and green lines respectively.
in Nature are placed in the "valley of stability" and roughly divide in two regions the nuclear chart: theneutron deficient region and the neutron rich one. Apart from some long-lived radioactive species presentin Nature or products of nuclear reactions occurring naturally (i.e. nuclear spallation in the atmosphere),the known unstable nuclei have been created artificially in the laboratory to study their characteristics.

There are some limits from which the nucleus cannot longer exist, for example too massive ones inwhich the short range nuclear force cannot hold the nucleons anymore (except from the predicted islandsof stability [2]). For a given nucleus with Z number of protons, there exists also a limit on the number ofneutrons N from which the nuclear force cannot longer maintain the nucleons together. These limits arecalled the proton and neutron drip lines for neutron deficient and neutron rich regions, respectively. Theyare represented in Figure 1.2 by the dashed lines.
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1.2 Nuclear structure
The aim of nuclear physics is to understand how the protons and neutrons are arranged in the nucleus(nuclear structure) in order to be able to extract information about the fundamental nuclear forces betweennucleons, which are responsible for the nuclear existence. Besides, nuclear physics also aims to find out theconnection from these interactions with even deeper ones at a quark level. There exists several directionsto follow for the study of nuclear structure: explaining the patterns and symmetries between the differentexisting nuclei (i.e. neutron rich against neutron deficient), understanding how the structure evolves whengoing away from stability and interpreting the different limits of existence mentioned in previous section:too massive nuclei or nuclei beyond the proton and neutron drip lines.

Figure 1.3: The different energy levels predicted by the shell-model are represented by the color lines. The filling of theprotons (represented in orange) for a Z=29 nucleus show acompletely filled shell (f7/2) shell and the two protons are ableto move in the valence space.

The shell model, proposed by M.Goeppert-Mayer in 1949 [3], is an ap-proximation for the description of nuclearstructure that is able to reproduce quitewell many of the nuclei known at thepresent time. In this model, some of thenucleons are supposed to lay in differ-ent energy levels of a potential (pro-duced itself by all the nucleons), form-ing an inert core, and only some of them(valence nucleons) being able to movebetween higher energy orbitals (valencespace), as illustrated in Figure 1.3. Thismodel reproduces quite well the shellclosures of nuclei, happening when thenumber of nucleons is equal to 2, 8, 20,28, 50, 82, 126 (magic numbers) whichare more stable configurations of the nu-clei. Despite the success of this model,it cannot be used to explain the structureof the more than 2500 known nuclei atpresent.
As a simplified image, there exists three different kind of models that work well for different kind ofnuclei under some assumptions:

• ab initio models: which literally means "from the beginning", are approximations of nuclear structureobtained from the study of the interactions between the nucleons and some of them even taking intoaccount chiral effective field theories (χEFTs) of QCD [4]. Some of the lightest nuclei and heaviermagic ones can already be explained using these models.
• Shell model: when dealing with more nucleons, the use of the ab initio models becomes complicated.The shell model, explained in the previous paragraph, works quite well for medium masses or fornuclei close to magic numbers in which the valence space and the number of valence nucleons isreduced.
• (Beyond) mean field models: when treating nuclei far from magic numbers or very massive ones, the
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valence space becomes quite large, and even the approximation of an inert core and some valencenucleons is no longer adapted to describe them. A powerful approximation in these cases is to convertsuch a many-body system into a non-interacting system of quasi-particles using a suitable externalmean field potential created by all the nucleons as a whole and treating the remaining interactionsas a perturbation potential [5].
These theoretical models have been established to work well under some assumptions by the comparisonwith experimental information. This has been achieved over the years, by studying the structure of thedifferent existing nuclei in Nature (mainly stable) and the unstable ones, that have been created artificiallyby the use of particle accelerators. Unfortunately, any of the existing models is able to reproduce thecharacteristics of the structure of all nuclei at once. Further theoretical considerations are needed for theunderstanding of the different nuclear processes, and new experimental information is required to pursuethis aim, in order to validate the different theoretical hypothesis.
From the experimental side, there exist several techniques to obtain information about the structure ofthe nuclei:
• Mass measurements with ion traps (measurement of oscillation frequencies of ions in magnetic and/orelectric fields).
• Excitation of the nucleus and study of the de-excitation processes (mainly by emission of gammarays) (Coulomb excitation)
• Induction of nuclear reactions and study of the final products (i.e. transfer reactions, fission processes)
• Laser excitation, studying the interaction of the electron cortex with the nucleus.
• Study of decay products (in the case of unstable nuclei).
The study of exotic nuclei near the drip lines is of great importance for a better understanding ofnuclear structure. In these regions, several important aspects in nuclear physics can be explored at once,such as the study of the evolution of the structure when moving away from stability or the limits of nuclearexistence. The drip lines are experimentally difficult to reach. In particular, for the proton drip line, lowproduction cross-sections and short half-lives (order of ms) are the main experimental limitations.
The current work focuses on the study of unstable nuclei very far from stability, close to the protondrip line. In this region, information on the structure of the nuclei is only accessible by studying the decayproducts. The low production cross-sections make their study impossible with any of the other experimentaltechniques mentioned above. In-beam studies by reaction are not possible at such low intensities.

1.3 Decay processes
The transformation of a nucleus into a more stable one is called "radioactive decay". It can occur indifferent ways depending on the force responsible for the transformation (weak, electromagnetic, strong)as it will be further discussed. The prediction of the exact moment in which a single nucleus decaysis impossible, since the decay is a stochastic process. However, the half life (t1/2), defined as the timerequired for a quantity of an unstable species to reduce to half of its initial value, can be estimated. Thisoverall decay rate is characteristic of each nucleus, constituting one of the main observables of the decay
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processes. The half-lives values have a huge range, from nearly instantaneous (7H, 23×10˘24 s) to verylong half-lives as it is the case for 40K, 232Th and 238U, three unstable nuclei that can be found in naturewith half-lives of the order of 109 years.
During the disintegration process, other particles or radiation are emitted. The emission of particlesin the course of a decay is called radioactivity, and it was first discovered by Henri Becquerel in 1896 [6]when he left uranium salts near of a photographic plate wrapped in black paper for some days. Despiteno exposure to visible or ultraviolet light, the plate resulted to have radiation evidences. He could thenconclude that other invisible radiation from uranium was going through the paper, resulting in the discoveryof radioactivity. Some years after that, Ernest Rutherford first distinguished two different radioactivityprocesses in 1899 [7] beta and alpha radioactivity:

Figure 1.4: Discovery dates of different radioac-tivity processes. Classic radioactivity processesare represented in orange and rare decays inpurple.

The β decay is a result of the weak interaction, itconsists of a transformation of a proton into a neutronwith emission of a positron and an electron neutrino (β+)or the conversion of a neutron into a proton with emissionof an electron and an electron antineutrino (β−). Theseprocesses occur for unbalanced nuclei with a neutron de-ficiency (β+) and neutron excess (β−).
The alpha decay is a type of radioactive disinte-gration in which an alpha particle is emitted from thenucleus.
Other radioactivity processes were found in 1937,and 1940 respectively: The electron capture decay [8]and the spontaneous fission [10].
The electron capture is a process in which the nu-cleus captures an e− from the electronic orbitals, trans-forming a proton into a neutron and emitting an electronneutrino in the process.
Induced and spontaneous fission, consists in thebreaking apart of a massive nucleus into mainly twosmaller fragments with similar (within 30% difference)masses. The induced fission was discovered in January1939 by Otto Frisch and Lise Meitner [9] after an exper-iment taking part in December 1938. The existence ofthe spontaneous fission decay mode was established oneyear later in 1940 [10] and further studied in 1942 [11].
The electron capture and the spontaneous fission,together with β decay and alpha emission, constitute the"classical radioactivity processes".
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New rare decays were experimentally evidenced when the production of nuclei very far from the stabilitybecame possible by the use of particle accelerators: β/EC delayed particle emission, single and two protonemission and cluster radioactivity or with the improvement of detection techniques (double β/EC decays).These decay modes constitute the "exotic radioactivity processes" [13] - [19].
β/EC delayed particle emission: consists of the emission of secondary particles after the β/EC process.For nuclei close to the valley of stability, the daughter nucleus of the β/EC decay can be produced in theground state or in low-energy excited states. In these cases, the de-excitation to the ground state happensby the emission of γ ray(s) or electromagnetic interaction with an orbital electron (internal conversion (IC)).For nuclei with more and more proton/neutron (Z/N) unbalanced ratio, it becomes possible to produce decayproducts in higher and higher excited states. Sometimes, the energy of these excited states can be enoughto allow for the emission of other particles. These particles are "delayed" since they are emitted by thedaughter nucleus after the first β emission. The secondary emitted particles can be proton(s) [12] or alphaparticle(s) [13] and neutrons [14] for β+, and β− emissions respectively.
Ground State Direct Proton(s) emission(s) decay modes along the proton drip lines were predicted inthe beginning of 1960. In this extreme Z/N ratio conditions, the strong force cannot longer bind the nucleonstogether, allowing for the possibility of a direct emission of protons from the nucleus. Due to the pairingeffect (higher stability for nuclei with an even number of protons), a direct single proton emission for nucleiwith an odd number of protons and a double proton emission for the ones with even Z were predicted. Thesingle proton emission from ground state was first observed in 1982 [15]. The first experimental evidenceof the two proton emission came later, in 2002 at GANIL [16] and GSI [43].
Cluster radioactivity: this decay mode, in competition with spontaneous fission, consists of a splitting ofthe nucleus by one favorable configuration in a non-symmetric way resulting into important mass differencesbetween the fragments, in contrast to the spontaneous fission decay products. It was first evidenced in1984 [17].
The last observed "exotic" decay modes are the double β and double electron capture decays. Thedouble β decay is a process consisting in a simultaneous two-proton to neutron conversion (β+β+) withemission of two positrons and two neutrinos or (β−β−) emission, consisting in two-neutron to protonconversion with emission of two electrons and two anti-neutrinos. The first evidence of this decay modewas found in 1987 for β− [18] and it has not yet been found for the β+ case.
The double electron capture consists of a capture of two electrons, transforming two protons into twoneutrons and emitting two electron neutrinos in the process. The probability of a double electron capture isquite small and challenging to measure, as discussed in [19]. Nevertheless, this decay mode was evidencedin 2019 [19].
A new decay mode, the double alpha decay (without formation of 8Be cluster)has been recently predictedin 2021 [20]. Two experiments have been already performed at GSI (source experiment) and ISOLDE (ISOL-beam study) [21] in February 2022 and June 2023 respectively. The analysis of these data may lead tothe discovery of this new exotic decay mode.
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1.4 Region of measurement in E791 Experiment
In the current work, the nuclei in the neutron deficient side around Z=28, N=20 are studied (seeTable 1.1 and Figure 1.5). In this mass region the main decay modes are β+ emission or electron capture,followed by single or multiple proton emissions from the daughter(s), (β delayed proton emission). In thecase of 48Ni and 45Fe, that are nuclei beyond the proton drip line, this decay mode is in competitionwith the direct two proton emission. These two main decay modes are discussed in detail in the followingsections.

Z 28 26 25 24 22
Isotopes 48Ni, 49Ni 45Fe, 46Fe, 47Fe 46Mn 43Cr, 44Cr, 45Cr 42Ti, 41Ti, 40Ti

Table 1.1: Nuclei studied within this work classified by charger number.

Figure 1.5: Zoom of the nuclear chart in the region of interest around Z=28 and N=20. The nuclei inorange decay mainly by β-p(s), the ones in darker orange (48Ni, 45Fe, 38Ti) are predicted to decay also bytwo proton emission. The violet ones are unbound to single proton emission. Furthermore, the grey colorof the boxes and nucleus names in the zoom of the region on the right, indicate a too-short half-life of thenuclei to be observed.
1.5 β+/EC delayed proton(s) emission.

The β+/EC delayed proton emission is a decay process happening in different stages and governedby the three microscopic interactions: the weak interaction, responsible for the first step of this decay(β+/EC), the strong interaction, accounting for the second step(emission of protons) and the electromagneticinteraction, responsible for the emission of γ rays (in the case of a filling of the excited state of the daughter).The β+/EC and the further emission of protons are explained along the section 1.5.1 and 1.5.2.
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1.5.1 β+ and electron capture decays.The β+ (Equation 1.1) and electron capture (EC) decay (Equation1.2) processes are analogous pro-cesses in the sense that they both result into a transformation of a proton into a neutron. They constitutethe main decay modes for neutron deficient nuclei.
A
Z X −→ A

Z−1Y + e+ + νe− (1.1)
A
Z X + e− −→ A

Z−1Y + νe− (1.2)The amount of energy released in the decay process is the Q value. It is proportional to the differencebetween masses of the initial and final products in a reaction. For the electron capture process, consideringa negligible mass for the neutrino, it can be calculated from the difference of masses of the initial particles(MX , me−) and the decay products (MY ), as defined in Equation 1.3.
QEC = (MX + me− −MY )c2 (1.3)In the case of a β+ decay, the Q value is defined :
Qβ+ = (MX −MY − me−)c2 (1.4)

For an available decay energy (Q value) above 2me− (1022 keV), the two processes are in competition.For energies below that value, only electron capture is allowed.
The feeding of the nuclear states of the daughter depends on its structure and on the available energy

Qβ . The process must fulfill some selection rules concerning the change of the total angular momentum J, thetotal isospin T and the parity π. Two different types of transitions are defined depending on the allowedvalues for ∆J, ∆π and ∆T: Fermi transitions (∆J=0, ∆π=0 and ∆T=0) and Gamow-Teller transitions(∆J=0,±1,∆π=0 and ∆T=0,1, excluding the 0+ −→ 0+ transition). The study of the β decay allowsdetermining the level structure of the daughter nucleus and to characterize the different transitions, whichis a unique way for testing the validity of different Shell model assumptions.
1.5.2 Delayed proton emissionThe β delayed proton emission is a two-step process involving three different nuclei. The initial nucleus(precursor) decays by β or EC to the emitter nucleus, usually in an excited state, that decays emitting aproton to the final nucleus (daughter).

This type of decay is energetically possible when the mass of the precursor is larger than the sum ofthe masses of the daughter and the emitted particles. The emitter needs to be populated by β decay in anexcited state of energy above its proton separation energy Sp (defined as the minimum energy required toremove a proton from the atomic nucleus) as shown in Figure 1.6. For lower energies, the emitter decaysby emission of γ ray(s) to its ground state.
The emission of the proton occurs almost spontaneously if the filled excited states have energies abovethe Coulomb and centrifugal barrier. For lower energies, the emission can happen by tunnel effect with aprobability that depends on the penetrability of the Coulomb and centrifugal barriers, depending on theproton energy.
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Figure 1.6: Example of the two-steps β delayedproton emission process. The three different nucleiinvolved: precursor, emitter and daughter are illus-trated in purple, blue and green respectively. Afterthe β or electron capture decay (I), if the populatedexcited state of the emitter has an energy higher thanthe proton separation energy (Sp) a proton (II) can beemitted. White text to put up the text higher——-
The probability of a β delayed proton emission is higher as the nucleus becomes more exotic: theavailable energy Qβ for the feeding of the states of the intermediate nucleus increases when moving awayfrom the valley of stability (which translates in a higher possibility of populating higher excited states).Inversely, the energy binding together the nucleus and the proton separation energy decreases for moreand more unstable nuclei.
Precursors whose Qβ is large compared to the Sp energy (Z>N) and fulfilling equation 1.5 are calledlight precursors. For these nuclei, discrete states below the high level density region are unbound to protonemission. This translates into discrete experimental proton spectra.

Qp = Qβ − Sp ≫ Sp (1.5)
The β-p decay was experimentally evidenced in 1963 [12], and since then, more than 160 nuclei havebeen identified to decay by β delayed proton emission [24], [28]. The known nuclei exhibiting such a decaymode have been evaluated recently in [29] to provide recommended values for their nuclear properties.
From the measurement of the proton energies in the β-p process, valuable information about theinvolved states of the emitters can be inferred, not accessible through other means in the case of the mostexotic nuclei, where the proton emission decay dominates over γ decay, as illustrated in Figure 1.7.

Figure 1.7: Top part: probability of emission Pas a function of the energy E∗ of the excited stateof the emitter (populated by β decay) for γ andproton emissions in blue and orange, respectively.Above the Sp value, the proton emission starts todominate over the γ emission. Bottom: exampleof the emitter level scheme: states below the Spvalue can be studied only by γ emission. On theother hand, the characterization of states at highexcitation (right) requires the detection of protons.White text to put up the text higher——-
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This decay mode is also of special interest in astrophysics for the study of inverse reactions (protoncapture) occurring in stellar processes for nuclei along the astrophysical rp (rapid proton capture [30]) andp (proton capture [31]) paths.
For the most exotic nuclei, an emission of multiple protons (x) becomes possible, as illustrated in Figure1.8. This is a consequence of the increase of the available energy Qβ and the decrease of the separationenergy Sp when moving away from stability, which makes these nuclei fulfilling the condition 1.6.

Qβ − Sxp > Sxp (1.6)
The emission of the protons occurs typically in a sequential way: multiple single proton emissions fromthe excited states of Z−1Y , Z−2B... Z−nD nuclei respectively. The β−2p emission was first evidenced in1983 for 22Al [26] and confirmed with a higher statistics in 1984 [27]. Since then, nine other β−2p emittershave been observed [32].

Figure 1.8: Example of a β delayed three proton emission process. The process happens sequentiallyin four different steps: β or electron capture decay (I) and proton emission of the first, second and thirdemitter nucleus (II, III and IV steps respectively).
In the mass region studied in this work, far from stability, the nuclei have large Qβ and small Spvalues, and the β delayed proton(s) emission is a common decay mode. All the studied nuclei are classifiedwithin the light precursors framework: neutron deficient (Z>N) and fulfilling equation 1.5, meaning thatthe proton energy spectra that are obtained experimentally are discrete. Furthermore, for some of them, theavailable decay energy is predicted to be enough for a multiple proton emission. First evidences of such

processes are found in this work for some of the most exotic nuclei, as further discussed in Chapter 6.
1.5.3 Isobaric Analogue State and Isobaric Multiplet Mass Equation (IMME)The measurement of the proton energies from β delayed proton emissions can allow for a determinationof the mass of the parent nucleus, as already estimated by Dossat et al. for proton rich nuclei in [24]. Twoconcepts (Isobaric Analogue State and Isobaric Multiplet Mass Equation) are introduced in this section toexplain this process.

Isobaric analogue states (IAS) are states which differ only by a single quantum number from eachother: the isospin projection Tz . According to their isospin quantum number T , they form a multiplet of2T + 1 members. One member is "generated" from its neighbour by replacing a proton (neutron) in a
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certain quantum state by a neutron (proton) in exactly the same state, with the sole difference being the
Tz quantum number. The masses of these multiplet members are very similar, once the Coulomb-energycontribution to the mass is corrected for. Figure 1.9 shows a schematic representation of the masses in anexample multiplet as well as other states in the nuclei involved.

Figure 1.9: Energy levels of states in the multiplet of A = 44, T = 2, Iπ = 0+ from Tz = -2 to +2, i.e.44Ca, 44Sc, 44Ti,44V, and 44Cr (in orange). For this representation, the Coulomb energy differences betweenthe nuclei have been removed. The states in black are the ground states of the nuclei (except for 44Cr and44Ca, represented in terms of Tz), in blue the Tz=1 0+ states and in orange the Tz=2 states.
As proposed first by Wigner in 1957[22], these different masses can be linked to each other viaperturbation theory if the electromagnetic interaction is treated as a small perturbation of the stronginteraction (assuming that it is small with respect to the main strong interaction force). This approach isvalid only if there is no significant isospin impurity in the states of interest and the three-body terms inthe strong interaction are negligible.
Under these conditions, the Isobaric Multiplet Mass Equation (IMME)[23], linking the masses of thestates in different nuclei with same quantum numbers except Tz is obtained:

∆m = a(α, T ) + b(α, T ) · Tz + c(α, T ) · T 2
z (1.7)

where α represents all quantum numbers except T .
Beyond the test of validity of this equation, it can also be used to predict the ground-state mass. Ifthree members of a multiplet are known experimentally, the coefficients a, b, c of the IMME equation canbe determined and the mass of other members of the multiplet can be estimated. The measurement of theproton energies from β delayed proton emissions allow for a determination of the mass excess of the IASstate. If the mass of the daughter (less exotic) is also known, the mass of the parent nuclei (very exotic)can be calculated using the IMME equation as determined by Dossat et al. in [24].
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1.6 Ground State proton emission
Rare decay modes at the proton drip lines (single and double proton emission from ground state) werepredicted from the beginning of 1960 by Goldansky [25], Zeldovich [33], Karnaukhov [34] and Jänecke [35].In extreme conditions, for nuclei beyond the proton drip lines, the separation energy Sp becomes negativeas shown in Figure 1.10, meaning that the nucleus becomes unbound to direct proton emission from itsground state. If this separation energy is just slightly negative, due to the effect of the Coulomb andcentrifugal barriers, the protons can stay in a quasi-bound state for a while until escaping by tunnel effect,as illustrated in Figure 1.11. The time until the proton escapes from the nuclei, related to the probabilityof penetration of the barriers, allows for the observation of the so-called proton radioactivity.

Figure 1.10: Energy scheme for the pro-ton radioactivity process in competition with
β decay.

Figure 1.11: One proton, located in anunbound state, escaping from the nucleusby tunnel effect through the Coulomb andcentrifugal barrier.Congrats! you foundwhite text!——————————————————————————–
This exotic decay mode is in competition with the β delayed proton emission process previouslydescribed. The ideal conditions for the observation of a direct proton decay are found for proton energies

Qp below the Coulomb barrier but large enough so that the branching ratio with respect to a β−p processbecomes non-negligible (separation energies typically below -1 MeV). First experimental evidences for thesingle proton emission from ground state were found in 1982 [15] [36]. From then, more than 30 new nucleibeyond Z=53 have been measured [28]. This decay mode has allowed for a better understanding of nuclearstructure at the proton drip lines and to study the tunneling process, from which information about thewidth and height of the coulomb and centrifugal barrier could be obtained. The half-life and the Qp valueare measured to obtain the proton orbital angular momentum, leading to a characterization of the statefrom which the particle was emitted in the parent nucleus.
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1.7 Two proton radioactivity from ground state

In some special cases, the direct emission of two protons from the ground state becomes possible. Sucha process occurs when the nucleus becomes unbound to two proton emission (S2p<0) and the emission ofone single proton is forbidden (Sp>0) as shown in Figure 1.12. The candidates for this very exotic decay

Figure 1.12: Energy scheme illustrating theconditions needed for the two proton radioac-tivity process.
Figure 1.13: Two protons (correlated insidethe nucleus) and further escaping throughthe Coulomb and centrifugal barrier by tun-nelling.

mode are found in the proton rich region, beyond the proton drip lines and for nuclei with an even numberof protons. In this particular case, due to the pairing energy effect [39], the initial nucleus A
Z XN with evenZ, has a larger binding energy than if a proton is removed from it. In other words, the system is morestable if the number of protons in the nucleus is even. An emission of two protons, leading to a productwith even Z, remains therefore a possibility.

The fact that the protons cannot go through the barrier individually is an evidence of the subsystemcorrelation of the protons inside the nucleus. The two proton radioactivity, as predicted by Goldansky,assumes the two protons composing a 2He system inside the nucleus and escaping together through theCoulomb and centrifugal barrier by tunneling. The di-proton system further splits due to the Coulombrepulsion. For the observation of such a process, the energy of the two proton system Qpp needs to be, asin the single proton emission, smaller than the Coulomb barrier created by the protons in the nucleus butlarge enough to make the transition relatively fast to compete with β decay. Some first descriptions of thisrare transition process were proposed at the beginning of the 60’s ([37]-[41]). A full comprehension of theprocess is yet not achieved. Section 1.9.2 addresses an overview of the main theoretical approaches.
From this exotic decay process, two more observables, apart from the total energy of the systemand the half-life, are available: the angle of emission between the protons and their individual energies,which are predicted to be affected by the structure of the initial nucleus. Theories able to predict theseobservables together with their experimental measurement can help for a better understanding of the twoproton radioactivity and the nuclear structure beyond the proton drip lines.
The first experimental evidence of a two proton emission from the ground state was found for 45Fein 2002 from two independent experiments performed at GANIL [16], [42] and GSI [43]. Only three otheremitters have been experimentally evidenced since then: 54Zn [44] and 48Ni [45] in 2005 and 67Kr in 2016[46].
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1.8 Two proton emission mechanisms
In the previous sections, two different possibilities for the emission of two protons from the nucleushave been presented: the emission from an excited state (β-2p) and from the ground state (2p).
The emission from an excited state can happen, as explained before, directly or sequentially via anintermediate state as illustrated in Figure 1.14. In the same way, for some light nuclei, an emission fromthe ground state via an intermediate state is possible. Such a process can occur if the Coulomb barrier issmall and the states of the Z-1 daughter (unbound) are large enough to allow for a single proton emission,as shown in Figure 1.15. This decay mode was first established for 6Be [47], 12O [48] and 16Ne [49].When the (broad) intermediate state has an energy below Sp the decay is called "democratic". No realdistinction between simultaneous and sequential emission is possible, and no strong correlations betweenthe particles are expected. Further studies suggest establishing the democratic decay as decay modes for6Be, 12O and 16Ne. A review of 2p emission from light 2p-unbound nuclei can be found in [32]. The currentwork addresses the study of nuclei of higher masses and longer half-lives in the Z=28 region, for whichthe emission of a single proton is forbidden.

Figure 1.14: Sequential emission of two pro-tons from an excited state via an intermediatestate.
Figure 1.15: Sequential emission of twoprotons from the ground state via a broadintermediate state.

Within this context, there exists mainly two different approaches:
• The two proton radioactivity as defined by Goldansky, predicting the emission of a di-proton fromthe nucleus under the assumption of the two protons traversing the barrier together.
• The three-body simultaneous emission approach, that assumes a 3-body interaction between theprotons and the nucleus, without the assumption of the pre-formation of a di-proton subsystem.

The main experimental goal in order to prove a "pure two proton emission" is first to distinguish it from therest of the possibilities: sequential proton emission and "democratic" case. Secondly, in the case of a puretwo proton emission, the experimental results may also clarify the decay characteristics (di-proton or threebody approaches). The two proton decay mechanism can be disentangled by using two observables: theenergies and the angle correlation between the protons.
The proton energy distributions: in the sequential case, the proton energies depend on the intermediatestate from which they were emitted, translating into two well-defined energy peaks. In the sequential casevia an intermediate state, these peaks may be larger due to the width of the intermediate state. Inversely, in
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the case of a simultaneous emission, the available energy is shared between the protons. This configurationoptimizes the penetrability of the barrier. (The emission of a first proton with higher energy than the secondone will disfavor the emission of the second one.)

Figure 1.16: Schematic probability as a function of the energy of each proton in the different two protondecay hypotheses. On the left, the sequential decay case, in which the energy peaks are well-defined. Inthe middle, the case of sequential decay via a large state, due to the width of the state the energy peaksare broader. On the left, the real two proton decay in which the energy is shared between the protons.
The angular distribution: in the case of a sequential emission, no angular correlation between theprotons is foreseen (isotropic distribution). In a pure two proton emission, in both cases (di-proton andthree-body decay approaches) a strong correlation between the proton angles is expected. In the firstcase, since the protons are traversing the barrier together and split when escaping the nucleus, the angulardistribution may be centered at small angles, as illustrated in Figure 1.17. In the three body decay case,the angular distribution may depend on the characteristics of the nucleus and the three-body interactionapproximations taken into account, as further explained in Section 1.9.2.

Figure 1.17: Proton angular distributions for the different 2p emission mechanisms. On the left thesequential emission is shown whose angular distribution is isotropic. The two different hypothesis for areal two proton decay (di-proton and 3-body decay hypotheses) are represented at the center and on theright respectively. The di-proton case may lead to small angle distributions (Coulombian repulsion onceescaping the nucleus). In the 3-body decay a strong correlation is expected due to the interaction betweenprotons inside the nucleus, but the shape of the angular distribution may vary depending on the theoreticalapproach used to describe the decay, as further discussed in section 1.9.2.
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1.9 Two proton studies

Since the two proton radioactivity was predicted, experimental efforts have been made, first to provethe existence of such an exotic decay and then to improve the detection techniques to be able to getmore information about the individual energies and the angles of emissions of the protons. The two protonradioactivity (three-body decay) taking place for nuclei beyond the proton drip lines (unbound systems),makes the description of the process very complex, as further explained in 1.9.2. Multiple theoretical studieshave been developed to describe the two proton radioactivity and to reproduce the main observables. Bothexperimental and theoretical studies about this decay mode are discussed in this section.
1.9.1 Two proton experiments

The first experimental evidence of a two proton decay was found in 2002 for 45Fe at two differentfacilities (GANIL and GSI) as mentioned in section 1.7. In both cases, the 45Fe nuclei were produced byfragmentation of a 58Ni beam of 75 MeV per nucleon (on a natNi target) and 650 MeV per nucleon (on aberyllium target) respectively, in order to study the decay products using very similar setups.
In the GANIL experiment, the setup consisted of a sequence of four silicon detectors, as shownschematically in Figure 1.18. The two first silicon detectors were used for fragment identification, the thirdsilicon detector (with 16x16 x-y strips with a 3mm pitch) was used to stop the fragments and the last one,to identify high energy decay products. The implantation events were triggered by the two first silicondetectors, whereas radioactive decay events were triggered by S3 or S4. In the case of a two protonradioactivity, the emitted protons are stopped and detected in the stripped silicon detector (S3) in whichthe total energy can be measured. In the case of a β delayed proton emission decay, the proton may bedetected in S3 together with some energy of the β particle, broadening the measured energy peak in S3,which, due to its longer range, is detected as well in S4. By imposing decay events with no signal in thelast silicon detector (no β detected) and comparing the width of the energy spectra measured in the stripedsilicon detector (S3), the two proton emission events could be identified, resulting in the first evidence ofthe two proton radioactivity.

Figure 1.18: Schematic illustration of the detection setup used at GANIL to observe two proton decayevents from 45Fe. The two first silicon detectors (S1 and S2) are employed for identification of the incidentnucleus. The fragments are stopped in the third detector S3 (16x16 x-y stripped). The decay products arethen measured in the same detector (for protons) and in S3 and S4 for longer range particles (β).
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In the case of the GSI experiment, the setup consisted of a 8-silicon telescope mounted inside a NaI(Tl)"split barrel" composed by 6 NaI(Tl) crystals for γ rays detection, as illustrated schematically in Figure1.19. The first silicon detector is used to trigger the acquisition by the incoming fragment. The signalsfrom all the other detectors are then measured within 10 ms. The non-observation of γ rays (annihilationof e+ from β decay) in coincidence with the dominant decay of 45Fe not being compatible with a β decaybut with a two proton emission scenario, allowed to state for the first evidence of this exotic decay. Moredetails of both (GANIL and GSI) experiments can be found in [16] and [43] respectively.

Figure 1.19: Schematic illustration of the detection setup used at GSI to distinguish two proton decayevents from 45Fe. One example of β delayed proton emission, measured within the 10 ms time window afterthe trigger in S1 by the incident nuclei, is illustrated. The proton is detected in S3 in coincidence withthe β particle and the two back to back γ rays. In the two proton emission scenario, there is no β and γdetection. As explained in the text, this allowed to establish the two proton emission decay.
In the described experimental setups, no measurement of the individual energies of the protons nor anyinformation about their angle of emission is achievable. Only the total energy Q2p and the half-life can bemeasured. The first evidence of a two proton emission from 54Zn [44], 48Ni [45] and 67Kr [46] were found inan analogous way.
The measurement of individual proton energies and angles between the particles requiring new detectiontechniques led to the construction of several time projection chambers, further discussed in Chapter 2.Measurements of the angle between emitted protons and their energies have been performed for 45Fe [52],[53], 54Zn [54] and 48Ni [55] with 75, 7 and 4 total number of events respectively. These nuclei are stilldifficult to produce by the current techniques, and only in the first case the statistics is enough to lead toa more advanced comparison to the theoretical predictions.

1.9.2 Two proton decay modelsThe two-proton decay, happening beyond the proton drip lines, as mentioned in 1.9, is very complexto describe. Three different aspects need to be taken into account for a complete explanation of thisradioactivity process: inner structure of the nucleus, coupling with the continuum, since the system isalready an unbound system, and the three-body decay dynamics. The description of each of these featuresfor a system very far from the stability is already quite challenging itself: the description of internalstructure needs, very often, experimental data to constrain the models, which is not possible for such exoticnuclei. Since the system is beyond the proton drip line, a consistent description of the internal and external
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wave functions is needed to reproduce the interplay between bound states and continuum regions of thenucleus. Finally, the three-body nature of the decay adds up an extra complexity to the description of the2-proton emission process, because interaction between the three-bodies need to be taken into account atonce. Some models have been developed, focusing on one or several aspects of this decay mode, as it isschematically shown in Figure 1.20.

Figure 1.20: Schematic classification of the main theoretical models used to describe the two proton decayprocess (labelled in black) depending on the described main features: structure of the nucleus, asymptoticbehaviour and decay dynamics. The models labelled in grey are used to develop new approximations, butnot directly for the two proton decay description (See text). (Scheme inspired from Figure 7 in [50]).
Some models have been developed, focusing on one or two of the three main aspects of this decay mode:inner structure, coupling with the continuum (treatment of the asymptotic region) and decay dynamics, as itis schematically shown in Figure 1.20. Depending on their nature, they allow for the prediction of differentobservables. The different approaches proposed for this complex problem have already been reviewed in[32] and more recently in [50] and [56]. Some of the most important theoretical models are summarized anddescribed in this work following a chronological order, trying to keep a connection with the experimentalobservables.

First description by GoldanskiApart from predicting the two proton decay in 1960, Goldansky provided the first theoretical descriptionof the process. He considered a potential barrier V (r) (represented in Figure 1.21 with nuclear Vnuc(r)and Coulomb Vcoul(r) components. The centrifugal term Vl(r) was assumed to be zero.
The nuclear term is approximated by a potential well (Vnuc(r) = −V0) for r < rN where rN is thepotential range and the Coulomb term is written:

Vcoul(r) = (Z − 2)e2
rN

(1.8)
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Figure 1.21: Potential approximation made by Goldanskii, composed by a potential well for r<rN and aCoulomb term for r>rN . (Schematic, the nuclear term is in reality around ten times bigger than the heightof the Coulomb barrier (6 MeV height) for 48Ni).
Using this simplified potential, he calculated the penetrability factor w(E ) of the Coulomb barrieras the product of the relative penetrability factors for the individual protons. Under this calculation, thepenetrability of the barrier becomes maximal when the two protons have equal energy. This can be easilyunderstood in terms of individual penetrability factors: if a first proton p1 with energy E1 escapes thebarrier, the available energy for the second proton becomes ET -E1, where ET is the available energyneglecting the recoil energy of the nucleus. The emission of a first proton with large energy will thendisfavor the emission of the second one.
The obtained penetrability corresponds to a penetrability factor of a particle with M=2mp mass, ETenergy and charge 2e: a di-proton particle (2He). This simple approach predicts the asymptotic observablesof the "pure" 2p decay process: the sharing of the energy between the emitted protons and a strong angularcorrelation between them: the protons are considered to cross the barrier together and split afterward dueto Coulomb repulsion, translating into small angles between them, as mentioned in subsection 1.8.
The penetrability factor w(E ) is related to the decay width Γ as:

Γ = γ2w(E ) (1.9)
Where γ2 is the matrix element relating the initial and final states of the process. The decay width isrelated to the half-life t1/2 of the nuclei by the Heisenberg’s uncertainty principle:

Γt1/2 ∼ h̄ (1.10)
So the higher the penetrability factor (high probability of crossing the barrier) the smaller the half-lifeof the nuclei and the bigger the decay width value.
Goldansky provided a first list of candidates in the Z=8-36 mass region [25] by calculating theirhalf-lives. He estimated a lower limit for the half-life from which the process can be observed (order of10−12s).
This first qualitative description of the "pure" two proton radioactivity made by Goldansky alreadyclaimed that the observables may be affected by the inner structure of the initial nucleus. Since then,multiple theoretical approaches have been proposed aiming to provide a self-consistent explanation for suchan exotic process.
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Three-body decay (decay dynamics)At the beginning of 2000 a model focused on three-body decay dynamics of the 2p process wasproposed by Grigorenko et al. [57] using the hyperspherical harmonics method. Under a simultaneousemission hypothesis, the system is considered to be formed by a core (daughter nucleus) and the two emittedprotons (3-body problem). The proton-proton interaction is approximated using a Gaussian potential, andthe proton-core interaction is defined with a Woods-Saxon potential. Although no explicit internal structureof the emitter is taken into account in the model, by varying the orbital momentum l in the defined proton-nucleus (p-N) and proton-proton (p-p) potentials, the structure of the emitter can be artificially modified.Different calculations are thus performed for several values of l (different configurations) aiming to studythe induced effects on the calculated observables and the emission dynamics. The three-body model is thefirst one predicting the fraction of energy of each emitted proton with respect to the total available energy
ET (Ep/ET ) and the angular distribution between them Θpp depending on the initial configuration of theemitter. By comparing the different 3-body calculations with experimental values, the configuration mixingin the wave function can be inferred. Such an estimation has been performed for 45Fe and 54Zn in [52] and[54] respectively.

The three body decay approach provides a valuable theoretical input, although the structure and thecontinuum effect of the two proton decay are not fully taken into account in the model. The theoreticalcalculation of new observables motivated further advanced experimental measurements of the two protondecay process.
Di-proton emission (asymptotic region)Other calculations of 2p decay widths (Γ) were performed by Barker in 2001 using the R-matrixformalism [58]. Within this framework, the decay process is considered as an interaction of a (frozen) coreand a system formed by the two protons (di-proton mechanism of emission assumption). The space isfurther divided in two regions: an internal region in which all potentials (nuclear, Coulomb and centrifugalcomponents) are taken into account and an external region, defined from the potential range (rN ) in whichthe short-range nuclear contribution is neglected. An extra factor taking into account the relative energy ofthe two protons (needed energy to form a di-proton) is also added to the model. Solving the Schrödingerequation under these assumptions, the 2p decay width can be calculated.

The comparison of experimental half-lives with the predictions made with the R-matrix model serve,first, to validate the hypothesis of the di-proton emission and to study the relative energy of the system.This model providing a good description of the asymptotic region does not take into account the internalstructure of the nucleus nor the 3-body decay dynamics because of the initial assumptions.
Shell Model Embedded in the Continuum (inner Structure + asymptotic region)At the beginning of the 2000 the Shell Model Embedded in the Continuum (SMEC) was introduced asan extension of the interacting shell model or Configuration Interaction (CI). Although CI is a very successfulmodel in nuclear theory, it cannot be used for the description of open quantum systems like the two protondecay. The SMEC approach [59] was consequently introduced to extend the CI model to the continuum,aiming to study weakly bound systems. The interaction with the continuum is quantified in the model witha parameter called the coupling constant to the continuum that it is inversely related to the half-life value:for a stronger coupling with the environment, the probability of interaction (decay) is bigger, so that thehalf-life becomes smaller.
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In 2005, it was employed for the first time for the description of two particles in the continuum[60] and further applied to the two proton decay from the ground state in 2006 [61] allowing for thecalculation of decay widths of different nuclei (45Fe, 54Zn and 48Ni). The calculations were performed fordifferent approximations of the coupling constant to the continuum and individually for direct emission andsequential emission hypotheses. The experimental comparison of the estimated values allowed to find thecoupling constant and the mechanism of emission, reproducing better the experimental decay widths.
GCC model (inner structure + asymptotic region + decay dynamics)The Gamow Shell Model (GSM) [62], [63] approach has been widely employed for the description ofweakly bound systems along the drip-lines. This model belongs to the continuum-embedded framework:internal structure and asymptotic behaviour of the system are considered for the description of the studiedprocesses.

The Gamow coupled-channel method (GCC) [64], developed in 2017, is an approach of the GSM inwhich three-body correlations are included. It is therefore the first model that takes into account the threemain aspects of the two proton emission decay: internal structure, asymptotic behaviour and three-bodydecay dynamics. Separation energies, decay widths and nucleon-nucleon angular correlations for 6He, 6Liand 6Be were predicted in [64] in order to benchmark the GCC approximation with the GSM model. Withinthis model, the decay width and the angular correlations between the nucleons are calculated for differentstrengths of the interaction between the protons. By comparing with experimental results, this interactioncan be quantified.
Hybrid model (Structure+3 body dynamics)To take into account the detailed structure of the nucleus and the three-body dynamics of the twoproton decay, a hybrid model was developed in 2019 [65] as a combination of configuration-interaction(CI) calculations and the emission dynamics from the three-body approach by studying the penetrability ofthe barrier. The calculation is performed for different initial configurations (calculated decay widths from3-body model). For the same configuration, the results are obtained by summing coherently or incoherentlythe different amplitudes (calculated from CI model) contributing to the emission. By comparing the differentcalculations with the experimental data, the best agreement is found for the results obtained by theincoherent sum of the different nucleon decay amplitudes contributing to the emission process with a s2contribution. As in the three body model, the comparison to experimental data allows inferring the mixingin the wave function. The half-lives of 2p emitters evaluated with the hybrid model agree with experimentaldata for 45Fe, 48Ni and 54Zn.

A summary of these models indicating the observables that can be predicted in each case and theinformation that can be extracted from them can be found in Table 1.2.
Inconsistencies with experimental measurements and recent theory inputs.The half-lives calculated using the models mentioned previously are in agreement for the available45Fe, 54Zn and 48Ni experimental information. Furthermore, the angular distribution prediction for 45Feby the three-body model is in agreement with the experimental results [52]. More recently, in 2016, anexperiment was performed to study the decay of 67Kr (using a similar silicon-based setup as the mentionedones in section 1.9.1). The half-life was found to be 20 times lower than expected by any of the mentionedtheoretical approximations [46].
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Model Observable Information
Goldansky Γ, Ep/ET , Θpp Di-proton emission hypothesis.3-body Γ, Ep/ET , Θpp Direct emission hypothesis, structure mixing of WFDi-proton Γ, Ep/ET , Θpp Di-proton hypothesis, energy of the system.SMEC Γ Coupling constants, direct/sequential hypothesisD-GCC Γ, Θpp, Two body interaction strength VppHybrid model Γ Direct emission, structure mixing of WF

Table 1.2: Summary of the models described in the text. The observables that can be predicted by eachof them Γ (decay width, Γ = h̄ln2
t1/2 ), fraction of energy of a single proton Ep/ET and angular distributionsbetween protons Θpp and, in the third column, the information that can be obtained from each model whencomparing to experimental values. The grey color in some observables denotes a "quantitative information".

This discrepancy inspired to revisit some of the theoretical models. Two new different hypotheseshave been proposed to explain this discrepancy: the first one suggesting the 67Kr emission to be atransition between a real two proton emission and a sequential decay (Semi-analytical R-matrix calculation,L.V.Grigorenko et al., 2017). The second one proposing the deformation of the nucleus to be responsiblefor the low measured half-life (deformed GCC model (D-GCC) S.M Wang., W. Nazarewicz [67], 2018).The former one predicts energy correlations for the emitted protons of 67Kr and a half-life estimate. Thecalculations are performed for different two-body resonance energies. The deformed GCC model (D-GCC)predicts partial decay widths and two proton angular distributions as a function of the deformation and thestrength of the proton-proton interaction. The calculations of the deformed GCC framework are performedfor 48Ni (benchmark of the model due to its spherical structure) and 67Kr.
Both models provide a half-life value for 67Kr that is compatible with the experimental result. However,the predicted angular distributions1 for 48Ni differ from one model to the other, not being compatible betweenthem, as illustrated in Figures 1.22 and 1.23. In the three body approximation, the angular distributionbetween the protons is expected to be centered around 60º with a wide range of values (from 10 to 100º)but bigger angles are discarded. The GCC model predicts a first maximum at small angles around 25º,a small one at larger angles (140º). Experimental measurements are needed to validate the assumptionsmade by the different models in order to understand the disagreement between them.
The available (experimental and theoretical) information from ground state two proton emitters issummarized in table 1.3. This table calls for new experimental measurements and for further theoreticalapproaches to complete the information of the known two proton emitters. Angular and energy distributioncalculations with the D-GCC method for the already measured 45Fe nucleus could be a good start to verifythe assumptions made by this model. As mentioned in section 1.9.1, the proton energies and angulardistributions have been measured with sufficient statistic only for 45Fe. Further advanced experiments forthe proton emitters (48Ni, 67Kr and 54Zn) are required to disentangle the nature of the inconsistencies andto verify the assumptions made in each model intending, at a last stage, for a full comprehension of thetwo proton radioactivity process.

1extrapolated from the 54Zn results in the 3-body case
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Figure 1.22: Angular distribution predicted for54Zn by the three-body model [54] for different con-tributions of the p2 wave function. In the case of48Ni, no contribution of the p2 is expected becauseof its closed shell. Consequently, the predictionsfor W(p2)=2% (in orange) can be interpreted as theexpected angular distribution for 48Ni.Some whitetext over here to align... !

Figure 1.23: Angular distribution predicted for48Ni by the GCC model [67]. The calculation ismade for different percentages of the proton-protoninteraction Vpp. The reference value (100%) in pur-ple corresponds to the finite-range Minnesota forcewith parameters defined in [68]. The pink curvecorresponds to an increased strength of 50% withrespect to the standard strength.

Model Γ , t1/2 Ep/ET Θpp

R-matrix 45Fe, 48Ni, 54Zn, 67Kr shared energy small angles3-body 45Fe, 48Ni, 54Zn, 67Kr 45Fe, 48Ni, 54Zn, 67Kr 45Fe 48Ni, 54Zn,SMEC 45Fe, 48Ni, 54Zn, - -D-GCC 48Ni, 67Kr, - 48Ni, 67KrHybrid model 45Fe, 48Ni, 54Zn, - -Experimental value 45Fe, 48Ni, 54Zn, 67Kr 45Fe 45Fe
Table 1.3: Theoretical and experimental available information for the main ground state two proton emitters:decay width or half-life (Γ, t1/2), fraction of energy of a single proton Epp/ET and angular distributionsbetween protons Θpp. In the three-body model, the orange color denotes the possibility of extrapolationfor the 48Ni, since no calculation is performed at the moment for this nucleus.
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1.10 Motivation of the study of the 48Ni decay products
The double magic 48Ni nuclei, with 28 protons and 20 neutrons, is of special interest for the studyof the two proton radioactivity since it is the only nucleus for which theoretical angular distributions areavailable from two different models at the current stage, as shown in Table 1.3. Besides, they do not predictthe same results. The 48Ni structure is probably the easiest case to treat because of its spherical shape.This characteristic makes it a benchmark case for the development of the deformed-GCC calculations madefor 67Kr, which is the most recent and the only model taking into account the three different aspects ofthe two proton emission process: internal structure, coupling with the continuum and three-body decaydynamics. Measurements of the proton angular distribution of 48Ni can thus validate the main hypothesismade within this model.
In addition to the motivation of measurement concerning the two proton emission, the 48Ni nuclei,considered the most proton-rich isotope ever identified, presents interesting characteristics with respect toother nuclei which could help to understand other aspects of nuclear structure: if the shell closure of 48Niis established, the Ni isotropic chain is by now the only one to host three doubly magic nuclei: 48Ni, 56Niand 78Ni. Also,48Ni it is the only case of a doubly magic nucleus where the mirror nucleus (48Ca) is stable.The mirror pair 48Ni-48Ca offers a unique chance to study isovector effects in the f7/2 shell.
All these particularities together with the fact that the 48Ni production is accessible in the GANILfacility nowadays, motivated to perform an experiment (see Chapter 3) aiming to produce such a nucleusand study its decay products using ACTAR TPC, a time projection chamber detector (TPC). This device,described in the following section, is suitable for experiments aiming to study multiple particle decays.Individual proton energies and angles of emission between the emitted particles can be obtained.
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Chapter 2: ACTAR TPC
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The current chapter is devoted to the ACTAR TPC detector device. First, a brief review of gaseousdetectors, their main operation principles and uses in nuclear physics are described in Section 2.1. Thephysics motivation for further TPC developments and some highlighted examples are discussed in Section2.2. Within this context, the description of the ACTAR TPC device will be carried out in two main parts:the characterization of the detector and the description of the GET electronics in Sections 2.3 and 2.4respectively.

2.1 Gaseous detectors in nuclear physics
Historically, one can say that gaseous detectors have been used since the beginning of nuclear physics.The cloud chamber can be considered as the first example of a gaseous detector. It aimed at visualizingcharged particle tracks, and it served to prove the existence of particles such as the positron [69], the muon[70] and the kaon [71] in 1932, 1936 and 1947 respectively. Since then, multiple gaseous detection deviceshave been developed with well-awarded results receiving multiple Nobel Prizes: In 1927 (Arthur H.Compton)for the discovery of the Compton effect by using a cloud chamber [72], later in 1960 for the invention of theBubble Chamber by Donald A.Glaser [73] and in 1992 for the development of the Multi-Wire-ProportionalChamber by Georges Charpak [74].

Figure 2.1: Gas detector operation principle. The charged particle travelling in the gas volume (violet dot)ionizes the gas along its trajectory, creating electron-ion pairs. The electrons drift in the inverse directionof the applied electric field (orange arrows) until reaching the anode, where their signal is collected.
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The operation principle of any gas detector is based on the ionization of the gas molecules whena charged particle crosses a detection volume. During this process, electron-ion pairs are created. Byapplying an electric field, the produced electrons and ions drift toward the electrodes on which their signalis collected. This process is illustrated in Figure 2.1. A gaseous detector can operate in different regimesdepending on the applied electric field as shown in Figure 2.2: ionization mode, proportional mode, limitedproportional mode and Geiger mode. In ionization mode, all primary ionization electrons are collectedon the electrode, the measured charge thus corresponds to the induced signal. In proportional mode, theelectrons accelerate under the influence of an electric field and eventually get enough kinetic energy tofurther ionize gas molecules, creating electron avalanches. The measured signal is proportional to theinitially generated signal and depends exponentially on the applied electric field. In limited proportionaland Geiger modes, the measured signal does not correspond anymore to the particle energy deposit. Thesetwo last regimes are used for counting particle purposes. In the other extreme, if a very low electric fieldis applied, the drifting electrons can be captured by gas molecules, resulting in a loss of signal comparedto the energy deposited. This process is called attachment.

Figure 2.2: Different working regimes of gaseous detectors. The pulse amplitude depending on the appliedvoltage is plotted for particles deposing energies of 1 MeV and 2 MeV (Image inspired from G.F. Knoll.[76]).
In 1968, a revolutionary gaseous detector, the Multiwire Proportional Counter (MWPC) in which theposition of the track could be reconstructed for the first time, was conceived by Georges Charpak. TheMWPC is a gaseous detector working in proportional mode in which multiple wires are located in a detectionplane. These wires are polarized, resulting in a high electric field in their vicinity, therefore creating anavalanche effect. The charge is further collected on these wires and used to reconstruct the trajectory ofthe traversing particle. Almost at the same time, the idea of measuring the electron’s drift time to getspatial information lead to the first studies made with a Drift Chamber (DC) by Bressani, Charpak, Rahmand Zupancic in 1969 [77]. The next obvious step, the invention of the Time Projection Chamber (TPC)came in 1975 by David Nygren [78], as a combination of a DC and an MWPC detector, consisting of alarge gaseous drift space terminated by one or several Multi Wire Proportional Chambers.
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The gaseous detectors have been widely used in nuclear and particle physics. In general, they presenthigh detection efficiency, relatively good time resolution and limited radiation damage effects. On theother hand, due to the fact that an avalanche is an statistical process, fluctuations on the collected chargeare induced, limiting the energy resolution. Gaseous detectors are versatile devices since their effectivethickness can be easily adjusted by changing the pressure of the gas. By modifying the applied voltage,the detector can also become transparent to low energy particles (i.e. β particles). Depending on the goalof the measurements, apart from the general characteristics mentioned above, the choice of the use of agaseous detector can be justified in different ways. Some examples are listed below for the main nuclearphysics uses of gaseous detectors.
Particle counting and position: simple gaseous detectors consisting of a gas-filled volume between twoparallel plates with a differential of potential are used for these purposes. They present good rate handlingcapacities due to fast signal collection and good time resolution because of their reduced thickness. Due tothe lower material density, they are more transparent than solid state detectors. If some strips are addedto these detectors, the information about the traversing position can be obtained as well. Furthermore,these detectors are usually thin and easy to install.
Energy loss measurements and particle identification: when the deposited energy is measured, becauseof the generally large gas thickness, the specific energy loss dE

dx of the ionizing particles in the gas alongthe track can be measured, adding particle identification capabilities. This is the main use of ionizationchambers.
Tracking: the main advantage of gaseous detectors against solid ones for tracking purposes is the 4πsolid angle detection. It becomes particularly interesting for the study of reactions with the gas (ActiveTarget Mode). By doing so, the reaction vertexes can be determined, which is not possible with soliddetectors. Furthermore, in the case of TPCs, by recovering the third dimension from the drift time of theelectrons, a full 3D reconstruction of the trajectories can be achieved resulting into a more performanttracking of the particle.

2.2 Recent TPC developments in nuclear physics
A time projection chamber (TPC) is a device that allows for a 3D track reconstruction. It consists of a(large) gaseous drift space in a uniform electric field (ionization regime) and a narrow amplification region(proportional regime) close to the detection plane, as illustrated in Figure 2.3. When the particle traversesthe volume, it ionises the gas, and the electrons drift towards the amplification region and the detectionplane. From the drift time information, the third dimension is reconstructed. The TPC is a powerful toolfor particle identification and tracking in the detection volume. It allows determining vertexes in reactionsand emission angles that are not easy (and sometimes even impossible) to determine with solid detectors.
A TPC can work in the "Active target mode" when the gas is employed as a target to produce specificreactions. In nuclear physics, this working mode of the TPCs was developed to study reactions involvingunstable nuclei, as reviewed in [79] and [80]. When studying these exotic nuclei, the beam intensities thatcan be reached are reduced. Active Target detectors compensate this relatively low intensity beams: theydo not present major losses of resolution by using thicker targets than solid detectors, and they have ahigh detection efficiency. These two characteristics make them powerful tools for both direct and inversekinematics experiments, becoming sometimes the only feasible way of measurement.
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Figure 2.3: TPC detector operation principle. The large drift space is used to measure the drift timeof the electrons, from which the third dimension can be reconstructed. The drifted electrons will creatediscrete avalanches in the proportional region close to the detection plane where the signal is measured.
In nuclear physics, there are mainly two motivations that boosted the development of more performanttime projection chambers: the measurement of short half life nuclei decay products (protons) from exoticnuclei and the study of nuclear reactions in inverse kinematics for nuclei far from stability (active targetmode experiments).
Depending on the origin of the motivation, some more recently developed TPCs can be highlighted suchas MAYA, built at GANIL (2003) [81] and AT-TPC built at NSCL for active target measurements purposes[82]. Within the decay measurements, the CENBG TPC (2005) [83] and the Optical TPC (O-TPC) builtin Warsaw (2007) [84] can be pointed out. Both aimed to measure the individual proton energies and theangular distribution for two proton radioactivity and other multi-proton decays. Astrophysical interest ofmeasuring β delayed proton emitter decays with no β background also lead to the construction of TPCs inthis field, such as AstroBox (2013)[85]. While in general, the time projection chambers, built to measure in

Figure 2.4: Scheme of highlighted recent TPCs designed depending on their goals.
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active target mode (MAYA, AT-TPC) are not optimized to work in decay mode and the ones built to measuredecay products (CENBG TPC, O-TPC, AstroBox) are not adapted to perform measurements in active targetmode, ACTAR TPC is a more versatile tool: it is suitable to perform experiments in both modes.
2.3 ACTAR TPC

The ACtive TARget and Time Projection Chamber (ACTAR TPC) consists of a large drift volume inwhich the detector works in ionization mode followed by an amplification micromegas system of 128 µm[103] (proportional regime) close to the anode and the detection plane. The detection plane (256x256 mm2)is segmented in 2x2 mm2 pads. Consequently, the produced avalanches create significant signal only onthe closest pads. The collected signals are sampled in time for a full 3D reconstruction. In the active
target mode, the gas in the chamber is used as a target to produce a desired reaction with the beam. Inthe decay mode, the gas is simply used as a thick stopper of the radioactive beam to then measure thefollowing decays. In the present work, ACTAR TPC is used in decay mode, the ions of interest are stoppedand detected in the gas volume together with the decay products.

The ACTAR TPC device was born as the fusion between two different projects that developed twodifferent time projection chambers: MAYA, built at GANIL [81] aiming to study direct and transfer reactionsof exotic beams on light particles targets (Active Target Mode experiments [86] - [90]) and the CENBG TPC[91] developed at the LP2iB (Laboratoire de Physique de 2 Infinits Bordeaux) to study exotic decays in theneutron deficient region such as two proton or beta delayed proton emission (Decay mode experiments [54],[92]). ACTAR TPC was built at GANIL in collaboration with LP2iB, KUL (Katholieke Universiteit Leuven),USC (Universidad de Santiago de Compostela) and IPNO (Institut de Physique Nucléaire d’Orsay). Themain progress with respect to MAYA and CENBG TPC is the fact that each pad from the segmented2D detection plane is equipped with digital electronics for time sampling. The high number of involvedchannels resulted into a specific electronics development (General Electronics for TPCs (GET)) [105]. Thefirst front-end electronics board became available in 2014 for signal processing tests [93]. Some yearsafter (2015 and 2016) two different 8-times smaller demonstrators (32x64 pads) of the device were builtin GANIL [94], [95] and LP2iB [96] respectively to validate the correct operation of the ensemble. Thefirst ACTAR TPC full size (128x128 pads) experiment in Active Target Mode "Commissioning of the ACtiveTARget and Time Projection Chamber (ACTAR TPC)" [97] was performed at GANIL in 2017. It aimed tostudy the 1H(18O, 18O) 1H resonant reaction. In 2019, the first decay mode experiment (study of protonemissions from 54mNi and 53mCo [98]) took place at GANIL.
The experiment of the present work, 48Ni two proton emission, was performed at GANIL in 2021, afterbeing cancelled in 2020 due to COVID-19 pandemic. Other experiments have been performed in 2022 inActive Target mode: the study of the 20O(d, 3He)19N transfer reaction, and together with other detectors(PARIS-EXOGAM, ZDD) ACTAR TPC has been used to perform other experiment aiming to study the lossof magicity in the neutron rich Silicon isotopic chain through the measurements of 34,36,38Si(p,p’) reactions.Other experiments (both in Active Target mode and decay mode) have been already accepted at TRIUMF(Measurement of states of 21Al [99] and 17F proton elastic scattering experiments [100]) and RIKEN: twoproton emission from 67Kr [101] and proton emission from 68Br, 72Rb, 89Rh, and 93Ag [102].
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Figure 2.5: ACTAR TPC timeline. In the left yellow part, the main experiments from both MAYA [87],[89], and CENBG TPC [91], [54] together with their dates are shown. In the continuous orange line, themain ACTAR TPC tests for the electronics, both of the demonstrators, and all the experiments that havebeen performed can be found. Finally, on the dashed part of the timeline, some already accepted futureexperiments are shown.
The ACTAR TPC detector will be described in the three following subsections: the first one (2.3.1)consists of a general description of the chamber structure. The second one (2.3.2) contains the charac-terization of the main elements in the effective volume: the drift region and the detection plane. Finally,the last subsection (2.3.3) is dedicated to explain the extraction of the signal and the connection to theelectronics.
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2.3.1 ACTAR TPC chamber

Figure 2.6: Drawing of the ACTAR TPC chamberand main components of the structure.

The ACTAR TPC chamber consists of a stain-less steel structure of 606x606x360 mm3 with twogas inlet and outlet located at opposite corners inthe bottom and top of the structure respectively andsome feed-through for voltage power supplies (bot-tom), pulser input signal and signal extraction (top).The flanges are made of 1.5 cm thick aluminum.They minimize the possible deformation due to theinternal and external pressure differences. The bot-tom flange has different holes: to introduce a sourcein the chamber if needed for tests and to connect aturbo pump, useful for vacuum cleaning before thegas filling process. In the front flange, on the in-coming beam side, there is also a hole of 100 mmof diameter in which a "nose" holding an entrancewindow of 45 mm diameter is mounted. The fullchamber rests on a metallic structure that allows tochange and fix the horizontal and vertical positionsof the detector to better perform the alignment withrespect to the beam line. The readout electronics isseparated from the detection plane because of geo-metrical constraints. A large arched steel structureholds it on the top part of the chamber. The sidesof this structure are equipped with small ventilatorsmeant to cool the electronic boards.
2.3.2 Effective volume: drift region, de-
tection planeThe main elements of ACTAR TPC for the ionization and detection processes are located inside theeffective volume. The ionization volume (295x295x255 mm3) is surrounded by a double-wire field cage andthe cathode and anode. The signal collection is performed in the detection plane (pad plane), located onthe top part of the chamber.

The double-wire field cage and the cathode are placed on the bottom plate, held by four ceramicinsulating pillars as shown in Figure 2.7. The field cage (295x295x255 mm3) consists of a first internalcage made of copper wires of 20 µm diameter with 1 mm pitch and an external one with 2 mm wires pitch,connected through 4.7 MΩ resistors, ensuring a constant degradation of the potential to produce an uniformvertical electric field. The field cage is transparent to particles escaping the volume. This allows for theinstallation of additional detectors around the volume. The choice of a double-wire field cage was done inorder to minimize field deformations inside the effective drift region, as explained in [95].
The detection plane (pad plane) and the anode are placed on the top flange. The pad plane consists of128x128 pads of 2x2 mm2 (a total of 16384 pixels). It is equipped by a micromegas amplification system of128 µm gap manufactured by the CERN PCB Workshop [103]. The Micromegas (MICRO-MEsh GAseousStructure) is a proportional counting-type amplification system. It consists of a thin metallic grid lying
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Figure 2.7: Illustration of the effective volume of ACTAR TPC and its main elements described in the text.
above the detection plane. This grid is called micromesh. It is made of stainless steel wires of 18 µmdiameter and 45 µm pitch. The micromesh is held by insulating pillars to the anode (pad plane), creatingthe amplification gap and separating the low field drift region from the amplification region. An illustrationof the micromegas is shown in Figure 2.8.

Figure 2.8: Illustration of the micromegas components. The micromesh in grey held by the pillars (darkred) to the pad plane.
The applied voltage between the micromesh and the anode produces a few tenths of kV/cm electricfield. Each electron will gain enough kinetic energy between collisions to be able to further ionize thegas, creating an avalanche that generates the signal in the anode. Since the amplification gap is small,the image of the avalanche on the anode is small. This translates into a good spatial resolution. Theamplification gap in the case of ACTAR TPC (128 µm) is bigger than the ones used in standard micromegasdetectors (50 µm). Since ACTAR TPC involves measurements at low pressure, a larger amplification gap isneeded to compensate for the longer ionization mean free path of the electrons in the gas (a higher gainneeded). The amplification or gain depends on the gas characteristics and the applied electric field.
When using ACTAR TPC it is possible to adjust the gain independently in different regions of thepad plane by applying a voltage on the pixels. For some experiments in which the central part is used tomeasure the beam energy and the rest of the particles are expected to be outside this region, the localgain customization can be crucial. In these cases the pads are negatively polarized, the electric field in theamplification gap results to be locally weaker so that the amplification becomes smaller, avoiding saturation
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in regions with huge energy deposit and assuring enough amplification in the rest of the detection plane.
Apart from the main elements described above, the effective volume of ACTAR TPC has some spaceleft so that auxiliary detectors such as silicon detectors can be installed around four of the sides of thedrift region. Additionally, in the front flange of the volume, there is a cylindrical nose that minimizes thedistance of the incoming beam to the drift region, hence minimizing reactions occurring before the activevolume when working in active target mode. All the elements mentioned above are also illustrated in Figure2.7.

2.3.3 Extraction of the signal: metallic-core PCB and connection to the electronics
(ZAP! boards)The extraction of the signal collected on the pads is done with a specific PCB (Printed Circuit Board),built to overcome two main challenges: to assure a high density of individual connections spaced onlyby 2 mm and the capability of holding pressure differences (about 1 bar) between the outside and theinside of the chamber. Two different prototypes were studied: a normal multilayer PCB glued on top of ametallic plate [95] and the construction of a metallic-core PCB [96], developed at GANIL and at CENBGrespectively. The first prototype required the use of intermediate boards to adapt the pitch to a 2 mm (padsize) one. In order to avoid that, the second solution was preferred.

The outside part of the metallic core PCB plate is made of male connectors spaced by 2 mm, each ofthem taking the signal of one single pad. This external part of the PCB is called FAKIR (in reference toa bed of nails). An illustration of a part of the PCB is shown in Figure 2.9.

Figure 2.9: View of a part of the pad plane from both sides: internal (left) and external (right) with anindication of its main features.

Figure 2.10: Illustration of the ele-ments connecting the pads to the elec-tronics.

The connection to the electronics is made by using the ZAP!boards. Apart from being used for signal extraction, they protectthe electronics from possible sparks on the pad plane. Both themetal-core-PCB plate and the ZAPs were developed at CENBG[96] and built at CERN and FEDD [104] respectively. Theyare connected with a Kapton flex cable to the AsAd (ASIC andAnalog to Digital Converter) boards as illustrated in Figure 2.10where the signal is processed and digitized. The full electronicselements and processes are further explained in subsection 2.4.
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2.4 GET electronics
The General Electronics for TPCs (GET) [105], designed for the current generation of time projectionchambers and active targets, is a generic acquisition system that can control up to 30000 channels. Thefirst element in the GET electronic system is the AGET chip (Application Specific Integrated Circuit (ASIC)for GET) that will be described in detail in subsection 2.4.1. An AGET chip processes the information of 64signal channels. Four of them are put together on an AsAd board (ASIC and Analog to Digital Converter(ADC)) where the signal is digitized. The data flux of four AsAd boards is collected in the ConcentrationBoards (CoBos) that are placed, powered and read in two different Micro-TCA (Micro TelecommunicationsComputing Architecture) shelves [106] (master and slave) together with a MuTanT (Multi Trigger and Time)module. The trigger and clock from the GET system are given by the master MuTanT module. The shelvesare connected at high speed (10 Gb/s) to the data acquisition system. An illustration of the differentelements of the GET architecture is shown in Figure 2.11.

Figure 2.11: GET electronics scheme, including an example of the main elements mentioned in the text.Each of the CoBo boards, located in a µ-TCA shelf, together with the MuTanT module, is connected tofour AsAd carts (green), each of them with four AGET chips (grey) that process and record the signal from1024 pads.
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2.4.1 AGet chipThe AGET chip contains the electronics circuits for the processing of the input signals from 64 channelsof the detection setup constituting the front end electronics. The signal on each channel is preamplified,shaped and discriminated by selecting some parameter values, which usually can change from one experimentto another. All important electronics parameters described along the subsection and their values in thecontext of this work are summarized in Table 2.1. A functional scheme for a single channel of the chip isshown in Figure 2.12.
In each AGET chip, in addition to the 64 signal channels, there are four FPN (Fix pattern noise)channels that can be used to suppress the coherent noise of the AGET in an event-by-event basis, asfurther explained in 4.1.2.

Figure 2.12: One channel signal processing example il-lustration (see text for details).

The preamplification made with a CSA(Charge Sensitive preAmplifier) can be ad-justed fixing the input capacitors Cg so thatthe full charge range becomes 120 fC, 240 fC,1 pC or 10 pC. The gain is selected to be 240fC in the context of this work, a value selectedafter tests to optimize the proton charge res-olution.
The shaping is performed using an analogfilter with a peaking time τ that can be mod-ulated from values between 70 ns to 1014 ns.A large peaking time translates into an improved signal over noise ratio but a worse separation in time inthe case of multiple signals within a short time window, (i.e. multiple tracks in the vertical plane). Whenselecting the peaking time, a compromise between these two effects is pursued. The peaking time τ is setto 334 ns for the current experiment.

The output signal of the shaper (amplified by a gain -2 amplifier) is used to determine whether thechannel is hit or not by sending it to a tunable threshold discriminator. Individual thresholds RT hr can beselected by software to determine whether the channel is hit. This value is set to 2.2 % of the full signalrange in the current experiment. In "full readout" mode, all the pad signals are read. The readout dead timeand the size of the stored data can be reduced if only the channels having a signal over the threshold arestored: the "partial readout" mode. The hit pattern is read by the CoBo board in order to decide whetherstoring the channel data or not.
The output of the shaper is also sampled in time and stored in a circular analog memory (SCA, SwitchedCapacitor Array) to be further digitized by an ADC.
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Figure 2.13: Circular memory timeevolution. The memory starts to befilled (green) and overwritten (blue)until receiving a write stop signal (pinkdot). Then the reading process of thefull memory (purple) starts. This pro-cess repeats for each event.

Each of the channels is equipped with one of these SCA com-posed by 512 capacitors (memory spots) in which the signal iswritten continuously with a tunable frequency Wf from 1 MHz to100 MHz.
When starting the acquisition, the charge begins to be writtencell by cell. While no trigger is received, the charge is overwrittenafter each complete loop. If a stop signal is received by the SCA,the writing process ends, leading to the reading of the memorycontent (for one full loop, 512 memory spots). These three stages(writing, overwriting and reading) are illustrated in Figure 2.13.The signal in the SCA is further digitized by the AsAd (ASIC andADC) boards. As a result, the output data consists of (up to) 512time samples with a 12 bits amplitude information. After the eventreading, the full process starts again.
The stopping signal of the SCA corresponds to the event trig-ger signal (issued by MUTANT) with an added delay δt, assuringin this way that the full signal is written before the reading takesplace, as further illustrated in Figure 2.17.
It is possible to reduce the number of cells to read in thememory (readout depth N) to minimize the readout time and theamount of data. The trigger delay δt, the writing frequency Wfand the readout depth N are adjustable parameters that need tobe selected for each experiment conditions, according to the driftvelocity of the electrons in the gas. Their values within the contextof this work are set to 16 µs, 25 MHz and 256 samples respectively.Consequently, the output data of a channel consists of 256 timesamples covering a total range of 10.2 µs.
Due to the channel signal processing described in this sub-section by the CSA and the shaper, the output samples are not adirect digitization of the input current distribution. It is possibleto reconstruct this information by deconvoluting the data from theresponse function of the channel electronics, as further explainedin section 4.1.5.
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2.4.2 GET trigger.The ACTAR TPC trigger is handled by the MuTanT module. There are three different levels that canbe used for the triggering of the GET system: level 0 trigger (L0), consisting of an external trigger, level 1trigger (L1), an internal trigger taking into account the full multiplicity in the detection plane and the level2 trigger (L2), delivered after a hit pattern analysis by a dedicated programmed function. In the currentexperiment, only the two first trigger signals are employed, the L2 level being out of the scope of this work.
During the E791 experiment, the GET system is set in "L0 mode" (triggering made by an externalsignal). Nevertheless, the L1 signal is used externally, (as further explained in Subsection 2.4.3 andChapter 3). Therefore, the L1 signal construction process by the MuTanT module is introduced in thefollowing lines.
The individual pad signals after the discriminator are summed, digitized with a 25 MHz frequencyADC and sent to the CoBo modules, where this signal is divided by an average of the observed signalamplitude. A multiplicity signal, result of the sum of these values for all the CoBos (x16) is sent to theMuTanT module, as illustrated in Figure 2.14.

Figure 2.14: Scheme of the L1 trigger signal construction by MuTanT from the single channel signals.
The treatment of this multiplicity signal is based on a time over threshold analysis: in order to generatea trigger, the multiplicity signal has to be above a threshold value MT hr during some time (or equivalently:during a number of time buckets ntT hr). Both parameters are predefined by software. Regarding thisexperiment, the multiplicity signal is required to be above 15 channel hits during 3 time buckets. This timeover threshold analysis is important due to the differences in time and multiplicity for tracks with differentvertical angles (i.e. horizontal and vertical tracks with respect to the detection plane). Vertical tracks hitless pads during a longer time compared to horizontal ones, as illustrated in Figure 2.15.

2.4.3 GET decision logic for E791The events of the current experiment have two different natures, whose characteristics will be furtherdetailed in 5.1: the implantations (nuclei entering the ACTAR TPC volume) and their detected particlesemissions. In the case of a "decay event", originated inside the detection volume, the only triggeringpossibility comes from the GET system. For this reason, the L1 signal, described above, is used externallyas an input of a GMT (General Master Trigger) module to trigger the full experiment acquisition (TrigE791),as schematized in Figure 2.16.
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Figure 2.15: Illustration of the multiplicity time over threshold analysis made by the MuTanT module forvertical (left) and horizontal (right) tracks to generate a level 1 trigger.

Figure 2.16: Scheme of the trigger logic in the experiment and its different inputs: external detectortrigger for implantation events, further discussed in 3.6 and L1 signal for decay events. The GET systemis triggered in L0 (external trigger mode).
This signal is taken using one of the available inspection lines of the MuTanT module. A secondinspection line of the MuTanT module is used to output a dead time signal starting from the trigger signalas illustrated also in Figure 2.17.

GET parameter ValueGain capacitance Cg 240 fCPeaking time τ 334 nsReadout threshold RT hr 2.2 % signal rangeTrigger delay δt 16 µsSCA readout depth N 256SCA writing frequency Wf 25 MHzMultiplicity threshold MT hr 15Time buckets over threshold ntT hr 3
Table 2.1: GET electronics parameters in E791 experiment.
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Figure 2.17: Illustration of the internal GET trigger. A trigger signal induces a write stop on the analogmemory shifted by a defined trigger delay in order to register the full signal. The inspection line 1 of themodule is used to send externally this trigger to the experiment main trigger module (GMT, see Section3.6. The inspection line 2 output is used to send the dead time corrected from the trigger signal (dark redsignal). These two signals are sent into the inspection lines and are externally employed for the experimenttrigger and dead time logic.
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Chapter 3: E791 Experiment
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This chapter is dedicated to the E791 Experiment performed at GANIL (Grand Accélérateur Nationald’Ions Lourds) France (May 2021) aiming to measure the 48Ni two proton radioactivity. The main elementsand setting choices of the experiment for its three main stages: production, selection and implantation ofthe exotic nuclei in the ACTAR TPC device will be discussed. The last two sections are devoted to explainthe E791 acquisition decision logic and online basic analysis performed to optimize the production andimplantation of the nuclei during the experiment.

3.1 Introduction
The E791 experiment was performed at GANIL (Grand Accélérateur National d’Ions Lourds) Franceaiming to produce 48Ni nuclei, implant them in the ACTAR TPC device and measure their decay products.
The exotic beam is produced by fragmentation of a 58Ni primary beam sent on a natural Ni target,as further discussed in Section 3.2. The exotic fragments are selected using the LISE3 spectrometer [107]in several selection stages, as detailed in Section 3.3. This selection, not being perfect, results into asecondary beam composed by several nuclei. The choice of the gas and pressure in the Active TargetTime Projection Chamber is further discussed in Section 3.5. These three main elements of the experiment:initial beam production, fragmentation beam selection and implantation in ACTAR TPC are illustrated inFigure 3.1.

Figure 3.1: Illustration of the main elements composing the experiment: ion source and cyclotronsaccelerating system (primary beam production), target and spectrometer (radioactive beam production andselection) and ACTAR TPC device (implantation of the exotic nuclei).
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Some position and timing (for time of flight measurements) detectors are located along the spectrometerline. Silicon detectors (for energy loss measurements) are placed in the final Section of the beam line. Adescription of their main characteristics and location in the beam line can be found in subsection 3.4.
The trigger and time logic of the experiment is built in such a way that the different nature events inthis work (implanted ions and decay products) are registered, as explained in Section 3.6.
Due to the fragmentation process, large velocity and angle dispersion are introduced within the producednuclei. A restrictive selection made with the spectrometer leads to a reduction of the transmitted nuclei. Thespectrometer settings are thus chosen as a compromise between a good selection and optimized transmissionrates. As a result, the secondary beam, even after the spectrometer selection, results to be a mixture ofseveral nuclei, (a so-called cocktail beam). The experiment was performed during three weeks with a totaleffective beamtime of 277 hours, in which only 191 hours of measurements were performed using the finaloptimized settings for the spectrometer. One should notice that the optimization process was not easy andtook time. The Section 3.7 is dedicated to the description of such a process.

3.2 Primary and radioactive beam

The primary beam is produced by the acceleration of 58Ni11+ ions extracted from an ion source. Theacceleration process occurs in three stages, a first cyclotron is used to accelerate the ions up to 1A MeV(C0). They are further injected into the CSS1 cyclotron, where they gain up to 10A MeV. The ions thenget stripped in a thin carbon foil (58Ni26+) before entering into the last cyclotron (CSS2), where theyget accelerated up to 75A MeV with an average intensity of 5 µA. To produce the secondary radioactivebeam, these accelerated ions are sent to a 210 µm natNi target where their fragmentation occurs, producingessentially nuclei with masses smaller than the one of the beam.
The primary beam is chosen to have the closest Z with respect to the desired nuclei to be produced.This choice minimizes the dispersion in energy and angles in the fragmentation process, as discussed in [108]resulting in a better selectivity in the spectrometer. The target choice natNi is preferred to a lighter one(for example beryllium) because of the intermediate energy primary beam regime at GANIL. Around theseenergies (Fermi Energy), the incident beam can pick-up protons from the target before the fragmentationoccurs, as discussed in [109]. The probability of removing N neutrons and some (picked-up) protons ishigher than the probability of just removing N neutrons. By choosing a proton-rich target instead of alight one, this picking-up is favored and the production of very exotic neutron deficient nuclei increaseswith respect to the production achieved with a lighter target.

3.3 Selection process (LISE spectrometer)

The fragment selection is achieved using the LISE (Ligne d’Ions Super Epluchés) spectrometer [107]. Itis mainly composed of two dipoles with adjustable slits in their focal plane, some quadrupoles to refocus thebeam, an achromatic degrader and a Wien filter as shown in Figure 3.2. The purification of the radioactivebeam proceeds in three stages when going through all the elements described hereafter.
Magnetic Rigidity selection: when the ion goes through a dipole since the applied magnetic field isperpendicular to the velocity of the incident particle, it will follow a curved path with a radius ρ given by:
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Figure 3.2: Main elements in the selection process of the LISE spectrometer: first dipole (≈Av/Z selection),achromatic degrader and a second dipole (≈A3/Z2 selection) and a Wien filter for the velocity selection.Adjustable slits are placed after each selection stage.
ρ = Av

QB . (3.1)
Where ρ is the radius of curvature of the path of a charged particle with mass A and charge Q, movingat a speed v that is perpendicular to a magnetic field B. Since the incoming ions are fully stripped, thecharge is equal to the number of protons so that Q=Z. By defining the magnetic rigidity as the productof the applied magnetic field and the curvature radius of the ion trajectory (Bρ), the equation 3.1 can bewritten as:

Bρ = Av
Z . (3.2)

By adjusting the applied current in the magnet, ions of interest with a characteristic Bρ0 will continuestraight and those with different values will be deviated by the magnetic field. A (Bρ + δ) window,compromise of purity and intensity, is then selected using adjustable horizontal slits located in the focalplane of the first dipole. After this first stage, the selected ions are dispersed in energy. The secondBρ selection is generally a symmetric process to the first one that compensates the dispersion of the firstselection and allows refocusing the beam.
Energy Loss in an achromatic degrader: the insertion of a foil degrader between the two dipoles inthe intermediate focal plane enables to make a further selection of the ions depending on their number ofprotons Z. The traversed thickness (∆S) in the foil makes the isotopes losing energy as:

Eloss ∝
Z 2
A ∆S. (3.3)

Thus, isotopes before the degrader may have the same (Bρ ≈ A
Z v ) but if they do not have the same Z, thedegrader will induce a shift in the Bρ between species before entering the second dipole. The foil degraderis shaped in such a way that the relative difference of Bρ of a species before and after the degrader isconserved, fulfilling the achromatic condition. The effect of this degrader together with the second dipoleresults in a selection according to A3/Z2.

Selection in velocity: finally the nuclei are selected with a Wien filter or velocity selector which isa device consisting of perpendicular electric and magnetic fields. The module of the total magnetic andelectric force for an incident ion with perpendicular trajectory with respect to B, is given by
F = q(|E | − |v ||B|). (3.4)For beam particles with a velocity v = E

B the Wien filter does not induce any force on them. Selectingthen the electric and magnetic fields such as their coefficient is equal to a given reference velocity vref (for
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the desired isotope) |E ||B| = vref , the Wien filter induces a curvature radius for the contaminants. The slitsinstalled after the Wien filter as shown in Figure 3.3 complete the velocity selection by stopping the ionsthat go out the filter with a certain radius.
3.4 Additional detectors for identification purposes

Some additional detectors are placed along the beamline for identification purposes, as shown in Figure3.3. Their working principle, positions along the beamline and uses during the experiment will be discussed.

Figure 3.3: Simplified beamline schematic view showing the position of the identification detectors alongthe beamline. Two CATS detectors (CATSD4) and (CATSD5) are located between the second dipole and theWien Filter. In the final part of the beamline, a first silicon detector (Si(E1D6) and another CATS detector(CATSD6). After an aluminum degrader, there are two other silicon detectors Si(E3D6) and Si(E4D6) anda gaseous detector (CFA) right before the ACTAR TPC detection volume.
The CATS detector (Chambre A Trajectoires de Saclay) is a low pressure multi-wire proportionalchamber (MWPC) developed by the CEA/DAPNIA, Saclay [110] to provide event-by-event particle trackingand time information in experiments with radioactive beams. It consists of two cells that share a commonanode. The CATS detector has a double stage amplification, in contrast to high pressure chambers where thecharge multiplication occurs only at the vicinity of the wires. The electric field is considered to be constantbetween the cathodes and the anode up to some small distance of the wires, where the second chargemultiplication occurs. This property is advantageous for beam tracking as discussed in [110]: significantsignals obtained with small thickness of gas, good time resolution and high counting rate capabilities.
The anode is composed of 10 µm gold-plated tungsten wires with 1 mm pitch. The cathodes are placedin parallel with the anode on each side at the same distance from it. Each cathode consists of 28 aluminiumoxide strips disposed horizontally and vertically respectively, evaporated on a Mylar foil of 1.5 µm thickness.Each strip signal, induced by the traversing particle, is registered individually for a position reconstruction.The total active area of 70x70 mm2 is delimited with two extra self-supporting 1.5 µm Mylar windows, onein each of the sides of the detector. They isolate the detector from external pressure conditions, avoidingany deformation of the cathode and preserving the uniformity of the electric field [110]. The low thicknessof the Mylar foils ensures the transparency of the detector.
The CATS detectors are placed perpendicular to the beam axis. All the data coming from these detectors
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Figure 3.4: Exploded view of a CATS detector and its main components described in the text: Mylar(transparent orange) supporting windows in the extremes, two cathodes (blue) for horizontal and verticalposition reconstruction, spacer and anode for time signal (dark red).
aim to identify the ions by their time of flight measurements (timing information) and their different positionsalong the detector (positions in the X and Y planes, perpendicular to the beam direction). Three differentCATS detectors are placed along the beamline as illustrated in Figure 3.3. The first one is locatedafter the second dipole of the LISE spectrometer (CATSD4). This detector is used only for time of flightmeasurements. The second one (CATSD5), is installed after it (following the direction of the beam). Apartfrom the timing signals, this CATS is used for particle position reconstruction in the X (dispersion) plane.Finally, a third CATS detector (CATSD6) is located after the Wien filter. It provides, besides from a timingsignal, position measurements, in both X and Y planes.

The CFA is a circular, thin multi-wire proportional gas counter of 30 mm diameter. It is similar tothe CATS detector but with non stripped cathodes. It is placed inside the ACTAR volume, installed in the"nose" right before the drift region as shown in Figure 3.5. This detector provides timing information fortime of flight measurements and allows for a more precise counting of the incoming ions that are reallyimplanted in the chamber because of its proximity to the active volume. It was originally installed to beused as a trigger for the implantation events, but as it is discussed in the following Section 3.6, it wasfinally removed for the final settings because of its reduced entrance window.
Silicon detectors: Semiconductor detectors in which the incident particles energy deposit is obtainedby measuring the number of electron-hole pairs created by the traversing charged particle. There are threesilicon detectors installed along the beam line, as shown in Figure 3.3. The first one, (E1D6), 143 µmthick, is located after the Wien filter and before the CATSD6 detector, the second and third one (E3D6and E4D6) with thicknesses of 143 µm and 300 µm respectively, are installed after the aluminium degraderand before the detection chamber. These three detectors provide energy loss measurements of the incidentions and are used for identification purposes.
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Figure 3.5: Scheme of the placement of the CFA detector inside the nose. Left and right images correspondto a different view of the nose installed inside the ACTAR volume (Views from the inside of the detectionvolume and from the outside, respectively). In the right one, the structure for the installation of the detector(yellow components) are visible.
3.5 ACTAR-TPC: gas and pressure choice

In this experiment, the ACTAR TPC detector, previously described in Chapter 2, is filled with Ar(90%)+
iC4H10(10%). The pressure is set to 300 mbar or 450 mbar depending on the experiment settings as explainedin Section 3.7.

The use of a noble gas as the main component of the gas mixture is recommended in gaseous detectors,as discussed in [76]. The ionization in these gases is simpler in comparison to complex molecules, in whichmany non-ionizing energy dissipation modes are available. Argon is a good compromise between highspecific ionization properties and its low cost. The drawback of using only a noble gas (Ar in this case)appears at some gains from 103 to 104, as discussed in [111]. In these cases, two different processes canoccur during the ionization: some of the atoms of the noble gas can be excited, emitting a photon with ahigh enough energy (11.6 eV for Argon) to produce photo-electrons in the cathode. Secondly, Ar positivelycharged atoms can drift to the cathode and neutralize by extracting an electron from it. In both of theprocesses, new electrons that do not come from the original charged particle ionization can drift towards thedetection plane. To avoid spurious signals coming from these electrons, a more complex molecular structureis included in the gas mixture, the quencher component. First, this component absorbs the Ar photons inan efficient way due to its large amount of available excitation modes. Secondly, it also neutralizes theAr ions before they can reach the cathode. The quencher can also drift to the cathode, but secondaryemissions in its neutralization are very unlikely (the radicals of the polyatomic molecule will most likelyrecombine instead). The efficiency of a quencher gas depends on the number of atoms. Isobutane iC4H10is commonly used for these purposes.
The pressure of the gaseous detector enables to adjust the density of the material used to stop theions. Since the energy lost at each collision is a statistical process, the distribution of the stopping pointsof the nuclei are large. By increasing the pressure in the detector, the number of implanted ions of interestcan be maximized. On the other hand, the range of the decay particles becomes smaller when increasingthe pressure. For the determination of the angles between the emitted particles, a minimum length isrequired (greater than the transverse multiplicity) in order to determine the direction of emission of theparticles. The pressure is then selected as a compromise between maximizing the number of implantationsin the detector and obtaining long enough particle tracks. During the experiment, the pressure value waschanged after the analysis of few 2-proton decay events, as it will be discussed in Section 3.7.2.
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3.6 Trigger and time logic
In this work, the events of interest have two different natures: the implanted ions and the decayproducts of these ions. They are triggered in a different way.
Implantation events can be triggered by a signal from any of the detectors in the beamline. Ideally,the CFA detector, placed just before the detection volume (as explained in previous Section 3.4) is usedfor this purpose. Its position, close to the detection volume, ensures to trigger the events that really enterthe chamber. During the experiment, it was confirmed that the CFA detector was reducing the acceptancein ACTAR since the diameter of its entrance window is smaller (30 mm) than the ACTAR TPC one (45mm). After removing this detector, the E1D6 Silicon detector signal was taken as the implantation triggerinstead of the CFA one. As a result, some of the triggered implantation events may have no signal in ACTARTPC (nuclei that did not reach the chamber) but more implantation events are available for identificationpurposes.
Decay events occur inside the ACTAR TPC gas volume. These events can thus only be triggered by asignal coming from the pad plane. For this purpose, the MuTanT L1 signal is used. This trigger is builtfrom predefined pad thresholds and a time over threshold multiplicity analysis, as explained in Section2.4.2.
Other signals are available for both triggers: silicon detectors E1D6 and E3D6 for implantations, andmesh signal for decay events. During the experiment, they were all connected to different inputs of aGMT (Ganil Master Trigger) in order to verify the response of the different elements and easily changethe final trigger if needed. The final trigger can be selected by software combining the different GMTinputs. In the E791 experiment, for the final settings, only two triggers were used: silicon E1D6 signal forimplantations and L1 ACTAR TPC signal for decays. These signals are also sent and registered as scalersusing a Universal Marker Module (U2M), as shown in Figure 3.6. The scaler values allow keeping a traceof possible event losses due to dead time of the acquisition (i.e. if an increment higher than 1 is observedbetween two registered events).

Figure 3.6: Trigger logic during the E791 experiment. More entries were connected to the GMT, but onlythe ones used for the final settings of the E791 experiment are shown for simplicity. Only E1D6 and L1OKfinally contributed to the final trigger in the final settings.
There are four different acquisition branches in the experiment, triggered in a synchronized way byone of them (the master acquisition (VXI)) when none of the others are in dead time.
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The master acquisition (VXI) handles the silicon detectors (E1D6, E3D6, E4D6) signals and the scalerregistration (U2M). Its main elements are the master trigger module (GMT) and the CENTRUM (Clockand Event Number Transmitter Receiver Universal Module). The GMT module provides the master triggersignal to the slave acquisitions, and the CENTRUM module delivers a time-stamp and an event number toeach of the acquisition branches. The master acquisition is inhibited if any of the other branches are indead time. This common dead time logic ensures that none of the acquisitions is triggered more than theothers, leading to a unique time-stamp and event number for the same physical event.
Two acquisition branches (VXI2 and VXI3) are used for CATSD5 and CATSD6 position signals,respectively. The dead time signals are provided by two GAMER (Ganil Acquisition Module for ElectronicResources) modules. They are sent to a Fan-In Fan-Out (FIFO) (or logic) to build a common dead time(DTV XI2) signal) if any of these acquisitions is in dead time.
The GET system composes the last acquisition branch. The dead time signal DTGET is provided byone of the two MuTanT modules (the master one).
The DTGET signal is sent together with the DTV XI2 one to a logic or (FIFO) and the output signal isused as inhibit of the GMT. The common dead time logic is illustrated in the top part of the Figure 3.7.All the acquisition dead times are measured by sending the dead time signals to a coincidence module in"OR" mode with a 1 MHz clock, as illustrated in the bottom part of Figure 3.7. This coincidence incrementsa scaler in U2M. The dead time can thus be obtained in an event-by-event basis from the difference intime between a given event and the previous one: dtevent = dtevent − dtevent−1 . The dead time of the fullacquisition, of the order of 200µs is dominated by the VXI dead time values.
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Figure 3.7: In the upper part of the figure, the inhibition of the trigger if any of the systems (GAMERs orMuTanT) is in dead time is shown (dark red arrows). If the event is validated (pink signal) the validationsignal is sent to trigger the slave modules (green, orange and blue signals). The time-stamp and eventnumber information are sent to the slave acquisition branches by the CENTRUM module when receivingthe validation signal of the master trigger. The bottom part of the figure shows the registration of thedifferent dead times into a U2M (scaler) module by sending the inverted dead time signals (blue) as aninhibition to a coincidence module in "OR" mode with a 1 MHz clock.
3.7 Towards the final settings

The optimization process consists of two main ingredients: an adequate selection of the region ofmeasurement around the nuclei of interest and the maximization of the number of interesting implantationsin ACTAR TPC. For both processes, the online identification of the nuclei is a key step. This is typicallydone by using the available information taken from the identification detectors placed along the beamline(see Figure 3.4) as further described in subsection 3.7.1. In the specific case of the E791 experiment,additional online helpful information can be extracted from ACTAR TPC by measuring both, the distributionof the implantation depth of each of the nuclei and their decay products. The last part of this Section 3.7.2is dedicated to explain how these measurements are used for identification purposes. When producing suchexotic nuclei, the optimization of the settings is particularly difficult and a significant part of the beam timeduring the experiment was dedicated to it. As a result, the total production, transmission and implantationof the most exotic nuclei are lower than initially expected.
3.7.1 Online IdentificationThe most basic identification of the ions is made by plotting the energy deposit information given by asilicon detector as a function of the time of flight, measured from the difference of two time signals. In this
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identification plot, the different isotopes appear to be separated, since their energy deposit is approximatelya function of Z2 and their time of flight is a function of about A
Z . An example of an identification plot isshown in Figure 3.8.

Figure 3.8: Measured time of flight between the cyclotron radiofrequency (HF) and the CATSD6 detectoragainst the energy deposit in a silicon detector (E1D6) for four small runs in the final configuration.Different nuclei can be distinguished in the identification plot (orange ellipses). Also, some holes (blueellipses) corresponding to unbound nuclei are observed. The Z, TZand N lines are drawn in purple, pink and green respectively.
During the E791 experiment, in order to increase the number of transmitted exotic nuclei along thespectrometer, the momentum slits after the first selection dipole were opened. The consequence of thischoice is a large momentum acceptance of the spectrometer. The effect in the identification plot ∆E-ToF isan overlap of the nuclei with the same Z. The basic identification process is thus not suitable for the finalanalysis to recognize the different isotopes, as it will be explained in Section 5.2.
The time of flight versus the energy deposit identification plot was nevertheless used online. First toverify the production of the different fragments: the accumulated identification plot during a certain timegives, just by looking at it, first information of the region of measurement: the non-observation of unboundnuclei (holes) helps to identify the rest of the nuclei around. Second information is extracted by comparingthe production rates with the ones predicted by LISE++ [131] simulations.

3.7.2 ACTAR TPC "online" measurementsWhen dealing with a cocktail beam, the identification of the species is a key point for the interpreta-tion of the measurements made with ACTAR TPC. The identification process allows separating the decayinformation associated to each ion. This is performed (in the analysis stage) creating contours in theidentification plot and requesting the time of flight and the energy deposit values of each event to be inside
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each of them. Under a specific contour condition, distributions of implantation depth and information aboutthe associated decays can be obtained individually for each species.
In order to cross-check the identification of the different isotopes during the experiment, the decayproducts (protons) of the implanted nuclei were analyzed semi-online. After an implantation, the associateddecay events are searched within a time window. The distribution of the time difference between decay andimplantations events N(t) follows the decay law:

N(t) = N0e ln2
T1/2 t. (3.5)where N0 is the value of nuclei at a time t=0 and T1/2 the half life, characteristic for each nucleus. A firstestimation of the half-life can thus be obtained by fitting the curves with the previous equation 3.5. Takinginto account that N0 depends also on the half life as: N0 = NA

ln2
T1/2 (where NA is the number of measureddecays) and incorporating a background factor Nbg to take into account fake coincidences, the equation 3.5can be rewritten:

N(t) = Nbg + NA
ln2
T1/2 e

ln2
T1/2 t. (3.6)

The Nbg term is calculated in a first step by fitting the decay events correlated at negative times (fakecoincidences). This parameter is further fixed when performing the fit for the half life estimate with equation3.6. An example of the described fit process is shown in Figure 3.9. Since the half-lives are well-known

Figure 3.9: Time difference between implantation events and associated decays for a group of measurednuclei (same data set as the one used in Figure 3.8). Just by a first look, the non-proton emitters (orlow branching ratio proton emitters) can be identified: (42Ti, 43,44V, 44Cr). The background fit is shown atnegative times (orange line). The green line corresponds to the half-life fit. These plots aimed, in a firststage, to verify identification hypothesis during the experiment.
for the nuclei in the region, by comparing them to the experimental fitted values, the different nuclei can
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be identified. The non-observation of proton emissions from some of the species also helped to identifythose nuclei known to decay exclusively by β or EC processes. Both experimental observables were usedto adjust the spectrometer settings to allow the transmission of the desired nuclei though the beamline.
Once the settings of the spectrometer are optimized for the transmission of the nuclei of interest,the optimization of the implantation depths in ACTAR takes place. For that, experimental distributions ofimplantation depths were obtained by measuring the stopping point of the implantation tracks in ACTARTPC, as illustrated in Figure 3.10. This information was used to verify and adjust the LISE++ simulated

Figure 3.10: Stopping point of the implanted ions in ACTAR TPC for a group of measured nuclei usingthe same set of data as in Figures 3.8 and 3.9.
values for the implantation distributions and to modify several aspects of different elements in the beamlinesuch as the wedge thickness or the angle of the degrader. Such an analysis helped to get optimal conditionsfor the implantation of 48Ni, meaning that its implantation profile is centered in the detection volume.

Unfortunately, even within the optimized settings, the distribution is larger than the detection volume.Apart from optimizing the implantation ranges, the only way of covering more of the implantation rangewith ACTAR TPC is an increase of the gas pressure, as already mentioned in previous Section 3.5.
The initial pressure was set to 300 mbar. The first measurement of a two proton emission from 48Niduring the experiment allowed to optimize experimentally the pressure value in ACTAR TPC. These protonshave predicted energies of about 650 KeV [113], [114], [115]. The measured lengths were large enough(around 30 mm) so that an increase of the pressure in the detector by a factor of 1.5 (450 mbar) could beperformed during the experiment without any critical loss in angular resolving power. This major change inthe settings divides the full set of data into two groups, (first and second pressure configuration) as furtherdiscussed in the analysis chapter 5. The characteristics of these two settings are summarized in Table 3.1
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Configuration 1 Configuration 2Pressure (mbar) 300 450Mesh voltage (V) 250 270Cathode voltage (V) 4000 4900
Table 3.1: Different pressure configurations during the experiment and associated voltages in ACTAR TPC.
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Chapter 4: Pre-treatment of signals and drift ve-
locity measurements
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This chapter is dedicated to the first procedures to be applied on raw data to correct for systematiceffects, for ACTAR TPC (Section 4.1) and for the CATS detectors (Section 4.2). The last section is dedicatedto explain drift velocity experimental measurements performed using ACTAR TPC. The characterization ofthis value is important for the analysis of the tracks and the choice of experimental conditions.

4.1 ACTAR TPC signal corrections and calibrations
When treating an event in ACTAR TPC, the samples need to be analysed on a channel-by-channelbasis to retrieve global information of the event, such as the total deposited charge or the charge distributionin time. The main systematic effects (observed and studied on previous test measurements [93], [96], [116]-[118]) are discussed in this section. In order to improve the accuracy of the measurements, some firstcorrections need to be performed in an individual-channel basis: baseline and coherent noise corrections,explained in Sections 4.1.1 and 4.1.2 respectively. The pads having independent electronic chains for theprocessing of the signal may not generate exactly the same digital output data for a given charge deposit.When analysing an event (readout of the samples for all pads), the gain-matching of the different channelresponses in amplitude and time are needed. These two processes are explained in Sections 4.1.3 and 4.1.4respectively.
As mentioned in Section 2.4.1, the output samples measured in ACTAR TPC are not a direct digitizationof the input current distribution, but it can be reconstructed, as explained in the last Section 4.1.5.

4.1.1 Baseline CorrectionThere exist some systematic distortions of the measured signal at a "pad level" [93] that can be correctedby analysing the baselines (collected data with no signal), by subtracting them from the measured signals.To perform such a correction, an external (random) trigger is sent to MuTanT while no signal is sent tothe pads. The registered signal in full readout mode is averaged for about 1000 events to reduce thecontribution of the measured intrinsic noise. This correction is performed independently for each pad sincethe position and the shape of the baseline may differ from one channel to another, as shown in Figure 4.1.
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Figure 4.1: Different channel baseline measure-ments from the averaging of 1000 events. Theposition of the baselines vary between them.Thebaseline is not constant with the sampling time.
Figure 4.2: Single Event baseline measurementfor a given channel and average of the signals of1000 events for the same pad. The baseline is notconstant with the sampling time.

As discussed in Section 2.4, a pad signal consists of 256 time samples covering a total range of 10.2 µs.In an ideal case, a constant offset of the baseline for the measured signal is expected. This is not the caseas it can be seen in Figure 4.2 in which a single event and the average of 1000 events of a single channelsignal is shown. The baseline has a shape as a function of the time sample. Furthermore, the data forthe first sample and the last one exhibit a systematic effect (lower values). The former distortion is due toreadout of the buffer memory and the latter one is related to the position at which the write stop occursin the SCA analogue memory, as discussed in [93]. These two systematic effects are present also when ameasurement (with amplitude different from zero) is performed. Thus, by subtracting the baseline (calculatedfrom 1000 events for each channel), the two effects are considered to be corrected. The correction for agiven channel i measuring an induced charge q is given by:
si(q) = si(q)− ⟨s(0)⟩1000 . (4.1)

4.1.2 Fixed Pattern Noise (FPN) CorrectionEach AGET chip contains four extra (fix patter noise, FPN) channels (as mentioned in 2.4.1) locatedregularly between the 64 signal channels at channels 11, 22, 45 and 56. The FPN have been designedto measure the coherent noise of the electronics on an event-by-event basis. Apart from correcting forelectronic effects, they are used to correcting for possible cross talk signals coming from the neighbouringchannels (occurring at the chip level). This effect can be observed in figure 4.3, where a small peak inamplitude can be noticed. In Figure 4.4 an event signal from a single channel is plotted together with thefour measurements of the AGET FPNs.
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The "FPN correction" consists of a subtraction of the corresponding FPN signal from the sample signal:
si(q) = si(q)− ⟨sFPN (q)⟩4 (4.2)

The correction sFPN can be done with respect to the closest FPN channel or with respect to the averagevalue from the four channels in the chip. The two possibilities have been studied in [93]. The latter onebeing the best method to reduce the coherent noise, requires the registration of all the FPN values (1024channels in total for each event) which turns out to be bigger than the total number of registered amplitudechannels (above a defined threshold) in a standard event (from 100 to 500 pads in the context of this work).To minimize the size of the registered data, it is possible to reduce the number of FPN channels readwithin an event. In the current experiment, only two FPNs per AGET were stored, the ones located in theintermediate positions of the chip (22 and 56) and the correction is performed by subtracting their averagesignal.

Figure 4.3: FPN signals and average valuebetween them, used to correct the channel sig-nal.Some white text here
Figure 4.4: For a single event: Pulser signal ofa channel (orange) and signals from the four FPNchannel of the AGET.

4.1.3 Pad signal amplitude gain-matchingIn order to correctly analyse a track event, it is necessary to take into account the signal amplitudesfrom all the pads together. The amplitude response to a given collected charge varies for each channel. First,due to the electronics itself and secondly, due to small pad-micromesh distance variations, as mentioned in[96]. The latest one having a small effect and requiring advanced tests (scan with 55Fe X-ray source andMAGBOLTZ calculations [116]) is out of the scope of this work. The effect of the variation of the amplituderesponses is shown in Figure 4.5 in which the response of all channels for 6 different charges (sent usingan external pulser) are plotted together.
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The correction of the electronic gain effect requires to gain match the whole amplification of all channels.This is performed by sending pulse signals (with values covering the full amplitude range) on the mesh.For each input of the pulser Vpulser a channel-by-channel average amplitude response is calculated fromabout 1000 events:
Ampli(Vpulser) = ⟨Ampli(Vpulser)⟩1000 (4.3)The response of a given channel can be characterized by the curve of these averaged amplitude values asa function of the pulser input value, as shown in Figure 4.7. By performing a linear fit, the coefficients aiand bi characterizing the channel response can be obtained.

In order to gain-mach the response from an individual channel i, the Ampli(Vpulser) curves need tobe shifted towards the reference one. The calibration coefficients (c0
i and c1

i ) are obtained by fitting thechannel response Ampli(Vpulser) against the reference values Amplref (Vpulser). The correction for a givenchannel is then given by:
Ampli(q) = c0

i + c1
i Ampli(q) (4.4)The result of applying this correction can be seen in Figure 4.6.

Figure 4.5: Baseline corrected am-plitudes of the signal for all channels(128x128) with six different values forthe amplitude of the pulse injected onthe micromesh (∼1000 events per pulservalue). Variations of the amplitude re-sponse between the different channelscan be observed. ————————————————————————————

Figure 4.6: Corrected amplitudes of thesignal for all channels (128x128) usingthe same data set of Figure 4.5 (∼1000events per pulser value). The verticallines correspond to non-working chan-nels (10 pads), representing 0.06% of thetotal number of pads.some more whitetext over here to put upper the text —————————————
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Figure 4.7: Average response of a single channel (blue)as a function of the injected charge from an externalpulse. The reference channel response shown in orangeis chosen averaging 16 different channels. some morewhite text over here! If you know how to fix this inanother way please let me know!———————————– ———————-
4.1.4 Pad time signal alignmentDue to a clock distribution problem of the CoBo boards, there exist small variations of the time signalpeak positions between the pads, as illustrated in Figure 4.8 where the time peak position (time bucketwith the maximum amplitude) is plotted for a group of events given an input external pulse value. Sincethe position of the time bucket with the maximum amplitude is voltage-independent, the time correctionis performed for a single pulse value input Vp by averaging the measured time over about 1000 events
ti(Vp) = ⟨ti(Vp)⟩1000. By selecting a reference channel time tref , the channel time signals are shifted as:

ti = tref + tshift (4.5)
This results in an alignment of the time signal for all the pads, as shown in Figure 4.9

Figure 4.8: Raw time peak valuesfor all channels (128x128) using agiven pulse value (∼1000 events).some more white text over here!

Figure 4.9: Corrected time val-ues for the same data set of Fig-ure 4.8 (∼1000 events per pulservalue).some more white text overhere!
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4.1.5 Input signal reconstructionAs mentioned in Section 2.4, the output samples are not a direct digitization of the input currentdistribution. Although the treatment of the output samples is possible and sufficient in most of the cases,a more performant analysis can be achieved using the reconstructed input charge distribution. This can beimportant in the case of too vertical tracks, as evidenced in Section 6.10. The process of the signal inputreconstruction is described in this section, and its use is later discussed in Chapter 5 when talking aboutthe track fitting process. The use of the reconstructed signal requires a specific gain-matching correction(See Section 4.1.3 using reconstructed signal pulser responses.

Figure 4.10: Scheme of input signal, response func-tion and measured signal of the electronics.

The output measured signal sout(t) is the resultof the pre-amplification and shaping of the inputsignal iint in the AGET chips. All these processes(illustrated in Figure 4.10) compose the electronicresponse function h(t) defined:
h(t) = 1

Cg
· rshaper(t) · 2k (4.6)

White line
The response function has mainly four terms:the 1
Cg

term comes from the preamplification being Cg the gain capacitor. rshaper(t) represents the responsedue to the shaping. The factor 2 comes from the gain -2 amplifier located after the shaper. Finally, the kterm corresponds to the conversion from amplitude to coder units.
Mathematically, the output charge distribution sout(t) is defined from the convolution of the input signaland the electronic response function:

sout(t) = iint(t) ∗ h(t) (4.7)
If the response function is known, then the input signal can be reconstructed by deconvoluting sout(t)from the response function.
To build an estimate response function h(t) of the GET electronics, an output charge distribution sout(t)and the corresponding input signal iint(t) need to be determined. For this purpose, two different knownsignals spulser(V = −600mV ) and low voltage one1 sbase(V = +20mV are sent to the different channelsusing the AsAd pulse generator2. The output charge distribution sout(t) produced from the induced chargefor a given channel i is calculated from the difference of these two signals (averaged for about 1000 events)as:

si
out(t) = 〈si

pulser(t)〉1000 − 〈si
base(t)〉1000 (4.8)

Furthermore, by using the FPN channels in "functional test mode", the input signal iint (from the sentpulse voltage) is recorded bypassing the amplification and shaping processes of the electronics. A singlevalue, average of the two FPN channels signals from 1000 pulser events, is used for all the channels withinthe same AGET:
FPN i

out(t) = ii
int(t) = 〈FPN i

pulser(t)〉1000 − 〈FPN i
base(t)〉1000 (4.9)

1The use of the low voltage signal corrects for systematic effects as discussed in [93].2Electronics internal pulser able to send individual signals to each channel.
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Once sout and sint are determined, the response function can be extracted as the deconvolution of theoutput sample from the input signal. This is performed in the frequency space by using a FFT (Fast FourierTransform) algorithm. Due to the imperfections in the response function, the deconvolution process inducesan increase of high frequency noise in the reconstructed signal. To smooth the signal, a numerical low-passfilter Φ(f) is needed. The final reconstructed Fourier transform of the signal is then:
Irec(f ) = Sout(f)

H(f) · Φ(f) (4.10)
where the capital letters stand for the Irec(f) = F (irec(t)). Some different filters have been applied to realsignals from proton events in order to select a reasonable filter order and cutoff frequency in the context ofthe current work. Results with orders of 2, 4 and 8 (cutoff frequency fixed to 3 MHz) and cutoff frequenciesof 5, 3, 1 MHz (filter order fixed to 8) are shown in Figures 4.11 and 4.12 respectively. The higher orderfilters result in a sharper attenuation of high frequencies. A lower filter cut frequency results in a moreaccurate time precision but a larger broadening of the reconstructed signal, as discussed in [93]. The chosenvalues (filter of order 8 and frequency 3) result from a balance between the signal-to-noise ratio and thereconstructed distribution precision.

Figure 4.11: One pad signal example. In orange, the output signal, in blue, green and purple thereconstructed signal with filters of order 2, 4 and 8 respectively with a fixed cutoff frequency of 3. Thelatest one is chosen as a good compromise between time precision and low distortion of the signal.

Figure 4.12: One pad signal example. In orange, the output signal, in blue, green and purple thereconstructed signal with filters of cutoff frequency 5, 3 and 1 respectively with a fixed filter order of 8.The cutoff frequency of 3 (green) is selected for the filter since it minimizes the fluctuations of the signaland preserves a good time precision.
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4.2 CATS detector calibrations (CATibrations)
The analysis of the position signal provided by the CATS detector, described in Chapter 3 requires theuse of the different 27 independent strip charge signals. For each charged particle traversing the detector,there are some fired strips in the cathodes around a central one (detecting a maximum deposited charge).The value for the positions (in the x and y plane) can be estimated using different approximations. In thiswork, a Gaussian fit is performed for each event to obtain the center of the position distribution. This valueis further multiplied by the strip pitch (2.35 mm) to obtain the relative position in length units.
For a detection plane d (x or y), the position is calculated:

position(d) = Nc(d) ∗ 2.35 (4.11)
with c being the position of the center of the Gaussian peak and Nc(d) the number of the CATS stripcorresponding to the center of the Gaussian fit for a given detection plane d.

The charge response of each of the 27 channels to an induced charge may be different between them,as shown in the left of Figure 4.13. A gain matching, similar to the process described in Section 4.1.3 forthe ACTAR TPC device, needs to be performed for the channels of the CATS detectors.
By sending different signal pulses on the wires, the gain matching coefficients (ci0, ci1) adjusting theindividual channel responses to a reference channel are obtained 3.

Figure 4.13: CATSD6 charge response of one ofthe positions (Y) for different pulser values withoutapplying any gain matching.
Figure 4.14: CATSD6 charge response of one ofthe positions (Y) for different pulser values afterthe gain matching process.

Ideally, for a good position reconstruction of a charged particle traversing the detector, only fewchannels, corresponding to the maximum charge response ones, need to be taken into account. This isachieved considering the charges above a defined pedestal (Qd[i] > Qdped[i]), defined from a measurementwith no signal.
3More detailed in previous Section 4.1.3
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The CATS charge deposit signal is calibrated as follows:
Qdcal[i] = {Qdcal[i] = 0 (

Qd[i] < Qped
)

Qdcal[i] = Qd[i] ∗ ci0 + ci1 (
Qd[i] > Qped

) (4.12)

Figure 4.15: Comparison of CATSD6 (y position) signal for a single event for non-calibrated charge andcalibrated one (left and right, respectively). The fit used to reconstruct the position is shown in purple andgreen lines.
4.3 Drift velocity measurements

When using a TPC detector, the third dimension information (z coordinate) is taken from the drift timeof the electrons in the gas, as mentioned in Section 2.2 and expressed in equation 4.13. The length ofthe tracks (one of the most important analysed quantities in the detector) is thus sensitive to the driftvelocity value, that converts the time information into length units. Consequently, a precise value of thedrift velocity needs to be calculated to be further employed for the analysis of the tracks.
z = vdrift · t (4.13)

The electrons in the gas acquire a drift velocity proportional to the acceleration eE
me−

due to theapplied electric field strength E and the average time between collisions (τ) which depends on the gascharacteristics and pressure. The drift velocity can be predicted from the relation [119]:
v = eE

me−
τ (4.14)

Usually written in terms of the mobility factor µ = e
me−

τ as
v = µE (4.15)The drift velocity can be calculated using MAGBOLTZ simulations [120] knowing the gas characteristics,pressure and applied voltage. The drift velocity obtained for the gas mixture of the current experiment
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(Ar(90%) + iC4H10(10%)) at different E/P (electric field strength divided by the pressure) values are shownin Figure 4.16

Figure 4.16: Calculated drift velocity using MAGBOLTZ simulations [120] for different values of E/P anda gas mixture of Ar(90%)+ iC4H10(10%). From E/P=0.3 (V/cm/mbar) a saturation of the drift velocity valuecan be observed.
In some gases like argon-hydrocarbon mixtures, there exists a saturation effect in the drift velocity withrespect to the applied voltage [76], as can be seen from the simulation result in Figure 4.16 for values ofE/P above 0.3 V/cm/mbar. When performing an experiment with a TPC detector, working in this saturationregion is desired. This prevents from critical changes on the drift velocity in the case of small electric fieldor pressure variations.
Experimental measurements of the drift velocity value were carried out before the experiment withan alpha source, aiming to select a convenient E/P value within the saturation region and to obtain anexperimental value of the drift velocity. The general experimental procedure is introduced in Section 4.3.1.In the next two sections 4.3.2 and 4.3.3, drift velocity results from alpha-particle source tests and from theexperiment (using protons) are discussed. In the last Section 4.3.4, these results are compared to simulateddata using MAGBOLTZ/GARFIELD [120] [121].

4.3.1 ProcedureThe experimental measurement of the drift velocity is possible by sending charged particles into thedetector and analysing their trajectories. The energy of the incident particles need to be chosen within acorrect energy interval: small enough so that they do not escape the detector and large enough to allowfor an analysis of their trajectories in the gas. The range of a particle in the gas can be approximated bythe distance between the final point and the initial point of the track4 (∆p = pf − pi) :
lxyz(vd) =√∆x2 + ∆y2 + ∆z2 =√∆x2 + ∆y2 + v 2

d∆t2 (4.16)
This equation can be written in terms of the two-dimensional measured length (drift velocity indepen-

4The determination of pi and pf is further discussed in 5
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dent) and the time difference:
lxyz(vd) =√l2xy + v 2

d∆t2. (4.17)and further linearized as: (lxyz(vd))2 = l2xy + v 2
d∆t2 (4.18)where lxy and ∆t can be measured experimentally.

Fitting the squared measured length in the (X,Y) plane (l2xy) against the squared time difference betweenthe stopping and starting point (∆t2) allows obtaining the squared drift velocity value (vd)2 denoted as VD .
The incertitude in the drift velocity calculation is given by:

∆vd = ∆VD√4VD
(4.19)

where ∆VD is the error obtained from the linear fit.
4.3.2 Alpha source tests

Tests with an alpha source (239Pu + 241Am + 244Cm) were performed before the experiment in orderto optimize the settings and have an accurate experimental information about the drift velocity. The sourcemain emissions are alpha particles with energies of 5.16 MeV, 5.49 MeV and 5.81 MeV. The processdescribed in the previous section is performed for the three alpha particles by selecting the events withelliptical cuts in the lxy against ∆t plots, as shown in Figure 4.17. The linear fit is performed in (l2xy)against (∆t2) for the three different group of events, as illustrated in Figure 4.18.

Figure 4.17: Time difference and length in xy di-mensions and elliptical cuts. Figure 4.18: Linearization of length and ∆t andperformed fit from which the v 2
d value is extracted.

The result of the measured drift velocity is taken from the average of the three different drift velocitiesobtained for each alpha particle (See Equation 4.20).
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vdrift = 〈sqrt(v 2
drift)〉3α (4.20)

This measurement, performed with Ar(90%) + iC4H10(10%) at a pressure of 200 mbar, is repeated fordifferent applied electric field values (Edrift). The electric field created in the ACTAR TPC detector dependson the applied voltages in the cathode (Vcathode) and the anode (Vmesh). This value is given by:
Edrift = Vcathode − Vmesh

ddrift
(4.21)

where ddrift is the distance between the cathode and the anode (256 mm). In the present work, Edriftwas modified by changing the cathode voltage. The results of the measured drift velocities as a functionof the E/P factor are shown in Figure 4.19. Alpha-source drift velocity measurements were carried outin experimental conditions for the two different pressure configurations. The result of the former one isalso included in Figure 4.19, at E/P=0.488 (V/cm/mbar). Unfortunately, for the second configuration, thepressure is too high to be able to reconstruct the alpha tracks.

Figure 4.19: Drift velocity measurements as a function of the applied voltage on the cathode. Theerrors are omitted for an easier visualisation of the different components. (They are further included inFigure 4.22). The blue, green and purple lines correspond to the results obtained individually for the threeenergetically different alpha particles emitted by the 239Pu + 241Am + 244Cm source. The orange one isan average of the three values.
This curve indicates the behaviour of the drift velocity with respect to the electric field. It is moreconvenient to select values of E/P over 0.4 V/cm/mbar from which the variation of the drift velocity withrespect to the electric field and the pressure is smaller.
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4.3.3 Drift velocity from proton tracks
The same process explained before can be carried out for proton tracks. 41Ti, one of the isotopes studiedin this work, is a well-known β-proton emitter with proton peaks at 988 keV and 1542 keV. These protonsare slow enough to stay confined in the detector in most of the cases5 and energetic enough to have a fewcentimeters track to perform the drift velocity measurements. The drift velocity calculation corresponds tothe average of the two different values of vdrift (obtained for each proton) since no energy dependence isexpected, as in the case of alpha measurements.

vdrift = 〈sqrt(v 2
drift)〉2p (4.22)

The two different energy proton tracks can be selected in the same way as in the α tests (elliptical cutsin ∆t against lxy plot) but a second selection technique made in further steps of the analysis is performedinstead. This technique consists in a pre-selecting of the 41Ti protons in energy with a provisional valueof the drift velocity. Details about the method to associate the protons to the 41Ti emitter, the calculationof the proton lengths from a fitting of the track and the selection in energy are the focus of the analysischapter 5. The lxy against ∆t and (lxy)2 against (∆t)2 proton distributions are shown in Figure 4.20 and4.21 respectively.

Figure 4.20: 41Ti protons 2D lengths lxy againsttime differences ∆t between the beginning and theend of the tracks. Two main components can beobserved, corresponding to 988 keV and 1542 keVprotons. The measurements are made for the sec-ond configuration (pressure=450 mbar). The el-lipses are plotted for comparison with the alpharesults. The two components are selected by theirenergy value, instead using a preliminary value ofthe drift velocity (see Chapter 5).

Figure 4.21: Linearization of both parametersand the corresponding fit performed to obtain thesquared drift velocity value v 2
d , denoted as VD . Anintermediate energy proton line with lower branch-ing ratio is observed. This proton is not used forthe average of the drift velocity because of its lowstatistics. Congratulations, you found some whitetext! (still..)(—————————————————————————————————————————————————–)

5Depending on the implantation position of 41Ti
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Measuring the drift velocity with proton tracks (for high enough statistics) is a more precise methodfor the calculation of this value than the alpha measurements, in which the tracks are not fully inside thedetector due to the positioning of the alpha source outside the active volume. Furthermore, it becomes theonly way to measure the drift velocity for the second pressure configuration (pressure set to 450 mbar).The final values of the drift velocity for both of the 41Ti proton peaks are shown in Table 4.1 and plottedtogether with the alpha drift velocity measurements in Figure 4.22. The difference in precision comes fromstatistical effects. There are considerably fewer events in the first configuration than in the second one andmore low energy protons (988 keV) than high energy (1542 keV) ones. The drift velocity value, used forfurther analysis steps, is the average value of the two different peaks for each of the pressure configurations.
Configuration 1 Configuration 2Peak 1 44± 1(mm/us) 43.5± 0.4 (mm/us)Peak 2 45± 2 (mm/us) 44± 1 (mm/us)Mean 44± 1 (mm/us) 43.8± 0.5 (mm/us)

Table 4.1: Drift velocity results from the analysis of 41Ti proton tracks for both configurations of theexperiment, with pressures set to 300 and 450 mbar respectively.
4.3.4 Discussion and comparison of drift velocity results.The comparison of these values with GARFIELD/MAGBOLTZ [121], [120] calculations present sys-tematic differences, the predicted drift velocity being notably bigger. This could imply that the simulationdoes not reproduce well the experimental results at low pressure. These calculations, performed for particlephysics, are mainly compared to higher pressure data sets [122]. Further studies with a high numberof measurements, different gas mixtures and pressures, could be an interesting test of validity of thesecalculations at low pressure.

Figure 4.22: Drift velocities obtained usingalpha source, from the proton track analysiscompared with the simulation values. The or-ange points represent the average drift velocityvalue from the three different alpha particles.The blue and purple points are the vdrift ob-tained from the proton track analysis for thefirst and the second configuration respectively(300 and 400 mbar). Finally, the green curveare the values obtained with simulations usingGARFIELD/MAGBOLTZ[121], [120]. White textto put up the text higher——————————————-
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The analysis of the E791 Experiment is presented in this chapter. The different nature of the eventsin the data set, implantations and decays described in Section (5.1), divide the analysis into three mainparts: the identification of the produced nuclei (Section 5.2), the decay events (protons) analysis (Section5.3) and finally, the correlation between both (Section 5.4).
An important effect encountered during the analysis, the non-neutralization of the ions in the gas, isreported in Section 5.5. Finally, the impact of this effect and the different strategies to obtain the resultsof the main observables: half-life, proton energies and branching ratios are addressed in the last sectionof this chapter (5.6).

5.1 Implantation and decay events, observables
In the experiment, due to the relatively long half-life of the studied nuclei (in the order of tens ofmilliseconds), compared to the drifting time of the electrons (order of micro seconds), the implanted ionsand their decay products are triggered and registered as different events: implantations and decays, asalready mentioned in the E791 experiment chapter 3.
An implantation, in the framework of this experiment, is an exotic nucleus, part of the secondary beam,that successfully reaches the ACTAR TPC detector and stops inside it, as illustrated on the left of Figure5.1. Due to the large acceptance of the spectrometer during the experiment, several species fulfill thesetwo criteria. The identification of each species (using the information available from the different detectorsalong the beamline) constitutes the first part of the data analysis, discussed in detail in the Section 5.2 of
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this chapter.

Figure 5.1: Illustration of the two main different events occurring in ACTAR TPC. An implantation (left)consists of an exotic nucleus entering the detector’s active volume and stopping inside. A decay event(right) registers the signals from particles (protons) emitted during the decay of an implanted ion. The Xand Y axis correspond to the pad plane coordinates. The X axis goes along the beam direction and the Yaxis, perpendicular to it. The vertical axis (Z) is perpendicular to the detection plane.
From the signal of the implantation event recorded in ACTAR TPC, the stopping point of the incomingnucleus Pimpl in the volume can be determined. This information is used on an event-by-event basis toassociate the decay events to the implantation by imposing a spatial condition. This process constitutesthe third stage of the analysis, detailed in section 5.4. By measuring the stopping points of the incomingnuclei, the implantation depth distributions for each species can be determined. This information (alreadyused for settings optimization during the experiment as discussed in Section 3.7) is needed to determinethe detection efficiency of the detector, an important parameter to take into account when determining thebranching ratios, as it will be detailed in Section 5.6.3.
A decay event consists of a charged decay product (proton(s)) from an implanted exotic nucleus inACTAR TPC. These events only leave a signal in the ACTAR TPC device. An example of a two protonemission decay is illustrated in Figure 5.1. The analysis of the decay events (Section 5.3) providesinformation about the number of emitted protons, the length of each of the track signals from which theenergy is determined and the relative emission angles for multi-proton emission cases. The decay point isalso employed for the correlation between implantation and decay events, explained in Section 5.4.
From the analysis of both implantations and decays events, different observables can be measured, suchas the half-life and the branching ratios of the proton emission decay branches. If the event consists ofmore than one particle emission, further details can be determined such as the number of emitted particles,the angular distribution and the individual proton energies, as schematically illustrated in Figure 5.2.The capability of measuring such details when multiple proton emission occurs is a characteristic of TPCdetectors, being impossible to measure with silicon detectors.
The half-life information is determined from the time difference between the implantation event andthe decay one from the time-stamp value, as already mentioned in Section 3.7. The determination of thehalf-life is further detailed in Section 5.6.1.
The branching ratio of decay modes involving different numbers of emitted protons is estimated fromthe number of decay events with different numbers of tracks. The determination of the number of tracks ina single event is further explained in Section 5.3.1.
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Figure 5.2: Pad plane projection schematic view of two different measured events (implantation and decay)in ACTAR TPC. In black, the quantities that can be directly measured (Implantation depth, time betweenthe implantation and the decay, lengths of the proton tracks, angle between the protons). In purple, themain observables that can be obtained from them: half-life, proton energy and angular distributions.
To get the individual proton energies for both single and multiple track events, the length of thetrack(s) needs to be measured. This is performed by fitting the signal from these tracks, as furtherexplained in Section 5.3. The energy of the protons can be estimated from their lengths using range toenergy conversion tables as detailed in Section 5.3.3. For a given nucleus, we can estimate the branchingratio of the transitions by identifying and quantifying the different components in the decay proton energydistribution, as discussed in Section 5.6.3.
The angular distribution information, for multi-proton events, is obtained by computing the anglebetween the tracks. This is performed ideally after the fit process.

5.2 Identification of the nuclei
The fragmentation beam, even after the spectrometer selection, is composed by several nuclei (so-calledcocktail beam). As introduced in Section 3.7, a first identification of the different components during theexperiment allowed to select the correct mass region for the measurements and to tune the spectrometerfor an optimization of the implantation of the desired nuclei in the ACTAR TPC detector. Besides, for thestudy of decay products associated to a specific nucleus, the identification process becomes one of the mostimportant tasks in the analysis. The identification of the ions can be done by measuring the time of flight(between two time measurements) and the energy deposit in a silicon detector (2D identification matrix),as explained in Section 3.7.1.
In the current experiment, due to the very small number of events in the most exotic cases, theidentification contours need to be extrapolated from the less exotic nuclei (see dashed pink contours inFigure 5.3). Furthermore, due to the specific conditions of the experiment (large momentum acceptance ofthe spectrometer), the nuclei overlap in the 2D identification matrix, as can be clearly seen in the bluedashed circles of Figure 5.3. This overlapping is much more relevant in the time of flight parameter fornuclei with same Z and ∆N = ±1. When projecting this parameter on a Z line for a group of nuclei withequal Z (see Figure 5.4), a tail towards the lower N nucleus time of flight distribution is observed.
A first set of contours is created on a run-by-run basis for all nuclei in this 2D identification matrix(corresponding approximately to the ellipses shown in Figure 5.3) for a first basic identification of the nuclei
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and the starting point of the more complex identification process described below. The result of these cutsfor the N=20 line (41Ti, 42Ti in the projection on the Z line are also shown in Figure 5.4).

Figure 5.3: Measured time of flight between the cyclotron radiofrequency (HF) and the CATSD6 detectorversus the energy deposit in a silicon detector (E1D6) for about 12 h of measurement in the final con-figuration. The different nuclei are delimited by the ellipses. The orange ones represent well-producednuclei from which the contours can be defined. The dashed pink ellipses, represent the most exotic nucleifor which an extrapolation of the contours is needed. The blue dashed circles show the overlap in Z of thedifferent isotopes.

Figure 5.4: Projection of the time of flightfor the Z=22 line (see Figure 5.3). The his-togram in light blue corresponds to the pro-jection of a global Z contour. In pink andblue, the projected time of flight values fulfill-ing initial contour conditions of 41Ti and 42Tirespectively (reduced with respect to thoseplotted in Figure 5.3). The tail of the 41Ti(N=19) distribution contaminates the neigh-bour nuclei 42Ti (N=20).
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A common way of reducing the contamination between the nuclei (high-rate experiments) is simply todecrease the size of the contours, meaning rejecting some of the events. In the current work, this may leadto significant losses, especially for the most exotic nuclei. A more complex (4-dimensional) identificationanalysis is performed instead aiming to obtain an associated error of the (predicted) identification on anevent-by-event basis, avoiding in this way to discard the events.
5.2.1 Experimental parameters for identification.By including other parameters in the identification process, a better separation of the nuclei can beachieved. Within this work, four different experimental parameters are used for this purpose: the energydeposit in two of the silicon detectors E1D6 (located right after the Wien filter) and E3D6 (placed after thealuminium degrader), the time of flight T_CATSD6_HF (measurement between the cyclotron radiofrequencyHF and the CATS detector placed after the Wien filter CATSD6) and the position (y-axis) given by theCATSD6_Y detector (see beamline scheme 3.3).

By approximating these parameters to be Gaussian-distributed, for a given nucleus Y , the expectedvalues of the parameters Pi(Y ) are centered around a mean value P0
i (Y ) with a width σi(Y ). For the lessexotic isotopes, these values are obtained experimentally performing a Gaussian fit for events fulfilling thecontour conditions in the 2D identification matrix, as shown in Figure 5.5 for the E1D6 value of one of theZ-lines (Z =24, Cr).

Figure 5.5: E1D6 energy values for a given run fulfilling the contour conditions in the 2D identificationmatrix for three different nuclei with same Z (45Cr,44Cr,43Cr). The expected values for the centroid and thesigma for these three well-produced nuclei are obtained from the Gaussian fit, shown by the dashed lines.
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5.2.2 Extrapolation of parameter values for exotic nuclei

The expected values of the parameters P0
i for the most exotic nuclei are obtained by extrapolation fromthe less exotic ones. This is carried out by fitting, for the different parameters, the expression predictingthe mean values P0

i as a function of the number of protons Z and the isospin Tz of the nucleus:
P0

i (Z , Tz) = [p0] + [p1] ∗ Z + [p2] ∗ Tz + [p3] ∗ Z ∗ Tz + [p4] ∗ Z 2 + [p5] ∗ T 2
z (5.1)

An example of this surface fit for the extrapolation of the E1D6 average value parameter is shown inFigure 5.6.

Figure 5.6: Centroid position of the E1D6 parameter as a function of Z and Tz . The experimental points(in orange) of the central values of E1D6 for the less exotic nuclei (obtained from a Gaussian fit) are usedto fit the surface with Equation 5.1 to get the extrapolated values (blue points at higher Z) for the nucleifor which the statistics is insufficient.
The same process is repeated for all the parameters: centroids P0

i and widths (σ ) for E1D6, E3D6,T_CATSD6_HF, CATSD6_Y. In the case of the σ extrapolation for higher Z, the quadratic terms in Equation5.1 are neglected.
5.2.3 Identification radiusIn order to identify a given event A, a comparison between the experimental values of the identificationparameters P⃗ A with the expected values for each nucleus group Y P⃗ 0

i (Y) needs to be performed. Assumingthe parameters to be independent, the criteria of identification is defined as the distance between P⃗ A and
P⃗ 0

i (Y) (i.e. measured energy value in E1D6 and the predicted values for the different candidates Y).
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Taking all parameters into account at once, since they are not directly comparable between them,requires a change of basis. This is performed by using the reduced parameter values pr
i (Y ), renormalizedby the dispersion value σi(Y ):

pr
i (Y ) = PA

i − P0
i (Y )

σi(Y ) (5.2)
The identification radius of a measured event A with respect to a candidate nucleus Y is defined:

R (P⃗ A, Y ) = ||p⃗ r(Y )|| =√√√√ n∑
i=1 (pr

i (Y ))2 (5.3)
where n is the number of identification parameters (4 in the current work).

The event A is identified to be a nucleus X within the candidate nuclei for which R (P⃗ A, Y ) is minimum.
If the correlation between the parameters is taken into account, the identification radius with respectto a nucleus X is defined:

R (P⃗ A, Y ) =√√√√ n∑
i=1

1
λi(Y ) (pr

i (Y ) · v⃗i(Y ))2 (5.4)
where v⃗i(Y ) and λi(Y ) are the eigenvectors and eigenvalues of the correlation matrix between theparameters, result of a change of basis of the initial parameters space u⃗i, ..., u⃗n (correlated) to a secondspace of parameters (non correlated) v⃗i, ..., v⃗n.The correlation factor is obtained performing a two-dimensional gaussian fit defined as:

G(Pi, Pj , Y ) = N2π ·
√1− ρ2

ij · σi · σj

·exp
(
− 12 · (1− ρ2

ij )
[∆P2

i
σ 2

i
+ ∆P2

j

σ 2
j
−

2 · ρij · ∆Pi · ∆Pj

σi · σj

]) (5.5)
where Pi and Pj are two different identification parameters, σi, σj their respective widths, ∆Pi, ∆Pjthe distance of the experimental values to their respective expected values P0

i , P0
j and ρij the correlationcoefficient.

Within this work, the correlation between the parameters of identification is approximated to be thesame for each group of nuclei with the same number of neutrons (N). The correlation coefficients areobtained for the most produced of the nuclei in each N line fulfilling the 2D identification matrix contoursconditions (41Ti for the N=19 line, 43V for N=20 and 45Cr for N=21).
5.2.4 ProbabilitiesIn order to estimate the error when identifying an event A with measured identification values PA, theprobability of identification as a nucleus of type Yi (P(Yi|PA) ) needs to be calculated. This is obtainedusing the Bayes theorem as:
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P(Yi|PA) = P(PA|P(Yi)) · P(Yi)∑
j P(PA|Yj ) · P(Yj ) (5.6)

where P(PA|P(Yi)) are the relative probabilities and P(Yi), the intrinsic probabilities (a priori) foreach nucleus type Yi. The intrinsic probability takes into account the experimental production rates of thedifferent groups of nuclei. It is calculated by comparing the number of events Ni fulfilling a given contourcondition (defined in the 2D-ID matrix) to the total number of nuclei.
P(Yi) = Ni∑

j Nj
(5.7)

An event A is identified as a nucleus Yi if the absolute probability P(Yi|PA) is bigger than the oneobtained for the rest of the candidates. The associated identification error is calculated from the absoluteprobability value:
ε(Xi|PA) = 1− P(Yi|PA) (5.8)

5.2.5 Limitations and use of the 4D identification analysisTwo different type of events are used for the analysis described in the previous subsections: non-implanted events and implanted events in the detection volume. For the former group, the availableinformation measured in ACTAR TPC is useless, and no associated decay events can be studied. On theother hand, the events that correctly stop in the detector are used in the identification process in a specialway, not only by using the identification detector signals but also by studying their decay products. Thisinformation became a key step when optimizing the settings during the experiment, as explained in Section3.7, and it is further employed to estimate the limits and performance of the identification process (i.e.the observation of two-protons events associated to a nucleus not emitting two protons indicates a wrongidentification of the event). As later reported in Section 5.6.2, identification issues are found for the mostexotic nuclei. A more suitable modeling of the parameter distributions may be required to reproduce themixing of the different species, as further discussed in Chapter 7, especially for the time of flight parameter.
The 4-D identification method having, at the current date, some limitations, it is used in the followingway: the initial contour conditions defined in the 2D identification matrix are kept as a first identificationguidance. The identification is performed on an event-by-event basis within three different categories, asschematized in Figure 5.7: The identification of "type 1", obtained when the parameters (energy E1D6and time of flight T_CATSD6_HF) belong to a candidate nucleus contour defined in the 2D identificationmatrix and the identification analysis predicts the same identity for the event. The identification of type 2,obtained when the contour identification and the 4-D identification analysis are not in agreement. Finally,the identification of type 3 concerns events that do not fulfill any contour condition in the 2D-ID matrixand are thus classified only by the 4-D identification analysis.
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Figure 5.7: Scheme of the use of both 2D contour-based classification of the nuclei using the identificationmatrix (see Figure 5.3) and the 4-dimensional identification analysis. Note that all events are classifiedand more or less strict identification conditions can be further applied.
In the present work, an identification of type 1 will be required for most of the nuclei except for themost exotic ones (45Fe, 49Ni and 48Ni) where the events with identification of type 2 will be taken intoaccount as well. In both cases, the energy deposit and time of flight are requested to lead to one of thedefined contours in the 2D identification matrix. Under this requirement, the remaining contamination in thepresent results (See Chapter 6) may always happen from lower N values, and it is considered negligibleotherwise (i.e: 41Ti cannot be contaminated from its higher N neighbour 42Ti) because of the definition ofthe cuts in the identification matrix, as shown in Figure 5.4.

5.3 Proton track analysis
The analysis of the proton tracks is carried out in several steps: first, the number of protons in eachevent and a first estimate of the emission and stopping point(s) of the track(s) in the detector need to bedetermined (subsection 5.3.1). A fit of the proton tracks is performed using the information of the previousstep as initial values (subsection 5.3.2). Once the tracks are fitted, the range of the particles in the gasare determined and converted into energy units as described in subsection 5.3.3. Further considerationsconcerning the resulting proton energy distribution and background are further studied in Section 5.3.4.

5.3.1 Number of tracks and initial fit valuesFirst of all, a linear 3D fit is performed to divide the decay data set into two groups: one track eventsand more than one track events. For the second group, the number of tracks nT is determined using a 3D
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adaptation of the Hough algorithm [124]. In both cases, a pre-calculation of the emission point P0 and thestopping point(s) Pn1 is performed. These three steps are discussed in the following subsections 5.3.1, 5.3.1and 5.3.1 respectively.
Linear fit (single track and multiple track)In order to divide the data set into single and multiple track cases, a first linear 3D fit of the particletrack is performed, using the linear least squares fitting technique (adapted code from [123]).

In the context of this analysis, most of the tracks are indeed one-particle emissions. By selectingfits with unsatisfactory regression coefficient1, multiple particle emissions, scattered tracks or events withextraneous traces are separated from the one-particle emission case. Performing this first linear fit is fast,and it reduces significantly the number of calls to a more complex function (Hough 3D) to determine thenumber of tracks in an event.
Hough 3D algorithm (determination of n-track events)When the linear fit is not satisfying, the Hough 3D algorithm [124] is employed to determine thenumber of tracks in the event.

The Hough algorithm, originally proposed for line detection in a 2D space by Hough in 1962, is avoting scheme for locating geometric objects in point clouds. The idea behind this algorithm is to discretizethe infinite space, converting it into an accumulator space (Hough space), a finite number of parametercells.

Figure 5.8: Group of four points in two dimensions.The lines connecting them correspond to the numberof line candidates N=4. The three aligned points willvote for the same cell c4 corresponding to the line withcoordinates (m4, a4) which correspond to the orangeline.

In a basic 2D case, for a measured point in apoint cloud, there are infinite lines that can passthrough it. Determining the common line to whicha group of points belong to, in this way, resultsinto an infinite comparison of the possibilities. TheHough "discretization" of the infinite space is madeby the construction of the lines between the mea-sured points (not infinite), with line coordinates(mi, ai). The space is then discretized with a num-ber of N lines (corresponding to all the lines builtbetween the measured points) and the parametervoting cells, ci for each line. An individual point be-longing to this parameter space "votes" for all linesto which it may belong to by adding a vote in thecorrespondent parameter cell. A parameter cell withmany votes then corresponds to a line with manypoints. An illustration of this space discretizationin a simple case containing few points is shown inFigure (5.8).
1selected to be the average distance between the cluster and the projection over the fit (4 pads), which takes into accountthe width of the proton track.
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The voting process is done in an iterative way by selecting the line with the maximum number ofvotes and removing the corresponding points that are close to it. Then, following lines are found in aniterative way until very few points are left or a specified number of lines is found. The line coordinatesfor the discretization of the space are usually not the Cartesian ones. In particular, when using theadaptation of the Hough 3d algorithm [124], this is performed based on the Roberts’s minimal and optimalline representation [125] and the discretization of the line orientations based on the tessellation of Platonicsolids method [126].
As an input for the algorithm, a point cloud data in the format (x, y, z) is required. This is providedby selecting the pads that received an amplitude signal over a defined threshold in one event. Otherparameters need to be specified as the maximum number of lines (nl), the minimum vote count (minvotes)and the step width (dx). The maximum number of lines in this work is selected to be three, since no morethan three particle emissions are expected. The minvote is the minimum count that one line needs to bechosen and it is set to 9 in this work. This value is chosen by testing the algorithm on the smallest tracks.The step width corresponds to the spread of the points around the lines, and it is important to avoid a twolines output corresponding to a wide track. To adapt this parameter to the current analysis, first informationabout individual track widths in an event-by-event basis is required, since their values within the data setcan be quite different from one event to another (energetic protons escaping the volume have much morethinner tracks than lower energy protons not escaping the detector). Instead of adapting this parameter foreach event, which will require a previous fit of the track, the output lines are compared in a second stepsuch that they do not have the same direction by computing their cross product. This allows to discardtwo parallel lines corresponding to the same wide track. Then, the default value proposed in [124] for theHough space cell width, defined in Equation 5.9 is chosen.

dx = √(xmax − xmin)2 + (ymax − ymin)2 + (zmax − zmin)264 (5.9)
Track extreme points determinationThe decay point P0 and the stopping point(s) of the different proton(s) Pn1 are obtained by thedetermination (in 3D) of the extreme points of the tracks, the "Good Extreme Candidates (GEC)".

The points corresponding to the maximum and minimum values of the track in the three coordinatesX,Y,Z compose the first six points of the GEC group, as illustrated in Figure 5.9. A seventh candidate canbe found, taking the 3D point coordinates containing the maximum collected charge amax on the detectionplane.
One track case: If the event consists of a single proton, there are only two different extreme points inthe track, meaning that only two of the 7 GEC points are different from each other. In this simple case,the maximum and minimum values of one of the coordinates (i.e. Pxmin and Pxmax ) allow determining theextreme points of the track. To avoid a wrong result in the case of parallel tracks with respect to theaxes, the distances ∆x = P(xmax ) − P(xmin) and ∆y = P(ymax ) − P(ymin) are computed, and the extremepoints are taken from the coordinate with the larger distance between the points. To determine which ofthe extremes is the emission point and which is the stopping one, the distance to the center of mass of thetrack is computed. Due to the shape of the energy deposit (Bragg Peak curve), the extreme point closer tothe center of mass is assigned to be the stopping point of the track.
Multiple-track case: For an event with n identified tracks, the GEC points are compared betweenthem to determine the (n+1) extreme points. Three of them out of 7 are different in a two-proton decay,
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Figure 5.9: Scheme of a two-proton track and the corresponding extreme points in 3D. In the two-trackscase, only 3 points from the 6 extremes candidates are different from each other.
as illustrated in Figure 5.9 and four out of 7 in a three-proton decay. This simple method is fast andsatisfactory within this framework in which the maximum of particles in an event is three. In the case ofinconsistencies between the number of tracks given by the Hough 3D algorithm and the number of (different)extreme values found, the event is treated manually using a fitting interface. Once the n+1 extreme pointsare obtained from the GEC group, the emission point can be identified from the rest of the extreme trackpoints by computing their distances to the intersection of the previously defined lines.

The number of tracks in an event n, the emission points P0 and the stopping points of the tracks Pn1 ,constitute the initial values for the next step of the analysis, the track fit. Examples of events with differentnumbers of protons and the pre-fit obtained values as explained below are shown in Figure 5.10.

Figure 5.10: Examples of single proton emission (left), β-two proton emission (center) and β-three protonemission (right) in the pad plane projection. The lines are the output of the Hough algorithm as explainedin the text. The decay points and the stopping point(s) (or limits in the pad plane) of the different tracks,are represented in orange.
5.3.2 Signal fitting

The fit of the tracks is performed by minimizing the difference between the experimental measuredamplitudes (Sexp) for each pad (n) and the expected value given by a model function Sfct defined by a set
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Figure 5.11: Normalized energy loss function fB of a 10 MeV proton simulated with GEANT4. The energydeposit E (λ) for a particle with reduced length λ is shown in orange.
of parameters Θ as defined in Equation 5.10.

D2(Θ) =∑
n

(Sexp(n)− Sfct(n)). (5.10)
The model function may reproduce the energy loss along the track, taking into account the dispersion dueto the drift of the electrons until reaching the detection plane. This is achieved by its convolution with anormalized Gaussian distribution.
Energy loss functionThe energy deposit of a proton in a gas has a well known shape (Bragg Peak curve), easily reproducedfrom energy loss tables or simulation. Since the signal amplitude recorded in each pad is proportional tothe initial energy deposit of the ionizating particle, the energy loss function fE can be built using a BraggPeak curve. This function is composed of two main ingredients: the track curve, defined as the segmentbetween the initial P0 and final P1 points of the track, and the Bragg peak energy loss model.

The coordinates of a point in the trajectory axis can be defined with a coordinate ε ∈ [0, 1] along thepath where the extreme values of ε: 0 and 1 correspond to the initial and final points in the trajectory axis(P0 and P1 respectively), as written in Equation 5.11.
P(ε) = P0 + ε(P1 − P0). (5.11)The vertical information z(ε), since it is measured from the drift time, has no absolute value and needs to beconverted into length units by multiplying by the drift velocity vdrift , a concept introduced and calculatedin the previous chapter 4. z(ε) is defined as:

z(ε) = zw + [ε(t1 − t0)] · vdrift. (5.12)where zw is the vertical position of the detector entrance window (centered at 110 mm) equal to the Zvalue at the initial point of a proton ideally emitted in the center of the entrance window.
The Bragg Peak model used in the context of this work consists of an energy-loss function fB for aproton of maximum energy E0 and associated length L0, both normalized to 1. The function, built from theBragg peak curve obtained for a reference proton of 10 MeV using a GEANT4 [127],[128] simulation, isshown in Figure 5.11.
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For a measured particle with energy E < E0 and thus a length L < L0, the reduced length parametercan be defined as λ = L
L0 . The energy deposit E (λ) for a particle with reduced length λ is given byEquation 5.13. It corresponds to a fraction of the full Bragg peak model, as illustrated in orange in Figure5.11.

E (λ) = E0
∫ 11−λ fB(λ)dλ∫ 10 fB(λ)dλ

(5.13)
The energy loss along the track fE can thus be described using the reduced length parameter λ, anamplitude scale factor A and the previously defined coordinate along the path, ε ∈ [0, 1], as shown inEquation 5.14.

fE (ε|λ, A) = AfB(λ + (1− λ)ε) (5.14)
The amplitude scale factor will adjust for the proton energy value with respect to the normalizedmaximum amplitude (reference proton amplitude value at λ ≈ 1 ). The length parameter λ takes valuesfrom 0 to 1 depending on the energy of the proton to be fitted.

Dispersion of the charge deposit due to the drift of the electronsThe charge deposit can be defined in two dimension (XY plane) by convolution of the energy lossfunction fE (ε|λ, A) in the trajectory axis with a Gaussian of width σ (5.15).
fXY = fE (ε|λ, A) · G2D(ε, σXY ) (5.15)

The width parameter σXY corresponds to the dispersion of the signal due to the drift towards the padplane. This dispersion depends on the vertical coordinate as √z(ε) : a charge created further from thepad plane produces a more dispersed signal with respect to an ionization that takes place close to the padplane. Since the electric field is uniform in the gas volume, the dispersion is the same for the whole padplane σXY (z(ε)). It is defined from two parameters (σ 0
XY and σ 1

XY ) by Equation 5.16:
σxy(z(ε)) = σ 0

XY + σ 1
XY
√

z(ε) (5.16)
The distribution function can also be defined in three dimensions in order to take into account the fulltime distribution measured on each pad. This is carried out by the use of a three dimensions normalizedGauss distributions for the convolution. The dispersion factor along the Z axis σZ (z(ε)) is defined from twoextra fit parameters (σ 0

Z and σ 1
Z ) as shown in Equation 5.17:

σz(z(ε)) = σ 0
z + σ 1

z
√

z(ε) (5.17)
The dispersion factors are the same for all proton tracks within the same detector and gas settings(drift voltage, pressure). Ideally, once a large number of fits are performed, the functions σxy(z(ε)) and

σz(z(ε)) can be determined and fixed, as further discussed in Section 7.2.
Contribution of all pads and set of parametersThe amplitude signal of a single pad is built as the sum of the contributions of all points along thetrajectory as defined in Equation 5.18

Sfct
ampl = 1√2π · σXY

·
∫ ε=1

ε=0 fE (ε|λ, A) · G2D(ε, σXY ) · dε (5.18)
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If the time information is taken into account (full 3D fit) this Equation is written:
Sfct3D = 1√2π · σxyσz

·
∫ ε=1

ε=0 fE (ε|λ, A) · G3D(ε, σXY , σZ ) · dε (5.19)
The functions defined in Equations 5.18 and 5.19 are two different models that can be used for theminimization (Equation 5.10).
The set of parameters Θ used to minimize the measured values with respect to the defined distributionfunction can be divided in three groups: The track curve parameters, ΘP : composed of the initial and finaltrack points P⃗0 and P⃗ i1, the Bragg peak model parameters ΘB: λi, Ai, and the parameters that define thedispersion of the signal in the XY plane: Θd: σ 0

xy , σ 1
xy and σ 0

z , σ 1
z for the dispersion in the third dimension.This results (for a single-particle fit) in a total of 12 parameters for a fit taking into account the dispersionin Z and 10 parameters otherwise. In the case of a multiple track event, the number of parameters in thesecond case, depending on the number of particles, nt , is given by:

nΘ = Θp(nt) + ΘB(nt) + Θd = (3 + 3nt) + 2nt + 2 (5.20)
Different levels of fitTwo different functions for the minimization process have been described in the previous subsections:the fit taking into account only the dispersion in the XY plane and the one taking into account also thedispersion in the Z dimension (3D).

The 3D fit is performed using, apart from the amplitude signals, the full time signal distribution foreach pad. This fitting process requires the use of the reconstructed input signal obtained from the responsefunction, process explained previously in Section 4.1.5. This fit, being the most accurate option (especiallyfor vertical tracks or events with multiple tracks), requires large computing times.
A third intermediate-level fit is defined by including a timing term Sfct

t (n)2 as a contribution to thefunction Sfct
ampl+t to be minimized, as expressed in Equation 5.21. An arbitrary coefficient ζ is included andadjusted to assure similar contributions of both amplitude and time components in the minimization process.

Sfct
ampl+t

2(Θ) =∑
n

(Sfct
ampl(n))2 + ζ(Sfct

t (n))2. (5.21)
The time information associated to the pads (Sfct

t ) is defined considering a time average of the signalcontribution along the track, weighted with the corresponding amplitude:
Sfct

T (x, y) = ∫ ε=0
ε=1 t(ε) · fE (ε|λ, A) · G2D(ε, σXY ) · dε∫ ε=0

ε=1 fE (ε|λ, A) · G2D(ε, σXY ) · dε
. (5.22)

The intermediate solution (2D amplitude+T) fit being a good compromise between performance andcomputing time is preferred in this work for single proton fits. For multiple tracks events, a 3D fit fromthe reconstructed input signal is performed. Examples of single and a two proton fits are shown in Figures5.12 and 5.13 respectively.
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Figure 5.12: Pad plane amplitude distribu-tion of a proton track. The result of an am-plitude +T fit, using Equation 5.21 is shownin orange.
Figure 5.13: Pad plane amplitude distribu-tion of a two proton event. The result ofan amplitude +T fit, using Equation 5.21 isshown in orange.

Proton length distribution for single proton emission.The proton trajectory lengths are calculated using the initial and final points of the tracks obtainedafter performing the fit of the tracks as expressed in Equation 5.23
lxyz = |−−→P0P1| =√(P0(x)− P1(x))2 + (P0(y)− P1(y))2 + v 2

d (P0(t)− P1(t))2 (5.23)
Representing together all the proton lengths, a first proton distribution can be obtained, as illustrated inFigure 5.14.

Two predominant peaks can be distinguished around lxyz =47 mm and lxyz =96 mm, known protonbranches of 41Ti at 988 keV and 1542 keV respectively. This proton distribution is dominated by the mostproduced and implanted nuclei in ACTAR TPC. By associating the implantations to the decay events (seesection 5.4) individual proton length distributions for each species can be obtained.
Length error due to drift velocity uncertainty.Since the number of interactions of a particle in a gas is a stochastic process, the measured lengthmay not be exactly the same from one event to the other. The widths of the peaks in the proton distributionof Figure 5.14 are explained mainly due to this effect. The error due to the fitting process may contributeas well to a spread of the proton peaks (i.e, determination of a length l ± ∆l for the same track).Consequently, the error associated to the fitting process (excluding the error due to the drift velocity value,treated independently in this subsection) is considered to be taken into account in the proton distribution.

As already mentioned in Section 4.3, the calculated length is sensitive to the drift velocity input value.The error associated to the uncertainty of the calculated drift velocity (∆Lvdrift
i ) depends on the length ofthe track (so the energy of the protons) and the angle of emission with respect to the detection plane, as
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Figure 5.14: Proton lengths obtained for the group of runs of the second experimental configuration(450 mbar pressure setting) after the fitting process. Some peaks can be distinguished at lxyz =47 mmand lxyz =96 mm, corresponding to the well known proton branches of 41Ti at 988 keV and 1542 keVrespectively.
illustrated in Figure 5.15. These errors have values between 0 (for horizontal tracks) with respect to thepad plane up to 3 mm for the most energetic protons emitted with vertical angles (>80°).

Figure 5.15: Scheme illustrating the (angle and energy) dependencies of the length error associated tothe uncertainty of the drift velocity: in the case of a horizontal trajectory (left), there is no dependencewith the drift velocity value. When the particle is emitted with a vertical angle θv (represented by thepurple line in the figure at the center) with respect to the pad plane, the error of the drift velocity resultsinto a shift on the calculated Z value (orange) which is proportional to Θp. In the case of a track emittedwith the same angle θp as the previous case but smaller energy (left figure), this uncertainty due to thedrift velocity error becomes smaller.
The length uncertainty is introduced on an event by event basis by converting a single entry (one tracklength value) into a normalised Gaussian distribution centered on the lxyz value with standard deviation asdefined in Equation 5.24. An example of this process is shown for some counts in Figure 5.16.

σ = lxyz(vdrift + ∆vdrift) (5.24)
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Figure 5.16: Some examples of track lengths obtained after the track fitting (blue counts). A small bin0.5 mm is chosen to better illustrate the effect of adding the error in an event-by-event basis, as explainedin the text (light blue Gaussians centered in the fitted length values (dark blue)). Within similar protonenergies (205 -230 mm tracks), a large spread (i.e. lxyz = 220 compared to the one at lxyz = 211) isobserved. This corresponds to a proton track emitted in a more vertical way with respect to the pad plane.

Figure 5.17: Same length distribution as the one on Figure 5.14 including the errors associated to the driftvelocity uncertainty. The histogram is filled with Gaussians of centers lxyz(vdrift) and σ = lxyz(vdrift+∆vdrift)with integral values of 1.
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5.3.3 Proton energy determinationThe energy of the protons can be determined using two different methods: using the track lengthinformation or measuring the total deposited charge in the detector. Both methods are valid only forprotons that deposit the full energy in the detector (not escaping the detection volume). The case ofescaping protons will be discussed in subsection 5.3.4.
Length to energy conversion using SRIMThe conversion from the measured length of the proton tracks to energy is performed using SRIM(Stopping and Range of Ions in Matter) [130], a group of programs used to calculate the range of ionsinto matter. The target characteristics (components and density ρ) and the incident particle need to bedefined as the input for this calculation. In the framework of this work, the simulations are performed foran incident proton towards a gaseous target composed by argon Ar(90%) and isobutane iC4H10(10%) at300 mbar and 450 mbar for the first and the second configurations respectively. The density of the gas iscalculated knowing the gas characteristics, pressure and temperature using LISE++ [131].

The output of the simulation includes, among other parameters, a range (R) to energy (E) table.The simulated proton energy E sim for a given proton range (measured track length lxyz) is calculated byinterpolation of the two closest SRIM table values
The energy calculation is sensitive to the target density value and therefore to the pressure andthe temperature of the gas since the detection volume remains constant. Small changes of any of themcan induce changes in the energy-range SRIM output tables. The values of these two parameters aremonitored and registered each 10 s during the experiment. The temperature changes during the experimentand oscillates with 1ºC amplitude for day and night measurements. The pressure, on the other hand,remains constant, as observed in Figure 5.18 and 5.19 respectively.
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Figure 5.18: Temperature monitoring in whicha clear day/night temperature oscillation of 1ºCamplitude can be observed.
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Figure 5.19: Pressure monitoring during the sec-ond configuration of the experiment.Some white textto align the images!
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Two SRIM calculations are therefore performed with ±1ºC for some fixed proton lengths to study theinduced energy shift due to the temperature variation. The energy varies by 2 to 3 keV depending on theproton length, as shown in Figure 5.20. An event-by-event temperature correction is not justified in thecontext of this work since the detector length resolution is about 2.5 mm at L=70 mm, that corresponds toan energy shift of about 20 keV.

Figure 5.20: Calculated energy shifts between areference temperature value (25ºC) within ± 1ºCfor a given proton length and with a fixed pressure.The orange and purple lines correspond to +1ºCand -1ºC variations, respectively. In the rangesof lengths covered in this work, variations by 2 to3 keV are observed.Some white text over here tomove up the caption of the figure——————————-
Adjustment of simulation input values (known energy proton analysis).
Although no correction in an event-by-event basis for temperature and pressure are performed in thecurrent analysis, the input values for the SRIM simulation are selected to avoid systematic errors in thecalculated energies. A study of the input values is performed by comparing measured proton tracks inACTAR TPC to their known energy values. This study is performed for two group of events correspondingto the two different pressure configurations. By determining the input value over a large number of events,possible temperature effects (day/night), small pressure shifts or gas flux variations are indirectly beingaveraged.
Only well known energy reference protons with relatively small errors are chosen for this process: thetwo main proton branches of 41Ti: 988(13) keV and 1542(6) keV, that can be distinguished in Figure 5.14together with two other reference values2 1260(36) keV (low intensity 41Ti branch) and 1198(12) keV (from46Mn) constitute the group of protons employed for the optimization of the simulation input values. Byperforming several (n) SRIM calculations with initial pressure and temperature values slightly shifted fromthe experimental ones, the values reproducing best the reference energies can be obtained. Considering aperfect gas in which PV = NRT (relationship between pressure (P), volume(V), amount of gas (n), andtemperature (T)) the process is simplified by changing just one of the two parameters.
Eight different SRIM tables T SRIM

n (Pn) are obtained using input pressure values P changed by ±5,
±10, ±15 and ±20 mbar from the reference experimental value. The range versus energy plot of thesesimulations, together with the reference proton values, are shown in Figure 5.21.

A χ2 test is performed for each of the simulation results T SRIM
n , by calculating the differences between

2These proton peaks are analysed in Chapter 6
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Figure 5.21: Different SRIM simulation Range-Energy curves generated with different pressure valuesaround the experimental pressure setting (P=450 mbar in this case). The points correspond to the measuredtrack lengths for well known protons and their reference energy values. Further details of the errorcomponents can be found in Equation 5.26 and Figure 5.22.
the predicted energies E isim and the reference energy E ref

i value for each of the four reference protons:
χ2(T SRIM

n ) = i=N∑
i=1

E ref
i − E sim

i√(∆E ref
i )2 + (∆E sim

i )2 (5.25)
where ∆E ref

i are the uncertainties of the energy values from the literature. The uncertainty of the simulatedproton energies ∆E sim
i is approximated:

∆E sim
i =√E sim(L + ∆L)− E sim(L) + ∆L2 (5.26)

as schematized in Figure 5.22.
The pressure input value P as a function of χ2(T SRIM

n ) has a parabolic shape, as shown in Figure 5.23and the vertex χ2(T SRIM
n )(Pmin) can be easily calculated fitting the points using a parabolic function. Thevalue of the pressure in the vertex, Pmin corresponds to the pressure that minimizes the differences betweenthe reference energy values and the measured ones, so the optimal pressure value to be used as an inputfor the SRIM simulation. The final pressure values obtained for each of the configurations are showed inTable 5.3.3.

Configuration Pmin ± ∆Peff
minP=300 mbar 298±2 mbarP=450 mbar 446±1 mbar

Table 5.1: Pressure input values minimizing the differences between energy values from the literature andsimulated ones for both experiment configurations P=300 mbar and P=450 mbar.
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Figure 5.22: Example of one point and its error components, as employed in the χ2 test. In blue oneof the simulation curves at a given pressure P. In purple, the error associated to the reference energy, ingreen, the error of the length of the proton tracks. The error ∆E sim is shown in orange, and it is calculatedas expressed in Equation 5.26, under the approximation of a linear pressure variation between −∆L and∆L.

Figure 5.23: χ2 values obtained (forthe second configuration) when trans-forming the length into energy withdifferent input pressure values, as in-dicated in Equation 5.25. The blueparabolic fit is used to obtain the pres-sure value that minimizes the differ-ence between the literature energy val-ues and the simulated ones. Congrats!you found some white text here.
The uncertainty of the pressure is calculated by taking the parabola χ2 values at +1 unit (one standarddeviation, 68% confidence level error [132]) from the vertex value χ2(Pmin):

∆Pmin = P(χ2 + 1) (5.27)
The results from the χ2 being bigger than 1 are corrected as:

∆Peff
min = ∆Pmin

√
χ2

min (5.28)
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Energy conversion error in one event
Due to the uncertainty in the pressure input in SRIM, the conversion from track length into energyunits induces a systematic uncertainty in the energy value of an event i:

∆EP
i = Ei(P)± Ei(P + ∆P). (5.29)

Two SRIM calculations are therefore performed with ±∆P to determine the error contribution. Theerror depends on the pressure uncertainty (different for the two pressure configurations) and on the lengthof the track (proton energy) due to the shape of the range-energy curves (see Figure 5.21). The energy shiftvaries from approximately 4 to 6 keV (first configuration) and 1 to 2 keV (second configuration) dependingon the proton length, as shown in Figure 5.24. By fitting this dependence, the energy error contributiondue to the uncertainty of the pressure as a function of the length can be calculated for each configuration(c) from the linear coefficients ac and bc:
∆EP

i (Lxyz) = acLxyz + bc. (5.30)
The values of these coefficients are shown in Table 5.3.3.

Figure 5.24: Induced energy shift dependingon the proton length when taking a pressurevalue P ± ∆P . The points correspond to thereference measured proton lengths. Congrat-ulations! you found a hidden piece of text.This is just to center the text cause otherwiseit looks too ugly
Configuration ac bc

P=300 2.5±0.2 0.028±0.002P=450 0.85±0.05 0.012±0.001
Table 5.2: Coefficients for the calculation of the length-dependent error associated to the pressure uncer-tainty (Equation 5.30). The value is taken conservatively from the P-2 mbar curve fit, since it presentsslightly bigger length dependencies.
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First energy proton distributionBy transforming the proton fitted length into energy using SRIM energy-length tables as explained inthe previous subsection, the two experimental data sets (corresponding to the different pressure configura-tions during the experiment) can be put together in a single proton energy distribution, as illustrated inFigure 5.25. The main peaks correspond to the two main proton branches of 41Ti as previously mentioned.The lower energy peak around 870 keV corresponds to the main proton branch3 of 44Cr in this energy range.
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Figure 5.25: Proton energies obtained from the fitted length of the tracks by transforming them intoenergy units using SRIM energy-length tables. The plot shows all the decay events measured during theexperiment.
The contribution of each proton in the energy distribution of Figure 5.25 is a normalized Gaussdistribution centered at the proton energy obtained from the length-to-energy conversion using SRIM witha width σ defined as:

σ =√(∆EP
i
)2 + (∆E vdrift

i
)2 (5.31)where ∆EP

i is the error due to the pressure uncertainty in the length to energy conversion (defined inEquation 5.29) and ∆E vdrift
i is the error due to the drift velocity uncertainty (defined in Equation 5.24)converted into energy units.

Energy from total charge measurementsA second method to obtain the proton energies consists of measuring the total charge deposited inthe detector. This is achieved summing the charges of all pads. The total amplitude distribution, built forall single proton events (shown in purple in Figure 5.26) shows a much lower resolution than the energydistribution obtained by transforming the track lengths into energy units. Only the two main peaks (from41Ti proton emissions) can be distinguished. Although the total amplitude information is not enough by itselfto reconstruct in a precise way the energy of the protons, when combined with the calculated energy (fromtrack length), it leads to a useful strategy to reduce the background from the proton energy distribution,as further discussed in Section 5.3.4.
3Further discussed in Section 6.3
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Figure 5.26: The total measured amplitude for proton events is represented in purple, from which onlythe two main energy peaks of 41Ti can be distinguished with a poor resolution in comparison to the protonenergy distribution shown in Figure 5.25. The total amplitude measured for the three main energy peaks(selected by gates on peaks from Figure 5.25) in green, orange and blue are also plotted together.
The total charge deposit for events with a given energy value (obtained from length to energy conversion)are plotted in Figure 5.26 for the main energy peaks in Figure 5.25. A trend towards smaller total chargevalues is observed for all the peaks (calculated energies too big with respect to the total energy deposit inthe detector). This effect is better observed at high energies, for which the probability of a proton escapingthe volume is higher. The identification of these events and the process carried out to remove them fromthe proton energy distribution are discussed in the next section 5.3.4.

5.3.4 Interpretation and cleaning of the energy proton distributions: escaping protonsThe escaping proton events can be used for the determination of half-lives, branching ratios betweendifferent number of proton emissions and also for angle determination. Unfortunately, their energy cannotbe reconstructed by any of the methods mentioned in subsections 5.3.3 and 5.3.3: an incomplete protontrack results in wrong length-energy and total charge-energy conversions.
Due to the size of the detector and the pressure settings, optimal for a low energy proton detection,protons with energies above 2.5 MeV may always escape the volume. Lower energy protons can also goout of the detection volume, depending on their decay point.

Protons escaping from the detection planeA decay is considered to be fully confined in the XY plane if the track is away from the borders of thepad-plane by 4 pads (threshold set to a single pad fired in this region). The proton distributions shown inprevious sections are built under this condition.
Protons escaping through the anode or cathodeThe particles can also escape through the anode or the cathode. The identification of such events isnot as trivial as on the sides of the detection plane, and it is performed by comparing the energy valuesobtained using the two different methods explained in previous Sections 5.3.3 and 5.3.3: length-energy
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and total charge-energy conversions, since they must be proportional. For an escaping-proton measuredlength-energy, the total collected charge in the detector is lower than expected, since the maximum depositof charge (Bragg Peak) is not measured. By selecting the events with non-proportional total charge andcalculated proton energy, these escaping proton events can be identified, as shown in Figure 5.27.

Figure 5.27: Total charge measured in thepad plane as a function of the measuredenergy (converted from track lengths). Allthe events within the purple contour areconsidered to have non-proportional totalcharge and proton energy, correspondingto escaping protons from the cathode andanode planes and are subtracted from theproton energy distribution.Some white textto move up the legend ————————————————————————————-
In some cases, for the protons escaping through the anode, the large energy deposit when traversing thedetection plane can lead to compatible total measured charge-energy values. The tracks whose maximumcharge is close to the saturating values of the electronics (3500a.u for a maximum value of 4096 a.u) areconsidered to traverse the pad plane and are consequently removed from the proton energy distribution.
Three different examples of XY-confined proton events are shown in Figure 5.28 to illustrate the twodifferent ways of escaping thought the cathode and anode and an example of a fully confined proton.

Figure 5.28: Example of three XY-confined proton tracks. The left case corresponds to an event escapingthrough the cathode (low energy deposit and no Bragg peak). The track in the center corresponds to aproton going out through the detection plane, characterized by a large energy deposit in few pads at theend of the track. The narrow dispersion indicates the close position to the pad plane. The track representedon the right corresponds to a proton fully confined in the detector.
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Energy proton distribution from fully measured proton decay eventsThe result of removing the escaping protons in the energy proton distribution (as explained in theprevious subsection) is shown in Figure 5.29. This selection not being perfect (conditions are taken ina conservative way) leads to a reduction of around 36% of the number of events with respect to the firstenergy proton distribution in 5.25 with no relevant loss in the main proton energy peaks, as can be seenin Figure 5.29.
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Figure 5.29: The proton energy distribution obtained for all proton tracks is shown in blue. The distributionbuilt for events not fulfilling the contour condition defined in Figure 5.27 and with non saturating pads,corresponding to escaping proton tracks, is plotted in orange. The reduction of background events is moreimportant at higher energies, since the probability of high energy protons escaping the volume is larger.
5.4 Implantation-Decay correlations

The recorded events in the experiment are classified as implantations or decays using the GMT (GanilMaster Trigger) module. As mentioned in Section 3.6, the acquisition parameter value registered for eachevent by this module has different fixed values depending on the signal that triggered the acquisition(L1OK (ACTAR) or E1D6 (beamline)). A condition on this parameter allows for a classification of theevents into the two different groups. Following this first step, the decay products have to be associated totheir corresponding implantation. The correlations are made requiring time and spatial conditions betweenboth as it is further discussed in Subsection 5.4.1 and Subsection 5.4.2 respectively.
5.4.1 Time conditionThe time values associated to each event are given by the time-stamp provided by the CENTRUMmodule, as explained in Section 3.6. The time condition is defined by requesting the time difference ∆tbetween the implantations timp and the decay events tdec to be smaller than a defined time window value
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W Y
t for each species Y. ∆t = timp − tdec < W Y

t . (5.32)
The width of this time window is chosen depending on the nucleus half-life T1/2(Y ), selected to be

n times bigger than this value: W Y
t = nT1/2(Y ). The n factor value is selected by comparing the eventsfrom wrong correlations E∆t− (same time condition defined in Equation 5.32 at negative times) with respectto the positive coincidences E∆t+ . As it can be seen in Figure 5.30, the number of real correlations

EC = E∆t+ − E∆t− of a well produced nucleus depending on this multiplying factor saturates around n=8.The time condition for a given nucleus Y applied in this work is thus fixed to:
∆t(Y ) < 8T1/2(Y ) (5.33)

Figure 5.30: Number of events fulfilling the time condition depending on the n factor as n · NT1/2 (greenpoints). The same condition is applied at negative times (blue points). The number of real correlations,resulting from the difference between the two previous values, is shown in orange. The different curves areobtained as an example for 41Ti and the first configuration of the experiment.
5.4.2 Spatial conditionWhen measuring with ACTAR TPC, information about the stopping point Pimp of the incoming ion andthe decay points P0 are available if the implantation occurred inside the detection volume, as discussed inprevious sections. The spatial condition is defined by requesting a maximum distance d between these twopoints. Since the third dimension measurement is not absolute, especially in the case of the decay events,this condition is applied in two dimensions (on the detection plane XY), as illustrated in Figure 5.31.

|Pimp − P0| < d (5.34)
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Figure 5.31: Example of an implantation and de-cay "match". The implantation and decay eventshistograms in 2D are superimposed in the sameplot. The orange and blue circles correspond to dis-tances conditions d(x,y) of 10 and 20 mm respec-tively.Congratulations you found some white text here—————————————————————————————————-
The spatial condition needs to be larger than the inaccuracies in the determination of the implantationstopping points and the emission points of the decay. The former one is determined by searching thecoordinates of the last hit pad in the x plane Pimp = x(xmax , y(xmax )). For the determination of the decaypoint (P0) a fit of the track is performed as previously explained in Section 5.3.2. Ideally, a two-dimensionalplot of their differences ∆P(x, y) = Pimp(x, y)− P0(x, y) should correspond to a circle centered on 0,0. Ashift is observed in both axis as shown in Figure 5.32. This shift is quantified (∆x ≈ 2.4, ∆y ≈ −1.4) byperforming a two-dimensional Gaussian fit. A correction of this effect could be performed in the future, asfurther discussed in Chapter 7. In the context of this work, these values are considered to be the minimumrequired distances in both axes.

Figure 5.32: Differences of calculated stop-ping point of the implantation event Pimp andthe determined point of emission of the decayevent P0 in both axis. This distribution is ob-tained as an example for a group of events of41Ti in the first pressure configuration. Con-gratulations you found some white text here———————————————————————-To find an optimal maximum value for the spatial condition, similarly to the previous analysis of the timewindow size, a comparison between random coincidence events, happening at negative implantation-decaytimes and those at positive times is performed changing the spatial condition value d. As it can be observedin Figure 5.33, the number of real coincidences EC = E∆t+ − E∆t− starts saturating around 12 mm withinthe statistical fluctuations. The spatial 2-dimensional condition for the association of implantation anddecay events is thus fixed to: ∆d < 12(mm) (5.35)
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Figure 5.33: Number of events fulfilling the time condition ∆t < 8T1/2 and the two-dimensional distancecondition d between the implantation stopping point and the decay point as a function of the value of d. Thesame conditions are applied at negative correlation times (blue points). The number of real coincidences,result of subtracting the two previous values, is shown in orange. The different curves are obtained as anexample for 41Ti and the first configuration (P=300 mbar) of the experiment.
5.5 Non-neutralization of the ions, track dispersion parameter.

The dispersion parameter, defined in Section 5.3.2 depends on the vertical coordinate z as √z(ε) (with
ε ∈ [0, 1] as defined in Section 5.3.2 ). A charge created further from the pad plane produces a moredispersed signal with respect to an ionization that takes place close to the pad plane. When representingthe dispersion value at the end of the track versus the vertical angle θv of emission (with respect to thepad plane) for a given proton length, two different components are observed, as shown in Figure 5.34.

If the emission of the protons occurs around the entrance window height (where the ions enter thedetection volume), only a dependence of the angle of emission in the dispersion and a small variation dueto the size of the entrance window is expected (low-dispersion component in Figure 5.34). The componentwith higher dispersion values indicates that the emission of the proton occurs, in some of the cases, higherin z, meaning that some of the nuclei are not neutralised in the gas of ACTAR TPC and are drifted towardsthe cathode. If the decay of these ions is occurring at the cathode, the emitted protons may escape thevolume at positive angles of emission with respect to the pad plane, which explains the lack of events inthe second component at angles above zero and confirms the hypothesis of the drifting of the ions in thegas. This effect was already reported in [98].
This non-neutralization and drifting of the ions affects the measured observables in ACTAR TPC, espe-cially the half-life and branching ratio, as further discussed in Sections 5.6.1 and 5.6.3. The quantificationof the number of drifting ions and the possibility of the identification of their decay points on an event-by-event basis (discussed in Subsection 5.5.1) together with the estimation of the drift time of the nuclei(Subsection 5.5.2), are important parameters of study for further corrections in the measured observables.
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Figure 5.34: Dispersion parameter at the final point of the proton tracks as a function of the verticalangle of emission with respect to the pad plane. The graph is built for the second pressure configurationin the experiment (P=450 mbar) and for a selected proton length, from the 41Ti predominant peak at lowenergy.
5.5.1 Fraction of emissions from the cathodeTwo different methods are proposed to estimate the fraction of ions emitted from the cathode in thedetection volume:

Method 1: Counting of the number of events in each of the dispersion regions, taking into account onlyemissions towards the pad plane. The different dispersion regions are selected using the one dimensiondispersion distribution at the decay point (ε = 1), shown in Figure 5.35. The different region fractions Nr(with r standing for the three different regions: entrance window Nw , cathode Ncath and on flight decays
Nf ) are calculated by comparing the measured events in each of the dispersion regions with respect to thetotal number of measured events NT :

Nr(%) = Nr

NT
x100 (5.36)

The uncertainty of the number of protons measured in a given region r (Nr) is obtained (assuming a correctselection in the regions) from the variance of a binomial distribution:
∆Nr =√NT

Nr

NT

(1− Nr

NT

) (5.37)
Method 2: The fraction of drifting nuclei can also be approximated using the information about theasymmetry of the measured number of protons going towards the pad plane N−→padplane and those goingtowards the cathode N−→cathode. Presuming an isotropic emission of the decay products, in the former case:

N−→padplane = Nnon−drift2 + Ndrift2 (5.38)
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Figure 5.35: Dispersion at the decay point (ε = 0) for all protons going towards the pad plane for thesecond pressure configuration of the experiment and a selected proton length (47mm). Three regions canbe distinguished: The low dispersion region in blue (protons emitted from a vertical position correspondingto the entrance window), the high dispersion region in green (decay products emitted from the cathode)and the region in purple (on-drift decays).
In the second case, under the assumption of no proton emission during the drift, half of the protons willescape the detection volume and are consequently not measured:

N−→cathode = Nnon−drift2 (5.39)
When comparing both, the percentage of drifting ions is obtained as:

N−→cathode

N−→padplane
= Nnon−drift/2

Nnon−drift/2 + Ndrift/2 = Nnon−drift

NT
(x100) = Ndrift(%) (5.40)

Where NT is the total number of measured events, sum of the drifting and non-drifting ones:
NT = Nnon−drift + Ndrift (5.41)The drifting factor obtained using this method, due to the assumption of no emission during the drift,includes a percentage a of the on-flight emissions (Nf ):

Nnon−drift = Nw + [a · (Nf )] (5.42)Similarly, a fraction of the on-flight events (b) (proton emitted close enough to the cathode to escape thevolume) may be counted in the drifting cases:
Ndrift(%) = Ncath + [b · (Nf )] (5.43)

The error of the drifting factor is obtained by error propagation of ∆N−→cathode and ∆N−→padplane:
∆Nnon−drift =√( N−→cathode(N−→padplane)2

)2
· (∆N−→cathode)2 + ( 1

N−→padplane

)2
·
(∆N−→padplane

)2 (5.44)
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Where both errors ∆N−→cathode and ∆N−→padplane are defined considering a binomial distribution for positiveand negative angles with respect to the total number of measured events NT .
An illustration of the use of the two methods in a few-events case is shown in Figure 5.36. Thepercentages of events emitted from the entrance window, cathode and during the drift, calculated using thetwo different methods, are shown in Table 5.3.

Figure 5.36: Use of the two different methods, as explained in the text (simplified by assuming no emissionson-drift). The emissions are considered to be isotropic (equal number of events going towards the detectionplane (blue) and the ones going towards the cathode (orange). Using the first method, the two regions(green and purple) are identified and the events (towards the pad plane) are counted and compared tothe total number of measured events (5) to obtain the fraction of drifting nuclei. When using the secondmethod, the events going towards the cathode (orange) and those going towards the pad plane (blue) arecompared, obtaining the drifting fraction.
Method Entrance window On flight Cathode

Dispersion factor 41 ±1% 10±1% 49±1%Asymmetry of emission angles +[a·(Nf )]= 54 ±2% (Nf )% +[b·(Nf )] =46 ±2%
Table 5.3: Estimated fractions of emissions from the entrance window, the cathode and during the drift ofthe ions using two different methods explained in the text. When using the second method, the obtaineddrifting fraction contains some percentage of the events decaying while drifting to the cathode. In all casesthe angles are taken in the [5 ,60] range, avoiding for a wrong vertical angle calculation in the case ofsmall angles and reducing the possibility of the proton escaping the volume in the case of an emission fromthe window in the case of large vertical angles.

As it can be seen in Table 5.3, the different estimates of the drifting ratio are in agreement withinthe errors if the on-flight decays are summed up to the entrance window ones for the first method. This isjustified if an isotropic emission of the protons is found for this intermediate region (meaning no protonsescaping through the cathode), which is the case when analysing the positive and negative angles withrespect to the pad plane in the three different dispersion regions (see Table 5.4). In the high dispersionregion, no emissions towards the cathode are found, which assures the correct selection of the events emittedfrom the cathode by the dispersion value. The errors are calculated considering binomial distributions forpositive and negative angles with respect to the total number of measured events in each region NT .
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Region Towards pad plane Towards cathode
σXY (ε = 0) ∈ {1.4, 2} 51±2% 49±2%
σXY (ε = 0) ∈ {2, 2.4} 50±3% 50±3%
σXY (ε = 0) ∈ {2.4, 3} 1.8±0.5% 98.2±0.5%

Table 5.4: Angles measured towards the pad plane and the cathode for the different regions defined by thedispersion value in Figure 5.35.
By the use of the dispersion measured value, a characterization on an event-by-event-basis concerningthe origin of the proton emissions can be achieved4. The use of this information allows for a study of theeffect of the non neutralization of the isotopes on the measured observables, as further discussed in 5.6.
The fraction of drifting nuclei, which is needed to estimate the number of decay losses, is calculatedfor all single proton events (no proton energy conditions) using the second method. The results for eachnucleus are shown in Table 5.5. In Figure 5.37, the relation between the half-life and the drifting factor canbe observed: for long half-live nuclei, the drifting percentage seems to saturate at around 50%. For smallerhalf-lives, this value decreases and reaching drifting rates compatibles with 0 within the uncertainty. (46Fewith T1/2 = 13ms). For those nuclei with very short half-lives (from T1/2 = 13ms, included the 46Fe) theloss of events due to the drift of the ions is considered to be zero.

41Ti 45Cr 44Cr 43Cr 46Mn 47Fe 46Fe
52.2(0.8) 62(3) 42(2) 32(5) 53(6) 25(9) 13(13)

Table 5.5: Drifting percentage for nuclei with a half-life longer than 13 ms obtained using the secondmethod (See 5.5.1). These values will be used to estimate the loss of events in each case.
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Figure 5.37: Obtained drifting percentage as a function of the half-life of each of the nucleus.
4The definition of each of the dispersion regions is made independently for both pressure configurations.
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5.5.2 Drifting time of ionsThe dispersion value at the initial point of the track (for a given proton length, the second pressureconfiguration of the experiment and only for negative angles) obtained for different decay time intervals isshown in Figure 5.38.
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Figure 5.38: Signal dispersion at the start point of the proton track, fulfilling different time conditionsbetween the implantation and the decay events. The orange distribution is built without any time condition.The green and blue distributions are built for conditions t < 40ms and t < 80ms respectively. For smalltimes (purple distribution) no events with high dispersion values are found. The intermediate time regiont<40 ms is characterized by contributing the most in the "on flight" region with respect to the t<10 msand the t<80 ms distributions. Also, some dispersion values σXY (P0)>2.4, corresponding to emissions fromthe cathode, start to be observed.
The distributions reveal a drifting time of the nuclei of around 40 ms. The distributions for t>40 msand t<40 ms are plotted together for a better comparison in Figure 5.39. The distribution at times above40 ms has a low number of counts at intermediate dispersion values, indicating that most of the driftingnuclei reach the cathode within 40 ms. The possibility of neutralisation during the drifting may not beexcluded due to the existence of some events in the "on-drift emission" region at times above 40 ms. Thedrifting time is a crucial parameter when determining the half-life of the nuclei with ACTAR TPC, as furtherdiscussed in a dedicated subsection of this chapter (5.6.1).
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Figure 5.39: Signal dispersion at the starting point of the proton tracks for times between implantationand decay events below 40 ms and above 40 ms. The lack of counts in the intermediate (on-drift decay)region indicates that in most of the cases, the drifting ions reach the cathode within approximately 40 ms.
5.6 Observables: half-life, proton energies, branching ratio

Following the analysis steps described in the previous sections of the chapter, the observables of inter-est: half-lives, proton energy peaks and branching ratios, can be calculated for each nucleus. This sectionis dedicated to explain how the different observables are determined and to describe some encounteredeffects due to the non-neutralization of the ions. Specific sections will address the final results for each ofthe nuclei in Chapter 6.
5.6.1 Half-life measurementsAs already introduced in Section 3.7.2, the half-life of the nuclei can be obtained by fitting thedistribution of the time difference between implantation and decay events using the decay law Equation5.45 adding a background term to take into account random correlations:

N(t) = Nbg + NA
ln2
T1/2 e

ln2
T1/2 t. (5.45)

The time differences between the implantation of 41Ti nuclei and the decay products, fulfilling thespace and time conditions defined in the previous subsection 5.31 are represented in orange in Figure5.40 as an example. This distribution presents an excess of counts at small half-lives with respect to the(well-known) half-life, represented by the green line. In order to study the nature of this effect, two othertime distributions, one obtained for protons going towards the cathode and the other for decay events goingtowards the pad plane, are plotted together in green and blue respectively in the same Figure 5.40. Theformer one explains the excess of counts at short times when taking into account all the protons together.
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The inverse situation (lack of events at short times) is observed when taking into account only tracks goingtowards the pad plane.
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Figure 5.40: Time differences between implantations of 41Ti and their (correlated) decay events. In orange,for all decay events, in blue and green, for proton tracks going towards the pad plane and the cathoderespectively. The exponential lines (result of the fit using Equation 5.45 with the half-life fixed to theknown value in each of the cases) give a hint of how the time distribution should look like.
The first situation can be explained due to the non neutralization of the nuclei in the chamber, effectmentioned in previous section 5.5. The non-neutralized nuclei drift towards the cathode due to their positivecharge. In the case of reaching it, half of the proton decays emitted will not be measured. For short times,as discussed in subsection 5.5.2, the nuclei may not have enough time to reach the cathode, so all thedecay products are measured. This phenomenon explains the excess of counts at small times when takingall events into account (orange distribution).
Following this reasoning, fitting the half-life using only proton events going towards the pad planeshould fix this problem. As shown in Figure 5.40, this is not the case due to a lack of counts at small-timedifferences values.
Since this effect is not fully understood at the current stage, the fitting of the half-life is performedusing the time distribution of all events but starting from a given time t, ignoring events with small-timedifferences where the two effects are observed.
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The value from which the fit is performed is selected by studying the convergence of the fits performedfor the three different time distributions by changing the starting time point for the fit, as shown in Figure5.41.
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Figure 5.41: Fit results for the three different time distributions of 41Ti (all decays in orange, protonstowards the pad plane in blue and to the cathode in green) performed from different starting points. Theknown value of the half-life is drawn in pink. A convergence of the three fits is observed from t=40 mswithin the error bars, as already found in Section 5.5.2.
The value from which the fit is performed is studied independently for each of the measured nuclei.

5.6.2 Proton EnergiesCorrelating implantations with decays as explained in previous Section 5.4 allows obtaining individualproton energy distributions for each of the measured species, as shown for 41Ti as an example in Figure5.42.
In order to take into account wrong implantation-decay correlations, a second proton distribution isbuilt under exactly the same conditions explained along the chapter (identification of the nuclei, selectionof escaping protons, spatial coincidence between implantation and decay) but fulfilling the time conditionat negative decay times:

−8T1/2(Y ) < timpl − tdec < 0 (5.46)
The number of wrong correlations for a species Y depends directly on its implantation rate N impl

Y ,the total implantation rate N impl
T and on its half-life, which defines the (shorter or longer) time conditionimposed for the correlation of events. The number of wrong proton coincidences becomes important forwell-produced nuclei as 41Ti, as can be seen in Figure 5.42 and is negligible or even null in the case ofnuclei with lower implantation rates and shorter half-lives. The final proton energy distribution for eachnucleus is obtained by subtracting the proton distribution for negative times from the positive one, as shownin Figure 5.42 in orange.
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Figure 5.42: A part of the 41Ti proton distribution built by associating the decay events to the implantationsis shown in green. The distribution used to further extract the energy values of the proton peaks (representedin orange) is built by subtracting the wrong correlations (shown in blue), estimated by correlating the eventsat negative times as explained in the text.
The energies of the different proton peaks are obtained from the proton distribution by using a multi-Gaussian fit, performed using the maximum likelihood method with a function (fNg(Ep)) consisting of a sumof Ng Gaussians (∑ f i

g(Ep)) and a common background of type fbck (Ep) = a + bEp. This background termis included to take into account the escaping proton cases (from the cathode or anode) not correctly removedwhen applying the length, total deposited charge and maximum charge deposited conditions explained insubsection 5.3.4 or real proton events emitted from other energy states of the precursor with low branchingratios. In the former case, the "background" is more important at larger energies than at lower ones (moreprobability of escaping protons at larger energies). The energy dependent term bEp is included in thebackground equation to take this into account.
The standard deviation of the different Gaussians σi(Ep) is fixed to the resolution of the detector at agiven proton energy, (calculation further detailed in Subsection 5.6.2), under the assumption of negligibleenergy states widths in comparison to the resolution of the detector.

fNg(Ep) = n=Ng∑
i=1
[
f i
g(Ep)]+ fbck (Ep) = n=Ng∑

i=1
[

Ai ∗ exp
(
−0.5(Ep − µi

σi(Ep)
)2)]+ a + b(Ep) (5.47)

Since the proton distributions are built taking into account the main errors in the process on an event-by-event basis (length error due to the uncertainty on the drift velocity and error in the energy conversiondue to the pressure uncertainty, as explained in 5.3.3), the proton energy error is the one obtained for theparameter µi in Equation 5.47 when performing the fit. In the case of a χ2 value bigger than 1 this valueis corrected as:
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∆E = ∆µi ·
√

χ2
NDF (5.48)

The different proton distributions and the obtained energy values for the proton peaks will be presentedfor each nucleus in the next Chapter 6.
The next two subsections are dedicated to the estimation of the resolution of the detector as a functionof the proton energy (Subsection 5.6.2) and the study of the energy dependence on the decay point of theproton, consequence of the non-neutralization of some of the nuclei, (Subsection 5.6.2) which will justify theaddition of a systematic uncertainty to the energy results obtained for short half-life nuclei or individualmeasurements.
As mentioned in the first stage of the analysis in Section 5.2, proton emitter nuclei correctly implantedin ACTAR TPC can be used in a special way for identification purposes. The last subsection addresses thecomparison of different proton distributions between neighbouring nuclei, aiming to evaluate the possiblecontamination between species.

Energy resolutionThe energy resolution of the detector is estimated by performing a first Gaussian fit to different (highstatistic and well-separated) proton peaks selected along the full energy range5. The results of these fits(width σ corresponding to one standard deviation and proton energy Ep) are shown in Figure 5.43. Theenergy resolution can be written in a general way [134] as:
σ (Ep) = p0 + p1Ep + p2√Ep (5.49)The obtained parameters when performing a fit using Equation 5.49 are shown in Table 5.6. The errorsizes and χ2 values indicate an excess of parameters with respect to the number of points. A second fitignoring the second term (compatible with 0) in Equation 5.49 is performed instead. The results are alsoshown in Table 5.6. The dominating error in p0 is used to evaluate the function 5.49 and estimate the(energy dependent) error of the energy resolution, as represented by the shadow region in Figure 5.43.

Parameter Value fit 1 Value fit 2
p0 34.5 ±36 -15 ±3
p1 0.04 ± 0.03 0
p2 -1.6 ± 2 1.2 ±0.1
χ2 0.55 1.01

Table 5.6: Resolution results, obtained performing a fit using Equation 5.49 and those obtained neglectingthe second term of Equation 5.49.
The resolution estimate for ACTAR TPC is further employed as the uncertainty when determining a singleproton energy. In this way, all the errors, including the error when performing the fit and the statisticalfluctuations, are considered to be taken into account.

5Proton peaks: 44Cr (867 keV), (1686 keV), 45Cr (2015 keV) and 41Ti (989 keV) , (1546 keV). The different proton peaks arefurther shown in 6.
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Figure 5.43: Peak widths corresponding to one standard deviation as a function of the measured protonenergy Ep for high statistic and well separated proton peaks selected along the energy range (orangepoints). The blue line is the result of fitting these points with Equation 5.49 with the second term equalto zero. The shadowed region corresponds to the evaluation of the equation in the extreme values of the(dominating) error obtained for the parameter p0, represented by the upper and lower blue lines.
Energy dependence on the decay pointWhen calculating the energies for protons emitted from the entrance window and those from the cathode6a shift with respect to the values obtained when all events are taken into account is observed, as representedin Figure 5.44.

This effect is not fully understood at the current stage. Two different hypothesis (besides from thepossibility of a systematic error when performing the track fits) are considered: For protons emitted fromthe cathode, the (low-energy) beginning of the track can be highly-dispersed in the XY plane so that thesignal deposit may not be higher than the defined threshold in the pads, translating into a lost of thebeginning of the track. The second hypothesis is the loss of energy due to the recombination of electronswhile drifting in the gas. The probability of recombination is bigger in the case of a proton emitted fromthe cathode, since the created electrons travel systematically more distance.
The length to energy conversion, explained in Section 5.3.3, is adjusted comparing different protonlengths to their well-known energies without any condition on their decay point. By selecting the energycalibration in this way, the two effects in Figure 5.44 are being averaged. This energy shift effect, not yetbeing fully understood and requiring a dedicated analysis, will be (preliminarily) handled in the followingway in this work:
For nuclei with similar half-lives and drifting factors than the ones employed for the "energy calibration"process (mainly protons from 41Ti), this effect is neglected if the energy values are determined from thedistribution containing all proton events.

6Selection made as explained in 5.5.1
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Figure 5.44: Energy differences obtained when taking into account only protons emitted from the cathodeor anode (orange and blue points respectively) with respect to the energy value obtained when takinginto account all protons (Eall). The lines represent a first order polynomial fit, performed to estimate thevariations as a function of the energy. The represented values correspond to the main proton peaks of 41Timeasured at the second pressure configuration of the experiment.
If only one group of proton events is taken into account for the calculation of the proton energies(i.e. very short half-life nuclei where no emissions from the cathode are possible or an individual measuredenergy) a systematic error needs to be included in the energy results. As shown in Figure 5.44, the energydifferences depend on the proton energy and can be approximated to a polynomial of first order. The resultsof both fits are presented in Table 5.7.

Parameter Eall − Ecathode Eall − Ewindow

p0 -5±3 9±3
p1 0.010±0.003 -0.011±0.002

Table 5.7: Results of the first order polynomial fit performed for the different energy shifts represented inFigure 5.44.
For completely neutralized or short half-lives nuclei, or, on the other extreme, for nuclei with smallneutralization factor a systematic error in the measured energy is included as:

∆Esyst(keV ) = {9− 0.011 · Eall Cathode
−5 + 0.010 · Eall Entrance Window (5.50)
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Evaluation of contamination between nucleiWhen associating the decay events to each of the nuclei groups as explained in Section 5.4 and evenselecting only the events of "Identification of type 17", some events have been identified to be wronglyclassified. This is noticed when observing the proton distribution of 46Mn in which the two main intensityprotons of the (high produced) 44Cr are reproduced, as shown in Figure 5.45.
In order to account for wrong identifications and to associate the protons to the correct nucleus, thedifferent neighbouring nuclei energy distributions are plotted together, and the intensities are compared.If a nucleus NA is identified as another one NB , in terms of probability, the proton distribution of theformer one may be contaminated by the highest intensity energy peaks of the second. This effect may bedetectable and of influence in the cases of low production/implantation rates or proton branching ratio ofthe first nucleus NA, as it is the case for 46Mn. Furthermore, since an identification of type 1 or 2 (SeeSection 5.2.5) was required for all the events (meaning the energy deposit and time of flight leading to oneof the defined contours in the 2D identification matrix) the contamination in the present results happensmost likely from lower N values as discussed in Section 5.2 (i.e: 45Fe cannot be contaminated from itshigher N neighbour 46Fe).
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Figure 5.45: 44Cr emitted proton energy distribution (purple) and 46Mn one (blue). The two highestintensity peaks of the former one are present in the 46Mn distribution. The 44Cr distribution has beencut for a better comparison. The distribution and the values of the calculated proton energies are furtherpresented in sections 6.3 and 6.5.
For the Z=24 (Cr) group, no relevant contamination has been detected. The distributions are shownin Figure 5.46.
By comparing the 47Fe proton distribution to the one of its closer neighbour 46Fe, as shown in Figure5.47, two similar proton energy peaks are found around 1000 keV. Following the same reasoning as for the

Z = 24 line, if there exists a contamination, the highest intensity proton energy of the contaminant shouldbe present, which is not the case as can be seen in Figure 5.47 between the different Fe isotopes.
7See 5.2.5 for details
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Figure 5.46: 44Cr, 45Cr and 43Cr emitted proton energy distributions plotted together in purple, pink andgreen respectively. The two highest intensity peaks of the most produced and implanted nucleus 44Cr arenot observed in any of the neighbouring nuclei proton distributions. Visually it could seem the case for45Cr and the first intensity peak of 44Cr, but the obtained values when fitting the different distributions (seesections 6.3 and 6.2.) confirm that they correspond to different proton peaks.
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Figure 5.47: 47Fe, 46Fe proton distributions plotted together in grey and yellow respectively. The mainpeak of 46Fe is not reproduced in the 47Fe distribution. (See sections 6.6 and 6.7 for individual plots.)
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5.6.3 Branching Ratio

The number of detected protons with energy Ei for a given nucleus Y N (Y )
p (Ei) can be calculated byintegrating the individual Gaussian peaks f i

g(Ei), obtained when performing the multi-Gaussian fit definedin Equation 5.47:
N (Y )

p (Ei) = ∫ +∞
−∞

f i
g(E ) · dE = √2πσiAi

sb
(5.51)

where sb is the size of the bin in the proton energy distribution, included to normalize the peak amplitudeparameter Ai. The error of N (Y )
p (Ei) is calculated:

∆N (Y )
p (Ei) = √2π

sb

√
σ 2

i (∆Ai)2 + A2
i (∆σi)2 (5.52)

where ∆Ai are the fit errors associated to this parameter and ∆σi the energy-dependent error calculatedwhen fitting the resolution of the detector (see Section 5.6.2). The comparison of this value N (Y )
p (Ei) with thetotal number of implantations N (Y )

T , in the hypothetical case of an infinite volume (no escaping protons andall nuclei correctly implanted) and a perfect detection system, this corresponds to the absolute branchingratio:
BR (Y )

i = N (Y )
p (Ei)
N (Y )

T
(5.53)

This is obviously not the case in the current experiment. The N (Y )
p (E ) values need to be corrected forthe detection efficiency of the protons in the detection volume. Furthermore, due to the drifting of the ionsin the gas, the total number of implantations needs to be corrected by the fraction of losses ε(Y )

L , calculatedfor each species considering a loss of a 50%8 of the drifting nuclei (drifting factors previously calculated inSection 5.5.1). The dead time correction of 1% (estimated from averaging all the runs) is for the momentneglected in the calculation.
BR (Y )

i = N (Y )
p (E )

N (Y )
T · ε

(Y )0 (Ei) · (1− ε(Y )
L ) (5.54)

A simulation, developed for previous works [133] and [135], has been adapted for the current experimentin order to calculate the intrinsic efficiency value ε0(x, E, Pset), function of the implantation point x , theproton energy E and the pressure of the different experimental settings Pset . The last part of this section(subsection 5.6.3) is dedicated to explain the main features of the simulation. One of the simulatedefficiency distribution, is shown in Figure 5.48 as an example. The efficiency distributions for each pressureconfiguration have been obtained from the simulation of a finite number of points in the (x, E ) space (seeSection 5.6.3) and the interpolation between these points.
The effective detection efficiency that needs to be used for the analysis of the proton energy distributionsis built from the intrinsic efficiency ε0(x, E, Pset) convoluted with the implantation probability distributionof an ion Y in the detector PY [ix, Pset ]. The implantation points for each nucleus NY [ix , Pset ] are obtainedexperimentally, as already mentioned in Section 5.1, by measuring the last hit pad ix in the beam axisfor events confined in the detection volume in the two different pressure configurations (P300, P450). The

8Under assumption of proton isotropic emission, half of the protons emitted from the cathode are not detected
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Figure 5.48: Simulated detection efficiency for different proton energies and implantation depths for thesecond pressure configuration of the experiment (450 mbar). Since the volume of the detector is symmetric,only half of the implantation values are simulated.
probability of an implantation in an experiment pressure configuration Pset at a pad position ix over allsettings can be calculated:

PY [ix , Pset ] = NY [ix , Pset ]
N tot

Y [P300] + N tot
Y [P450] (5.55)

where N tot
Y [Pset ] corresponds to the total number of implanted ions in one setting:

N tot
Y [Pset ] =∑

ix

NY [ix, Pset ] (5.56)
The energy dependent efficiency for a given nucleus Y is calculated using the simulated efficiency andthe experimental implantation depths:

ε(Y )0 (E ) =∑
set

{∑
ix

[PY [ix , Pset ] · εo(x [ix ], E, Pset|a⃗0)]} (5.57)
The statistical uncertainty on this energy dependent efficiency is computed from the uncertainty onthe individual simulation results ε0. The lower and upper uncertainties for an individual simulation arecalculated from the confidence intervals obtained from the number of detected protons out of the number ofsimulated emissions (confidence interval of a binomial probability).

∆ε(Y )
± (E ) =

√√√√√√√
∑

set

{∑
ix

[(
PY [ix , Pset ])2

·
(∆ε±(x [ix ], E, Pset|a⃗0))2]}

∑
set

{∑
ix

(
PY [ix , Pset ])2} (5.58)

where ∆ε+ and ∆ε− are the differences with respect to the efficiency value ε0. The implantation profilesfor both configurations and the energy dependent efficiency obtained from Equation 5.57 are shown for 41Tias an example in Figure 5.49 and 5.50 respectively.
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Figure 5.49: Experimental implantation dis-tributions for 41Ti in both experimental pres-sure configurations. —> Congratulationsyou found some white text here!! Just to alignwith the right figure
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Figure 5.50: Energy dependent detection ef-ficiency for protons emitted in 41Ti decays,calculated using Equation 5.57 from the ex-perimental implantation distributions and thesimulated efficiency.
Simulation descriptionThe simulation, developed for previous works [133] and [135], is composed of four different stepsconcerning the generation of the events, the tracking of the proton and the collection and electronicprocessing of the signal.

Event generatorProtons with different energies (16 values within the range of interest from 200 keV to 2500 keV) arerandomly generated in the YZ plane distributed in a disc of diameter dW = 45mm (size of the entrancewindow) centered at (xi, yW , zW ) where yw =128 mm and zw=110 mm are the entrance window positionsin the YZ plane respectively and xi is the implantation depth. This is repeated for different positions inthe beam axis xi (± 1 mm). Since the detection volume is symmetric, only half of the detector is simulated(9 values from 8 mm to 120 mm).
Proton trackingThe proton tracks and their energy loss along their paths are generated using GEANT4 simulation toolkit[127], [128]. The pressure in the simulation (second parameter of the simulation) is adjusted to reproducethe SRIM pressure curves used to transform track lengths into energy values, as explained in Section 5.3.3for each pressure configuration during the experiment, as shown in Figure 5.51.
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Figure 5.51: Pressure simulated valuesto adjust the SRIM curve selected as ex-plained in Section 5.3.3 for the length toenergy conversion second pressure config-uration of the experiment.Some white textover here ! —————————————————————————————
Signal collectionFor each of the track points, electrons are created and drifted towards the detection plane with a dispersionof a 3D Gaussian shape. The dispersion parameters are adjusted to reproduce the experimental results9obtained after the fitting of the proton tracks as illustrated in Figure 5.52.

Figure 5.52: Dispersion values as a functionof the Z parameter. The orange curve repre-sents the dispersion parameters reproducingthe emissions from the entrance window of thedetector, used for the simulation (solid orangeline). The blue curve represents dispersionvalues characteristics of an emission from thecathode. The experimental results are plot-ted in grey. Congratulations you found somewhite text here ————————————————————- 0 50 100 150 200 250
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9The original experimental plot as a function of the vertical angle of emission with respect to the pad plane can be seen inFigure 5.34
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The signal collection and amplification due to the micromegas on the pad plane is taken into accountwith a gain parameter Gc that includes two different processes: the ionization and the amplification of thesignal. The reference value Gc is adjusted to reproduce the total charge deposit curve10 as a function ofthe proton energy, shown in Figure 5.53.
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Figure 5.53: Total energy deposit as a functionof the proton energy. The color lines representdifferent amplification values chosen to adjust theexperimental values results (gray points) Congrat-ulations you found some white text here ——————
Processing of the signalThe processing of the signal is simulated by the use of the theoretical response function h(t) of the elec-tronics, adjusted to empirical response functions of the electronic channels from calibration measurements,as presented in Section 4.1.5. To account for the intrinsic fluctuations in the signal processing, two sourcesof noise are included: an input noise ni related to the collection of the charge and an output noise no ofthe electronics channels. These two parameters are fixed to reproduce experimental data of pads in read

always mode11 for events with no signal in ACTAR TPC (selection of implantation events not reaching theactive volume).
Once the parameters a⃗0(windowshape, Pset, σXY 0, σXY 1Gc, h(t), τ, ni, no) are defined, the analysis ofthe tracks is performed by counting the detected events N (det)

i (confined in the detector and fulfilling a padmultiplicity threshold) with respect to the simulated ones N (sim)
i .

εi = N (det)
i

N (sim)
i

(5.59)
The error of εi is calculated by the quadratic sum of the statistical uncertainty (calculated from thebinomial distribution) and the error result of varying the most relevant parameters: pressure, amplitude andshape of the beam profile.

10Original experimental plot in Figure 5.27 (for both configurations)11The values of these pads are saved without further conditions for any trigger input
146



Chapter 6: Results

147



Contents
6.1 41Ti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1506.2 45Cr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1546.3 44Cr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1586.4 43Cr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1656.5 46Mn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1726.6 47Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1776.7 46Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1826.8 45Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1866.9 49Ni . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1896.10 48Ni . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1936.11 Summary of main results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
In this chapter, the analysis results are presented nucleus per nucleus. Some common considerationscan be done concerning the notation and the different analysis stages.
In the measured mass region, the main decay modes are β+ emission or electron capture (often followedby single or multiple proton emissions from the daughter(s)). In the chapter, since these two decay modesare analogous processes, they will be both denoted as β .
The values obtained in the current work are denoted ”E791” when a comparison with the literaturevalue ”L” is performed. The literature values are taken from averaging the available experimental data, asrecommended by J.C.Batchelder [29]. The values from a previous work by Dossat et al. [140] are often theonly experimental reference and are denoted ”D” in the case of a comparison with them.
The events that have been taken into account for each of the nuclei groups have been selected with anidentification of type 1 (see Section 5.2.5) except in the most exotic cases (45Fe, 49Ni and 48Ni) where theevents with identification of type 2 have been taken into account as well. This choice reduces the numberof wrong identification of the different isotopes, but evidences of contamination are found for some nuclei,as in the 46Fe case, discussed in Section 6.7. Due to the shape of the original contours created in the 2Didentification matrix, as explained in Section 5.2, the contamination happens mainly from lower N nuclei(i.e: the contamination of 46Fe within the identified 45Fe nuclei is considered negligible).
Despite some improvements are already foreseen for the identification (see Chapter 7), they havenot been implemented at the current stage. Consequently, the results presented in this work are stillpreliminary.
The total proton branching ratio (number of observed decays with respect to the total number ofcorrectly implanted nuclei) needs to be corrected from the effect of losses of events due to the drifting ofthe ions towards the cathode. This is performed by considering a loss of a 50% of the drifting nuclei, underthe assumption of an isotropic emission. The estimation of the drifting ratio is made individually for eachnucleus by comparing positive and negative numbers of (single proton) emissions, as previously explained inSection 5.5.1. The uncertainty of the total branching ratio is obtained from the drifting factor error values,under the assumption of the drifting factor uncertainty being the main contribution of the total branchingratio error. In the particular case of very short half-life isotopes, the drifting factor is neglected.
The branching ratios of the different emissions (β-1p, β-2p ...) are calculated with respect to the totalnumber of observed decays and the error is estimated considering binomial distributions for each of the
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different decay modes. The results for all nuclei are summarized at the end of the chapter in Section 6.11.
The half-lives have been obtained following the procedure discussed in Section 5.6.1, fitting theimplantation-decay time distributions with the decay law from a given time t to avoid the effect of thedrifting of the ions in the measured half-life. This time is selected from the convergence of two fits: theone taking into account all protons and the one taking into account protons going towards the pad plane.The former one is taken as the final half-life value because the time distribution to fit has a higher numberof events. In the particular case of very short half-life nuclei, the half-life is estimated performing a fit fromt=0 ms to t=20 ms to assure the non-drifting of the ions (inverse logic). Also in the case of very shorthalf-life nuclei, the daughter decays (second event associated to the same implantation event in the timewindow) are removed for a better estimation of the half-life of the parent nucleus.
The different proton energies, from the β-p decays, are obtained by fitting the proton energy distri-butions associated to each of the nucleus. This is performed by using the weighted maximum likelihoodmethod and the multi-Gaussian function, as discussed in Section 5.6.2. The error of these energy valuescorrespond to the error of the fit of the energy distribution, since it is built taking into account the lengthto energy conversion and the drift velocity errors in an event-by-event basis, as discussed in Section 5.3.3.In the case of a measurement of a single energy value from a proton track, the uncertainty is estimatedas one standard deviation from the resolution of the detector, calculated in Section 5.6.2. In this way, thestatistical and fit uncertainties are also taken into account. In the case of very exotic nuclei, a systematicuncertainty in the energy results needs to be taken into account, as explained in Section 5.6.2. A decay-point dependent length to energy conversion will be performed in the future in order to correct this effect,as discussed in Chapter 7.
The intensities from the different identified proton emissions (from β-single proton cases) are estimatedusing Equation 5.54 as explained in Section 5.6.3. This is performed comparing the total number of implantednuclei (corrected from the drifting effect) and the number of decays for each proton group (integrals of eachindividual Gaussian) corrected from the detection efficiency of the protons in the effective volume.
The error associated to the angles between protons (from β-2p and 2-p decays) is estimated performinga simulation in which the original angle of emission of the particles is compared to the "detected" one,under the assumption of a negligible error contribution of the fitting process.
In the further sections, the results obtained for each nucleus are presented following a similar structure:
• Small introduction concerning available information of the nucleus in the literature and values ofinterest for the current work (energies below 2.5 MeV) used to compare the results.
• Estimation of the number of implantations, total branching ratio and different decay mode intensities
• Half life measurement
• Identified proton transitions from β-1p

Depending on the nucleus, further results are extracted as β-2p energy proton distributions, measuredenergies or angular distributions. In the case of 48Ni, a detailed description on an event-by-event basiswill be carried out.
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6.1 41Ti
41Ti (Z =22, N =19) is a radioactive nucleus with a 81.9(5) ms half-life. It decays mainly by β-pemission with a branching ratio of 92.4(6)%, as shown in Table 6.1. Its decay products (see Table 6.2) have"well known" energies, some of them with an optimal value (below 2.5 MeV) to be measured with ACTARTPC in the experiment conditions. Due to these characteristics together with the high production andimplantation of this nucleus, its decay products have been used in different stages of the analysis. First,during the "online" analysis (Section 3.7) for the identification of the cocktail beam components. Then, forthe estimation of the drift velocity and the adjustment of the pressure input for the SRIM simulations forlength to energy conversions (Sections 4.3.3 and 5.3.3). In general, it has been employed to validate thedifferent analysis steps, such as half-life determination or the study of the neutralization of the implantations(Sections 5.6.1 and 5.5).

T1/2(ms) decay BR(%)
41Ti 81.9(5)b,d,e,g β-p 92.4(6)%b,e,g

Table 6.1: Half-life, main decay mode andbranching ratio
a A. Honkanen [136]b M.Bhattacharya[137]c W.Liu [138]

d R.G Sextro [139]e C. Dossat [140]f Z.Y. Zhou [141]g W.Trinder [142]

Ep (keV) BR(%)750(12)a-c 0.08(2)a-c
988(13)a-e 5.6(8)a-e
1260(36)a,c,d,f 0.96(21)c,d1542(6)a,c,d,f 5.06(16)a,c,d
1588(11)a,b 0.44(9)a,b
1842(39)c 0.76(27)c1977(12)a-d 0.5(9)a-d
2079(29)c,d 0.87(11)c,d2270(9)a,c,d,f 1.31(18) a-d

Table 6.2: 41Ti reference proton energies in thelaboratory frame and branching ratios below 2.5MeV.
A total of 43x104 41Ti events have been correctly implanted in ACTAR TPC. From those, 30x104 decayevents have been detected. For 41Ti, the calculated drifting ratio is 52.2 ± 0.8%1. This corresponds to atotal of 26.0(5)% of decay losses. The total number of implanted events is thus corrected by this factor, asshown in Table 6.3. The recalculated total proton branching ratio with respect to this value is 88.0(4)%,much closer to the literature value. The estimated branching ratios of the different kinds of emissions withrespect to the observed number of decays can be seen in Table 6.3. Two β delayed two proton emissionevents have been found associated to 41Ti. Although this emission is not impossible from this nucleus,

1All nuclei values are shown in Table 5.5
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it has never been observed in previous experiments. These two events need a further analysis, since acontamination from the more exotic neighbour 40Ti cannot be excluded.
Implanted Implantedcorr Decays β-1p (rel %) β-2p (rel %)
43x104 30x104 28x104(88.0(4)%) 28x104 (100.0(4)%) 2 (7x10−4%)

Table 6.3: 41Ti number of implantations in ACTAR TPC, total number of detected decay events and theirclassification into β delayed one or two proton emissions.
Half-lifeThe time difference between the identified 41Ti events ant their associated decay events is shown inFigure 6.1. The obtained half-life, result of the fitting of this distribution, is in agreement with previousworks results (see Table 6.4).
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Figure 6.1: Time difference between the identified 41Ti nuclei and their associated proton decays. Thepurple line corresponds to the performed fit from t=36 ms.
E791 Literature

T1/2(ms) 81.79(36) 81.9(5)
Table 6.4: Obtained half-life and literature reference values.

151



Proton energiesThe proton energy distribution for 41Ti, is shown in Figure 6.2. The different peaks are fitted using asum of seven Gaussians.

Figure 6.2: 41Ti single-proton energy distribution. The purple line is the result of fitting a group of 7peaks that are drawn in blue and green lines. A zoom of the lower statistic region is shown on the topright of the figure.
Peak E(keV) BR(%)

1 988.4(0.4) 1(0.2)2 1241(4) 0.04(0.008)3 1544.2(0.9) 0.66(0.08)4 1780(10) 0.014(0.006)5 1960(10) 0.028(0.01)6 2257(3) 0.54(0.08)7 2390(10) 0.15(0.04)
Table 6.5: Proton peak energies (from left to right in Figure 6.2)

The energies of the main peaks (with higher branching ratios) reported in the literature (see Table 6.2)at EL=988(13) keV, EL=1260(36) keV, EL=1542(6) keV and EL=2270(9) keV are reproduced in the currentwork within one standard deviation uncertainty. The peak at EL=1842(39) keV, only reported in one ofthe experiments [138] is in agreement within 2σ from the result in the current experiment EE791=1780(10).There are three proton energies reported in the literature (see Table 6.2) that are not measured in thecurrent experiment: The low energy peak at EL=750(12) keV and the high energy one at EL=2079(29) are
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missing, most likely due to their low branching ratio which is an order of magnitude lower than the rest ofthem in the first case (0.08) and probably too low for the ACTAR TPC efficiency at high energies in thesecond case (0.87(11)) at 2079 MeV. Nevertheless, a small proton group can be distinguished around 2079keV in the proton energy distribution of Figure 6.2 but compatible with the background estimate. Higherstatistics or a cleaner spectra will be needed to confirm its observation. The proton peak at Ep=1588(11)keV reported in [136] and [137] is also not found in the current experiment. This can be explained dueto the proximity of another proton group (with a higher branching ratio) emitted at a very similar energy
EE791=1544(1) keV and taking into account the resolution of ACTAR TPC (around 32 keV in this energyrange).

A new proton peak is reported in the current work, the highest energy one (peak 7 ) with EE791=2390(10)keV that has most likely been measured together as a proton group with the (higher branching ratio) protongroup at EL=2270(9) keV in previous experiments. The energy values from Table 6.5 are plotted togetherwith the literature values from Table 6.2 in Figure 6.3.

1000 1200 1400 1600 1800 2000 2200 2400
Energy (keV)

1

2

3

4

5

6

B
R

(%
) 

E791 exp Literature

Figure 6.3: 41Ti proton peak energies and intensities obtained in the current work (pink) and literatureenergy values of Table 6.2 (purple).
Despite the good agreement with the literature values for the proton energies, the associated protonintensities or branching ratios (BR) obtained at the current stage, shown in Table 6.5 are much smallerthan expected by a factor of 5 and 7 respectively for the main two proton peaks. This huge inconsistency,not found for the rest of the nuclei as discussed along the Chapter, needs to be further studied. The fit ofa partial number of the associated protons of 41Ti could be a possible explanation.
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6.2 45Cr
45Cr (Z =24, N =21) with a 60.9(4) ms half-life is the least exotic of the Z =24 measured groupduring the experiment. It decays mainly by β but also by β-p with a branching ratio of 34.4(8)%, as shownin Table 6.6. Some of the decay protons, in the energy region of interest (up to 2.5 MeV), have alreadybeen measured and reported in previous works (see Table 6.7).

T1/2(ms) decay BR(%)
45Cr 60.9(4) β-p 34.4(8)%

Table 6.6: Half-life, main decay mode andbranching ratioa

Ep (keV) BR(%)924(30) 0.4(3)1275(24) 0.5(2)1436(26) 0.4(2)1574(27) 0.4(2)2041(9) 19.6(15)
Table 6.7: 45Cr reference proton energiesa in thelaboratory frame and branching ratiosa All values from C. Dossat [140]

A total of 16480 identified 45Cr nuclei are correctly implanted in the detection volume. From those,3794 decay events have been registered. By correcting from the losses due to the drift of the ions (driftingrate of 62 ± 3%), this leads to a total proton branching ratio of 31 ± 1%, close to the value reported byDossat et al. [140] (34.8(8)%). All the events have been identified as β delayed single proton emissions.These values are summarized in Table 6.8.
Implanted Implantedcorr Decays (β-1p)

16480 11371 3794 (31(1)%)
Table 6.8: 45Cr events reaching ACTAR TPC, the total number of detected β delayed one proton decayevents
Half-lifeThe time distribution between the 45Cr implantations and the associated decay events is shown inFigure 6.4. The half-life result, which is compatible with the literature value of Table 6.6, can be found inTable 6.9.
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Figure 6.4: Time difference between the identified 45Cr nuclei and their associated proton decays. Thepurple line shows the result of the fit, performed from t=32 ms.
E791 Dossat

T1/2(ms) 59(2) 60.9(4)
Table 6.9: Obtained half-life for 45Cr and previous work value.

Proton energiesThe 45Cr proton distribution is fitted using twelve peaks and Equation 5.47. The distribution togetherwith the result of the fit are shown in Figure 6.5. The obtained energy values can be found in Table 6.10and are compared to previous results in Figure 6.7.
The proton energy measurements performed in a previous work by Dossat et al [140] are carried outusing silicon detectors. When measuring in such a low energy region, there is a high β background. Fromthe comparison of the energies and given the resolution of the measurements (see Figure 6.6) it is notsurprising that some of the reported proton peaks are actually a group of them.
For 45Cr, it may be the case for the first proton group reported in [140] ED = 924(30), equivalent tothe three first proton peaks (EE791 = 773(10), 831(7), 886(4)) measured in ACTAR TPC. For the secondliterature proton energy ED = 1275(24), two different peaks are discerned: EE791 = 1244(5) and EE791 =1330(10) (peak number 6 and 7 respectively). The other proton values obtained in previous works are inagreement with the measured ones within the one standard deviation uncertainty except the last one that itis found at a smaller energy EE791 = 2018(3) with respect to the value in Dossat ED = 2041(9), compatibleonly within two σ uncertainty. Some proton groups are measured for the first time in this experiment (peaks4,5,10,11).
The intensities of the proton peaks, shown in Table 6.10 are in agreement within one standard deviationuncertainty with respect to the measured ones in Dossat.
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Figure 6.5: 45Cr single-proton energy distribution. The purple line is the result of fitting a group of 12peaks that are drawn in blue and green lines.

Peak E(keV) BR(%)
1 773(10) 0.12(0.06)2 831(7) 0.4(0.1)3 886(4) 0.7(0.2)4 1020(10) 0.13(0.07)5 1091(9) 0.19(0.08)6 1244(5) 0.7(0.2)7 1330(10) 0.25(0.09)8 1440(8) 0.6(0.1)9 1557(8) 0.7(0.2)10 1780(20) 0.4(0.2)11 1870(10) 1.5(0.4)12 2018(3) 8(1)

Table 6.10: 45Cr energy values for each proton peak (from left to right in Figure 6.5).
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Figure 6.6: 45Cr proton distribution obtained in the current experiment (pink) and the one from Dossat
et al. for the same energy range. The latter one has been multiplied by a factor of 0.06 for a bettercomparison of the peaks.
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Figure 6.7: Obtained 45Cr proton energies and intensities (pink) and those from the literature (purple).
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6.3 44Cr
44Cr (Z=24, N =20) with a 42.8(6) ms half-life decays mainly by β but also by β-p with a branchingratio of 12.2(9)%, as shown in Table 6.11. Some of the decay proton energies below 2.5 MeV have alreadybeen measured and reported (see Table 6.12).

T1/2(ms) decay BR(%)
44Cr 42.8(6) a β-p 12.2(9)a%

Table 6.11: Half-life, main decay mode andbranching ratio

Ep (keV) BR(%)742(25)b 0.6(2) b
890(11)a 1.7(3) a,b
1353(12)a 1.1(3)a,b
1702(15)a 0.6(3)a, b
840(19)c 1.7(7) c
971(19)c 0.35(6)c917(19)c 1.39(7) c
1266(19)c 0.69(5) c
1337(17)c 1.10(5) c
1645(13)c 0.70(4) c
1735(19)c 0.39(4) c

Table 6.12: 44Cr proton energies in the liter-ature below 2.5 MeV. The published results areshown in a first group (delimited by the horizon-tal line). More recent but preliminary results byP. Ascher et al. [146] are shown in the secondgroup on the table.
a C. Dossat [140] b M.Pomorski [145] c P. Ascher [146]

A total of 65x103 44Cr events have been correctly implanted in the detection volume. 9x103 decayevents have been associated to these implantations. The proton emission branching ratio of 17.4(2) %(calculated taking into account the drifting factor of (42± 2%) is higher than the values in previous works.This may indicate the measurement of the daughter decay and possibly a contamination from 43Cr, whichis the closest neighbour and a β-p emitter with a branching ratio of 100%. The branching ratios betweenthe different kinds of emissions (with respect to the observed decays) are estimated (see Table 6.13). βdelayed two proton emission and alpha emissions have been associated to 44Cr. The former events may bethe result of the contamination of 43Cr, result of a wrong identification of some of the nuclei. The alpha
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emissions are most likely decay events from the daughter nucleus, as it will be discussed in a dedicatedsubsection (6).
Implanted Implantedcorr Decays β-1p (rel %) β-2p (rel %) α (rel %)
65x103 51x103 8.9x103 (17.4(2)%) 8.8x103(99(1)%) 60 (0.67+0.10

−0.09%) 27 (0.3+0.07
−0.06%)

Table 6.13: 44Cr events implanted in the detection volume, the total number of detected decay events mea-sured after the implantations and their classification into β delayed proton emissions and alpha emissions.
Half-lifeThe time distribution between the 44Cr identified nuclei and their associated decay events is shownin Figure 6.8. The half-life result, compatible with the reported values in previous works, can be found inTable 6.14.
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Figure 6.8: Time difference between the identified 44Cr nuclei and their associated proton decays. Thepurple line shows the result of the fit performed from t=36 ms.
E791 Dossat

T1/2(ms) 41(2) 42.8(6)
Table 6.14: Half-life measured for 44Cr and value from Dossat.
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Proton energies (β-1p)The proton distribution for 44Cr is shown in Figure 6.9. The different energies are obtained by fittinga function composed by ten peaks. The obtained energies are shown in Table 6.15.
For the first peak reported in [145] (EL=742(25) keV), two different components can be distinguishedin the current work (peaks 2 and 3) with energies of EE791=709(3) keV and EE791=760(2) keV. Similarly,two different components (EE791=866.4(6) keV and EE791=945(2) keV) are found for the peak ED=890(11)keV, reported in [140] as the proton linking the IAS of 44V to the ground state of 43Ti. When measuringboth together as it may be the case in [140], the obtained energy may be shifted from the most predominantpeak towards the value of the second proton group, as it seems to be the case. The higher energy protons(ED=1353(12) keV and EL=1702(15) keV) also measured in [140] are in agreement with the result ofthis work within one standard deviation uncertainty. New proton peaks are reported at EE791=524(9)keV, EE791=993(6) keV, EE791=1100(10) keV and EE791=1259(2) keV. The latest one is most likely fittedtogether in the work by Dossat et al. [140] with the higher energy peak at EE791 = 1347(2). The protonenergies are also in good agreement with preliminary results of 44Cr proton distributions obtained fromenergies above 800 keV [146]. These results are plotted together with the proton energies obtained fromprevious works (Table 6.15) in Figure 6.10 for an easier comparison.
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Figure 6.9: 44Cr single-proton energy distribution. The purple line is the result of fitting a group of 10peaks, represented individually by the pink and green lines.
The proton intensities associated to each of these peaks are systematically higher than the reportedvalues in the literature but in agreement within one standard deviation uncertainty. In the case of the firstproton peak EL =742 KeV, the intensity of 0.6(2) can be reproduced if the intensities of the two componentsfound (at EE791=709 and EE791=760 ) are summed up: 0.44(0.09). The intensities are, in general, also inagreement with preliminary results from P. Ascher et al [146].
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Peak E(keV) BR(%)
1 524(9) 0.01(0.01)2 709(3) 0.18(0.05)3 760(2) 0.26(0.07)4 866.4(0.6) 2.6(0.5)5 945(2) 0.8(0.2)6 993(6) 0.26(0.07)7 1100(10) 0.02(0.01)8 1259(2) 0.9(0.1)9 1346(2) 1.6(0.2)10 1689(3) 0.9(0.1)

Table 6.15: 44Cr energy values for each proton peak (from left to right in Figure 6.9).
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Figure 6.10: The obtained 44Cr proton energies are plotted in light purple. The already published energyvalues of Table 6.7 are plotted in purple. Preliminary results from P. Ascher et al. [146] are representedby the pink points.
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Mass and decay energy of 44CrThe proton energies (from β-p emissions) obtained for 44Cr in this work together with γ information ofthe same nucleus from a preliminary work by P. Ascher et al. [146] and the known masses for the quintetof mass A=44 (44Ca, 44Sc, 44Ti, 44V, and 44Cr) allow for a further interpretation of the results, explained inthe following paragraphs.
The IMME for mass A=44As explained in Section 1.5.3, the isobaric multiplet mass equation (IMME) links states of a givenisospin multiplet (see Equation 1.7[23]). For the quintet of mass A=44 of interest in the current work,characterised by T = 2, Iπ = 0+ and Tz values ranging from Tz = -2 to +2 composed of 44Ca, 44Sc,44Ti, 44V, and 44Cr, all masses are known with a precision ranging from 0.3 keV to 51 keV. The experimentalground-state masses (GS ∆mEXP ), the excitation energies (E∗) of the T = 2 states in the Tz = -1, 0, +1nuclei, and the mass excess of the multiplet members are shown in Table 6.16. The ground-state massesare taken from the 2020 Atomic Mass Evaluation [149] and the excitation energies are taken from theENSDF web pages [150] accessed on August 22, 2023, except for the excitation energy of 44V (privatecommunication of P. Ascher).

nucleus 44Ca 44Sc 44Ti 44V 44Cr(GS ∆mEXP )(keV) -41468.7(3) -37816.0(18) -37548.6(7) -23808.1(73) -13421.9(512)
E∗ (keV) 0.0 2780(4) 9338(2) 2807.6(4) 0.0T=2 IAS ∆m (keV) -41468.7(3) -35036.0(44) -28210.6(21) -21000.5(73) -13421.9(512)

Table 6.16: Ground-state masses, excitation energies and mass excess of the IAS for A = 44 nuclei.
With these mass excess values of the multiplet members, the coefficients of the IMME are fitted. Theresults are shown in Table 6.17.

a(keV) b(keV) c(keV) χ2
194.1(21) 7017.1(40) -28211.0(19) 0.15

Table 6.17: IMME calculated coefficients
The difference of the experimental mass excess and the result of the predicted one by the IMME formulawith coefficient values of Table 6.17 is shown in Figure 6.11. The experimental data are in agreement withthe expectation of the IMME, proving its validity for the mass A=44 quintet, for which unexpectedly largeIMME d and e coefficients were found in a previous work from C.Y. Fu et al. [151].

Proton-emission energy from the IASWith the data presented in the previous paragraph, the total decay energy of the proton emitted inthe β decay of 44Cr from the IAS in 44V can be determined to be 1026(9) keV, using the ground-statemass excess of -29315.6(57) keV and 7289.0 keV for 43Ti and 1H respectively. This yields a proton energyof 1003(9) keV. From the experimental data obtained for 44Cr in the current work, a proton peak is found
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at 993(6) keV, that could be associated with the decay from the IAS. However, its branching ratio is lessthan 1%.he Since the decay is a 0+ − 0+ transition, the feeding of the IAS can be precisely calculated.
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Figure 6.11: Difference between the exper-imental mass excesses and the result from afit of the IMME for the five states of theA=44 T=2 multiplet. All the values arein agreement with zero which demonstratesthat the experimental data are in agree-ment with the expectations of the IMME.Somewhite text over here to move up the captionof the figure...—————————————————————————————–
Using a half-life value of 42.8(6) ms2 and a Q value for the decay to the IAS of 7579(52) keV, the obtainedbranching ratio for the super-allowed decay to the IAS is 29.9(14)%. This means that the decays from theIAS state are mainly γ emissions, since the obtained proton branching ratio (lower than 0.5%) is extremelyweak. This may indicate that the IAS in 44V is a quite pure state with basically no T = 1 component,which prevents this state to emit protons.
Alpha emissionsSome alpha emissions have been identified by plotting the length versus the total collected chargein the pad plane, as shown in Figure 6.12, where a group of tracks with much higher total depositedcharge/length ratio than the expected value for proton events are distinguished.

The tracks of a proton and an alpha particle with the same length (103 mm) are shown in Figures 6.13and 6.14. In the former case, the total deposited charge value is 70% lower than in the alpha event. Theanalysis of these alpha events requires a different length to energy conversion and changes in the trackfitting process (i.e: the Bragg Peak model should be taken from an alpha particle), out of the scope of thiswork. The average half-life of these events (168.4 ms) indicates that they have been emitted most likelyfrom the daughter nucleus 44V with 111 ms half-life from a β-α decay to the double magic 40Ca. β-αemissions have been already reported for this nucleus (44V) in a previous work [143]. The study of decayevents associated to 44V during the experiment may help to understand if this emission is occurring fromthe ground state or from the isomeric state of 44V, first reported in [144].

2average of present value and literature half-life from Dossat et al. [140] and Borrel et al. [148]
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Figure 6.12: Particle track length versus total deposited charge in the pad plane for 44Cr decays. A groupwith a charge much larger than expected compared to the track length can be observed. These events arethe identified alpha emissions.

Figure 6.13: Pad plane signal of a 103mm proton track, selected from a run withno changes in the settings with respect tothe alpha event in the right.
Figure 6.14: Pad plane signal of a 103 mmalpha track. Note the difference of scale ofboth plots, indicating a much higher energydeposit in the alpha example.
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6.4 43Cr
43Cr (Z=24, N =19) with a 21.1(4) ms half-life is the most exotic of the Z =24 group measuredduring the experiment. It decays mainly by βp(s) (91%) with a branching ratio of 79.3%, 11.6% and 0.13%for the delayed one, two and three proton emission respectively, as shown in Table 6.18. Some of the decayproducts energies in the region of interest (up to 2.5 MeV) have already been measured in previous works(see Table 6.19).

T1/2(ms) decay BR
43Cr 21.1(4)a,b β-p 79.3(30)%a,b

β-2p 11.6(10)%b
β-3p 0.13(+18

−8 )%b
Table 6.18: Half-life, main decay mode andbranching ratio

Ep (keV) BR(%)991(17)a,c 0.6(1)a1568(16)a,c 2.1(11)a1776(11)a,c,d 7.1(12)a2181(49)a,c 4.7(7)a4263(19)a,c,d 5.6(7)a (b-2p)
Table 6.19: 43Cr reference proton energies andbranching ratiosa C. Dossat [140] c J. Giovinazzo [147] b L. Audirac [92] d V. Borrel [148]

A total of 4367 43Cr events have been correctly implanted in the detection volume. From those, 3764decay events have been detected, which corresponds to a proton branching ratio of 102(3)% when takinginto account the drifting factor for this nucleus (32±5%). This value is higher than the expected total protonbranching ratio (92.5(3)%). This inconsistency it is probably due to a wrong estimate of the drifting factordue to the small number of single proton events staying in the volume taken into account to calculate it.Nevertheless, the estimated branching ratios of the different kinds of emission with respect to the observednumber of decays are calculated (see Table 6.20).
Implanted Implantedcorr Decays β-1p (rel %) β-2p (rel %) β-3p (rel %)

4367 3668 3764 (102(3)%) 3543 (94.1(4)%) 215 (5.7(4)%) 6 (0.16+0.1
−0.06%)

Table 6.20: 43Cr events reaching ACTAR TPC, the total number of detected decay events and theirclassification into β delayed one, two or three proton emissions with respect to the number of observeddecays.
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Half-life
The time distribution between the identified 43Cr events and their decay products is shown in Figure6.15. The obtained half-life value, in agreement with previous values, is shown in Table 6.21.
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Figure 6.15: Time difference between the identified 43Cr and their associated detected protons. The fitresult, performed from t=30 ms, is drawn in purple.
E791 Literature

T1/2(ms) 21(2) 21.1(4)
Table 6.21: Obtained half-life of 43Cr and literature value.

Proton energies (β-1p)
The proton distribution for 43Cr is shown in Figure 6.16. The energy values of each proton group areobtained fitting a function defined as a sum of six Gaussians. The obtained energy values and intensitiesare shown in Table 6.22 and are plotted together with the previous reported energy values of Table 6.19in Figure 6.17.
A good agreement is found for the reported proton energy values in [140], [147] and [148] in Table6.19 except for the highest energy one EL = 2181(49), compatible only within two standard deviations tothe obtained result EE791 = 2116(9). Two new proton peaks are found in this work at EE791=1370(10) keVand EE791=1690(9) keV. The latest one is most likely measured as a part of the highest intensity protonat EE791=1764(5) keV in previous experiments performed with silicon detectors.
The obtained intensities associated to each proton peak present higher discrepancies. Only thebranching ratio corresponding to the third peak at E791=1553(5) is in agreement within one standarddeviation uncertainty. In the case of the most intense peak, the total branching ratio 7.1(12) reportedin the literature can be reproduced within 2σ error if the two energy components identified in this work(2.4(0.5), 2.3(0.6)) are summed up, under the hypothesis that they have been measured together in previousexperiments. The disagreements at high energy values (lower than expected) are most likely the result of
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an overestimation of the background in this energy region. On the other hand, at small energy values, forthe first peak at E791= 984 keV, the proton intensity is found to be higher by a factor of 3.
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Figure 6.16: 43Cr single-proton energy distribution. The result of the fit (group of 6 peaks) is representedin purple. The individual components are represented by the blue and orange lines.
Peak E(keV) BR(%)

1 984(3) 1.7(0.4)2 1370(10) 0.6(0.2)3 1553(5) 2.4(0.5)4 1690(9) 2.3(0.6)5 1764(5) 5.8(1)6 2116(9) 3.1(0.8)
Table 6.22: 43Cr single proton energies for the different proton peaks in Figure 6.16 labeled from left toright.
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Figure 6.17: 43Cr proton peak energies obtained in this work (green) and literature energy values (purple).
β-2p emissionsFor the events identified as β-2p emissions, the angles between the protons and the energies of theones confined in the volume can be estimated. The angular distribution is built for 43Cr taking all 2-protonevents. The result, shown in Figure 6.18, is compatible with an isotropic emission, as expected for βdelayed two proton emission decay.
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Figure 6.18: 43Cr β-2p angular distribution for all identified events and sine function normalized to thenumber of entries of the histogram.
For some of the β delayed two proton emissions, the energy of (at least) one of the protons could bemeasured. The proton energy distribution built from those events, shown in Figure 6.19, does not presentany conclusive structure, so it is not possible to identify any transition.
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Figure 6.19: Proton energies reconstructed from (at least) one of the protons emitted in the β delayedtwo proton emission.
In some special cases (10 events), the two proton are fully stopped in the active volume of ACTARTPC. The energy values of the two independent protons are plotted in Figure 6.20. Four different eventsare found with a close energy value (Ep2) around 1600 keV, which may indicate the existence of a transitionof this energy from an excited state of any of the daughters. In four of the cases, the two protons have avery similar energy between them Ep1 ≈ Ep2 ≈ 2092 keV (average value). With an average total energy of

Epp = 4185(27) keV (see Table 6.23), that could correspond to the one associated to a β-2p decay in theliterature EL(β-2p)=4263(19) keV (compatible within two standard deviation uncertainty). Those eventscould correspond to a β delayed direct two proton emission from an excited state of 43V. One of these twoproton events together with the corresponding implantation is shown as an example in Figure 6.21.
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Figure 6.20: Proton energies reconstructed for the two protons emitted in the β delayed two protonemission.
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Figure 6.21: The implantation event (pad plane signal) is shown on the left. The two proton emissionevent, coming 14.5 ms after the implantation one, is shown on the right.
Event Ep1 (keV) Ep2 (keV) Ep1p2 (keV)

1 2026(38) 2155(40) 4181(54)2 1981(37) 2125(39) 4106(54)3 2069(38) 2090(39) 4159(54)4 2136(40) 2160(40) 4295(56)
Table 6.23: Reconstructed proton energies from β delayed two proton emissions with similar energy values.

The angle distribution, obtained for this group of events, is shown in Figure 6.22. A simulation forprotons around this energy has been performed to study the influence in the angle distribution measurementwhen requiring the two protons to stay inside the detection volume. Indeed, when measuring "confinedprotons" a small bias towards smaller angles is introduced: when the angle between the protons becomeslarger the probability of one of them escaping the detector is higher, so the probability to measure largeangles in this energy range is smaller. However, when comparing the results with the simulated angulardistribution, small angles seems to be favoured, as shown in Figure 6.22. When representing the rest ofthe β-2p events (for which the two protons also remained inside the detector volume but with differentenergies) the angular distribution seems to be in good agreement with the simulated one, as shown inFigure 6.23. Interesting further studies could be performed in optimal conditions for the measurements ofprotons on this energy range to study whether these emissions are sequential or they are a direct emissionof two protons from an the excited, process that has never been evidenced so far.
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Figure 6.22: Proton angular distribution reconstructed for the four events with similar energies around 2MeV (green). The orange curve represents the expected angular distribution when requiring the two protonsto stay inside the detection volume, obtained by simulation.
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Figure 6.23: Proton angular distribution reconstructed for rest of the β-2p events for which the two protonenergies could be measured, excluding the four events for which the protons have similar energies. Theorange curve represents the expected angular distribution when requiring the two protons to stay insidethe detection volume, obtained by simulation.
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6.5 46Mn
46Mn (Z =25, N =21) with a 36.2(4) ms half-life is the only nucleus with Z =25 measured in thecurrent experiment. It decays by β with a β-p emission with a branching ratio of 57.0(8)%, as shown inTable 6.24. In the energy region of interest (up to 2.5 MeV) two decay energies have been measured andreported in previous experiments (see Table 6.25). This nucleus has a strong astrophysical interest sinceit provides information about unreachable excited states of 46Cr by measuring the energies of the emitted

β-p protons. This enables the study of the inverse reaction:
46Cr ←45 V + p (6.1)

which consist of an important missing ingredient for Supernova of type II models (nucleosynthesis of 44Ti).A dedicated experiment using ACTAR TPC for this purpose has been already proposed by A.M. Sanchez-Bénitez et al. [153].
T1/2(ms) decay BR(%)

46Mn 36.2(4)a β-p 57.0(8)% a
Table 6.24: Half-life, main decay mode andbranching ratio

Ep (keV) BR(%)
1198(12)a 1.8(3)a2307(13)a 1.7(4)a

Table 6.25: 46Mn reference proton energies inthe laboratory frame and branching ratios
a C. Dossat [140]

A total of 4192 identified 46Mn ions (identification of type 13) are implanted in ACTAR TPC. Fromthose, 1555 decay events have been registered, which corresponds to a proton branching ratio of 49(2)%when correcting the total number of implantations by the drifting factor (53(6)%). This value is lower thanthe one measured in previous experiments (57.0(8)%). The branching ratio of the different types of emissionswith respect to the measured proton events is shown in Table 6.26. β delayed two proton emission decayshave been found for the first time for this nucleus.
Implanted Implantedcorr Decays β-1p (rel %) β-2p (rel %)

4192 2976 1512 (49(2)%) 1501 (99.3+0.2
−0.3%) 11 (0.7(2)+0.2

−0.3%)
Table 6.26: 46Mn events reaching ACTAR TPC, the total number of detected decay events and theirclassification into β delayed one or two proton emissions.

3See Section 5.2.5
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Half-lifeThe time distribution between the 46Mn identified nuclei and their associated decay events is shownin Figure 6.24. The half-life result, compatible with the reported values in previous works, can be found inTable 6.27.
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Figure 6.24: Time difference between the identified 46Mn nuclei and their associated detected protons.The result of the fit, performed from t=38 ms, is drawn in purple.
E791 Dossat

T1/2(ms) 36(3) 36.2(4)
Table 6.27: Obtained half-life for 46Mn and previous work value.

Proton energies (β-1p)The single proton distribution for 46Mn is shown in Figure 6.25. The determined energy and intensityvalues from the different proton groups, obtained fitting the distribution with a sum of 11 peaks, are shownin Table 6.28 and are plotted together with the literature ones in Figure 6.26 for an easier comparison.
The two proton peak energies and the associated intensities of 46Mn already measured by Dossatet al [140] (see Table 6.25) are well reproduced in the current experiment within one standard deviationuncertainty (Peaks 6 and 11). The peaks 3 and 7 (EE791=864(4) keV and EE791=1350(10) keV) areidentified as a contamination from 44Cr, whose main proton emissions have energies of EE791=866.4(0.6)and EE791=1346(2) keV. Because of the high production and implantation rates of this nucleus, and due to animperfect identification procedure, some of the events have been identified as 46Mn, as explained in Section5.6.2. Although this contamination problem should be solved in the future with a better identification of theions, as further discussed in Chapter 7, other proton peaks, not corresponding to any of the neighbouringnuclei main proton values are found in this energy region below 2.5 MeV. The energy proton groups 5 and10 (from left to right) with measured energies of EE791=1065(6) keV and EE791=1870(10) keV respectivelyare clearly identified. Despite the reduced statistics, some other proton groups can be distinguished at
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Figure 6.25: 46Mn single-proton energy distribution. The purple line is the result of fitting a group of 11peaks, represented by the yellow and pink lines. The third and seventh proton peaks have been identifiedas a contaminant from 44Cr, as explained in the text.
Peak E(keV) BR(%)

1 347(12) 0.1(0.1)2 760(20) 0.1(0.09)3 864(4) 1.2(0.3)4 1005(10) 0.2(0.1)5 1065(6) 1.3(0.3)6 1191(4) 2.6(0.5)7 1350(10) 0.4(0.2)8 1440(20) 0.4(0.2)9 1620(20) 1.1(0.4)10 1870(10) 1.7(0.6)11 2300(22) 0.5(1.0)
Table 6.28: 46Mn energy values for each proton peak (from left to right in Figure 6.25). The peaks inpurple (3 and 7) are identified as a contamination from 44Cr as explained in the text.
EE791=1005(10) keV , EE791=1620(20) keV (peak 4 and 9). Finally, two proton peaks at low energies
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Figure 6.26: The 46Mn proton peak energies obtained in this work are plot in blue. The energy values ofprevious work are plotted in purple. The points drawn in light purple correspond to the main proton peaksof the contaminant (44Cr).
(EE791=347(12) keV , EE791=760(20) keV) can be discerned, but a higher statistics may be needed toconclude.

The study of proton energies below 1 MeV (the most interesting cases for astrophysical reasons)with ACTAR TPC is a very interesting proposal ([153]) but it may require a change of the settings onthe detector. The measurement of the first proton peak at EE791=347(12) may be close to the limits ofdetection efficiency within the current experiment settings. A change of the pressure of the detector willallow for better track reconstructions at low energies.
β delayed two proton emissionFrom the identified β-2p events, the angles of emission could be reconstructed. The obtained angulardistribution (see Figure 6.27) is compatible with an isotropic emission of the protons, as expected for asequential two proton emission. For five of these events, the individual proton energy of one of the protonshas been measured. Three of them have similar energies and could be part of a proton transition around850 keV from any of the daughter nucleus 46Cr or 45V.
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Figure 6.27: 46Mn β two proton angular distribution and sine function normalized to the number of entriesof the histogram.

Event Energy p1 (keV)
1 1267(27)2 972(22)3 806(18)4 894(20)5 851(19)6 1675(33)

Table 6.29: Reconstructed proton energies (when possible) from β delayed two proton emissions from46Mn events.
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6.6 47Fe
47Fe (Z =26, N =21) with a 21.9(2) ms half-life is the least exotic of the Z =26 measured groupduring the experiment. It decays mainly by β-p with a branching ratio of 88.4(9)%, as shown in Table 6.30.Some of the decay protons with energies below 2.5 MeV have been measured in a previous work by Dossat

et al. [140] (see Table 6.31).

T1/2(ms) decay BR
47Fe 21.9(2) β-p 88.4(9)%

Table 6.30: Half-life, main decay mode andbranching ratio a.

Ep (keV) BR(%)1516(19) 1.9(7)1682(20) 4(12)1825(15) 5.3(7)2410(28) 1.9(7)
Table 6.31: 47Fe reference proton energies inthe laboratory frame and branching ratiosa.a All values from C. Dossat [136]

A total of 2021 events have been identified as 47Fe (identification of type 14) from which 1184 decayevents have been registered, which corresponds to a proton branching ratio of 67(4)% when correcting fromthe drifting factor (25(9)% for 47Fe). Although the total proton branching ratio is lower than the one fromthe literature (88.4(9)%), the branching ratios of the different kinds of emission with respect to the observedproton decays can be obtained (see Table 6.38). Evidences of a small β-2p decay branching ratio for thisnucleus are found for the first time5.
Implanted Implantedcorr Decays β-1p (%r) β-2p (%r)

2021 1768 1184(67(4)%) 1179 (99.6+0.2
−0.3%) 5 ( 0.4+0.3

−0.2%)
Table 6.32: 47Fe events reaching ACTAR TPC, the total number of detected decay events and theirclassification into β delayed one or two proton emissions.

4See Section 5.2.55These events have been identified far enough from the neighbour 46Fe group in the identification matrix (see Figure 5.3)
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Half-lifeThe time distribution of the 47Fe isotopes and their decays is shown in Figure 6.28. The obtainedhalf-life value is in agreement with previous work results but presents a high uncertainty due to the lackof statistics, a consequence of the problem of the drifting ions in the detection volume.
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Figure 6.28: Time difference between the identified 47Fe events and their associated decays. The fit,performed from t = 42ms, is shown in purple.
E791 Dossat

T1/2(ms) 23(3) 21.9(2)
Table 6.33: Obtained half-life for 47Fe and previous value by Dossat et al.

Proton energies (β-p)The proton energy distribution for 47Fe is shown in Figure 6.29. In this case, three different fitsare performed for a better background estimate due to the reduced number of counts. The first group iscomposed by the three first peaks, well-separated from the rest. The second group, from the fourth peakuntil the 10th one, and finally, the lower statistics one (from 11th to 14th). The obtained energy andintensity results are shown in Table 6.34 and compared with previous work values in Figure 6.30.
The proton energy values reported in the literature are well reproduced within one standard deviationuncertainty in the current work (proton groups 6,8,9 and 14). In the region of 1400-1800 keV, three morepeaks are found with respect to the literature value. They have been (most likely) measured togetherwith close proton peaks in previous works, as discussed in Section 6.2. Furthermore, low energy peaksat 741(8)keV, 895(9)keV and 1041(9)keV have been clearly identified together with a fourth one with poorstatistics at 1310(20)keV. The peaks above 2000 keV, due to the very low number of events and smallefficiency of the detector, may need higher statistics to conclude the existence of the different protongroups. The intensities of the proton peaks, shown in Table 6.34, are in agreement within one standarddeviation uncertainty with respect to the measured ones by Dossat et al.
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Figure 6.29: 47Fe single-proton energy distribution. The purple line is the result of fitting three differentgroup of peaks as explained in the text. The individual Gaussians are represented by the blue and greenlines.
Peak E(keV) BR(%)

1 741(8) 0.4(0.2)2 895(9) 0.4(0.2)3 1041(9) 0.8(0.3)4 1310(20) 0.3(0.2)5 1420(20) 0.4(0.2)6 1499(6) 3.1(0.7)7 1599(56) 1.5(0.6)8 1690(10) 2.8(0.7)9 1811(8) 6(1)10 1940(10) 2.5(0.9)11 2070(20) 2.2(1)12 2124(40) 1.4(1)13 2240(30) 2(1)14 2390(30) 3(2)
Table 6.34: 47Fe proton energies obtained in this work. The different groups for the fit are delimited bythe horizontal lines in the table.
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Figure 6.30: The 47Fe proton peak energies obtained in the current work are plotted in grey and thosefrom Dossat et al. in purple.
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Proton energies (β − 2p)From the β delayed two proton emission events, four proton energies (from non escaping cases) havebeen measured (see Table 6.35). For one of the events, both proton stayed confined, and their energy couldbe measured, revealing similar values: Ep1 = 1700(33) and Ep2 = 1491(30) respectively. With a ≈ 12%of energy difference, this event could be compatible with a direct proton emission from an excited state of47Mn. The signal of the implantation event and the correlated decay one in the XY plane are shown inFigure 6.31.
Event Energy p1 (keV) Energy p2 (keV)

1 1034(23) -2 1700(33) 1491(30)3 1559(31) -
Table 6.35: Reconstructed proton energies (when possible) from β delayed two proton emissions from 47Feevents.

Figure 6.31: The implantation of 47Fe (identification of type 1) is shown on the left and the β delayedtwo proton emission on the right, emitted 3.65 ms after the implantation.
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6.7 46Fe
46Fe (Z =26, N =20) with a 13.0(20) ms half-life decays mainly by β delayed one proton emissionwith a branching ratio of 66(4)%. A small β delayed two proton emission branching ratio has also beenestablished in [145], as shown in Table 6.36. Some of the decay protons with energies below 2.5 MeV havebeen measured in previous works (see Table 6.37).

T1/2(ms) decay BR(%)
46Fe 13.0(20)a β-p 66(4)%a,b

β-2p 0.4(6)%b
Table 6.36: Half-life, main decay modes andbranching ratio

Ep (keV) BR(%)733b 1.2(7) a
1028b 1.6(8) a

1426(27)a 10(3)a1656(23)a 4(4)a
Table 6.37: 46Fe reference proton energies inthe laboratory frame and branching ratiosa C. Dossat [140] b M.Pomorski [145]

A total of 467 46Fe nuclei have been correctly implanted in the detection volume, from which 562 decayevents have been detected, indicating that the decays of the daughter are also measured within the timewindow. When selecting only the first decay fulfilling the spatial and time conditions, the total number ofdecay events decreases to 360, which corresponds to a proton branching ratio of 77.1%, still higher than theliterature value. Because of the short half-life of this nucleus, and the calculated drift factor (11 ± 12%),compatible with 0, the loss of events due to the drifting of the ions is neglected. The estimated relativebranching ratios for the different observed emissions with respect to the number of measured decays canbe seen in Table 6.38.
Implanted Decays β-1p β-2p

467 360 (77.1%) 357 (99.2+0.5
−0.8%) 3 (0.8 +0.8

−0.5%)
Table 6.38: 46Fe events reaching ACTAR TPC, the total number of detected decay events, (removing thedaughter decays) and their classification into β delayed one or two proton emissions.
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Half-life
The time distribution between the 46Fe identified nuclei and their associated decay products is shownin Figure 6.32. The half-life result is obtained in this particular case, with the inverse logic than in theprevious cases: due to the very short half-life of this nucleus, the fit has been performed for all events andrestricting the fit to the short time difference range below 20 ms, to assure the non-drifting of the ions.

20− 0 20 40 60 80 100
t(ms)

0

10

20

30

40

50

co
un

ts
 p

er
 4

 m
s

Fe46

Figure 6.32: Time difference between the identified 46Fe nuclei and their associated proton decays. Thepurple line shows the result of the fit, performed from t=0 up to t=20 as explained in the text. The valuescan be found in Table 6.39
E791 Literature value

T1/2(ms) 11(3) 13.0(20)r
Table 6.39: Half-life obtained for 46Fe and literature value.

Proton energies (β-p)From the β delayed single proton emission cases, 101 protons could be measured. The energydistribution built from these events is shown in Figure 6.33. As in the 47Fe case, the fit of the protonenergy distribution of 46Fe is divided into three regions for a better estimate of the background. The twofirst peaks (first group), the peaks 3 to 5 (second group) and the two last ones (third group) are fittedtogether. The results are shown in Table 6.40 and plotted together with previous work values in Figure6.34.
The proton peaks measured in previous works are well reproduced, except for the low energy peakat EL=733 keV [145]. The uncertainty of this value is not determined, and it could be compatible withthe proton group found at E791=850(10) keV in this work. The rest of the values from Table 6.37 arein agreement within one standard deviation uncertainty (when calculated). Three other proton groups arefound in this work, corresponding to the peaks 3, 5 and 7 with energies of 1260(8) keV, 1500(20) keVand 1885(28) keV respectively. The two first ones have been (most likely) measured together with the
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Figure 6.33: 46Fe single-proton energy distribution. The purple line is the result of fitting individuallythree groups of peaks, whose individual components are drawn in blue and green lines.
higher intensity proton peak at 1404 keV in previous works with silicon detectors due to the β background.The intensities of the proton peaks, shown in Table 6.40, are in agreement within one standard deviationuncertainty with respect to the values of the literature. The intensity associated to the first peak at EL=733keV is in agreement with the intensity for the peak found at E791=850 keV which may be an indication ofa systematic energy shift between the two measurements.

Peak E(keV) BR(%)
1 850(10) 0.7(0.4)2 1022(6) 3(1)3 1260(8) 2.8(0.9)4 1404(5) 11(2)5 1500(20) 1.8(0.9)6 1640(20) 2(1)7 1885(28) 2(2)

Table 6.40: Obtained 46Fe single proton energies. The horizontal lines indicate the different groups forfitting.
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Figure 6.34: 46Fe proton peak energies obtained in the current work (yellow) and those from the literature(purple).
Proton energies (β-2p)From the β delayed two proton emission events, the energy of one of the emitted protons could bemeasured in each case. The energy values, shown in Table 6.41, do not constitute any proton group.

Event Energy (keV)
1 1458(30)2 1301(27)3 1659(33)

Table 6.41: Reconstructed proton energies (when possible) from β delayed two proton emissions from 46Feevents.
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6.8 45Fe
45Fe (Z =26, N =19) with a 2.56(2) ms half-life is the most exotic of the Z =26 measured groupduring the experiment. It decays mainly by two proton emission, with a branching ratio of 70(4)%. Thestudy of this nucleus, as already mentioned in Chapter 1, established for the first time the ground statetwo-proton radioactivity in 2002 [16],[42]. The decay of this nucleus was later measured using a timeprojection chamber with a high number of events by K. Miernik et al. [52] and the angular and energycorrelations between the two protons emitted from the ground state were determined. Other decay channelswere also observed (β delayed one, two and three proton emissions) as shown in Table 6.42. The totalenergy of the 2-proton decay Q2p, calculated in [45] and the individual proton energy distribution valuescan be seen in Table 6.43.

T1/2(ms) decay BR(%) a
45Fe 2.56(20)a β-p 18.9(35)%

β-2p 7.8(23)%
β-3p 3.3(16)%2p 70(4)%

Table 6.42: Half-life, main decay mode andbranching ratio

Q2p (keV) Ep/Q2p (keV)1150(15)b 0.5(1) a
Table 6.43: 45Fe two proton total energy andindividual proton energies (distribution centeredat Ep = 500 with a standard deviation of 100keV)

a K. Miernik et al. [52]b C. Dossat et al. [45]
Only a total of 11 identified 45Fe ions (5 with identification of type 1 and 6 with type 2 (see Section5.2.5) are correctly implanted in ACTAR TPC. Ten other events, initially identified as the neighbour nucleus46Fe, have been associated to two proton emission decays and are thus included as part of the 45Fe eventsin this section. This indicates a problem in the identification process that makes difficult the estimation ofthe branching ratio for the different emissions. The values, taking into account only the events originallyidentified as 45Fe, are shown in Table 6.44. The average half-life value, calculated for all events, is

< T1/2 >=1.6+21 ms, where the error has been estimated using the Schmidt method [154].
Implanted Decays 2p β-1p (%)

11 8 (73%) 6 (75+16
−24%) 2 (25+24

−16%)
Table 6.44: Events initially identified as 45Fe reaching ACTAR TPC, the total number of detected decayevents and their classification into two proton or β delayed one proton emission. The relative intensitiesare calculated with respect to the total number of observed decays.
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Two proton emission eventsThe angular and energy correlations between the two emitted protons, shown in Figure 6.35 and Figure6.36, are obtained from the two proton events identified as 45Fe and those wrongly identified as 46Fe. Bothresults, despite a reduced statistics, are consistent with the previous studies [52]. The average total energyis 1070(5)keV, consistent within the uncertainty with the calculated total energy of the decay 1150(15).The energy distribution of the two proton events (see Figure 6.36 shows a Ep/Epp value is centered at0.5 (equal energy sharing for the two protons with a standard deviation of 12%). A sequence of measuredevents after a 45Fe implantation is shown in Figure 6.37 as an example.
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Figure 6.35: 45Fe angular distribution obtained in this work (dark blue) for the events from which theangle could be reconstructed (13 events) together with the results obtained in [52] (light blue).The latestone has been approximated to an integer number of counts.
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Figure 6.36: 45Fe energy distribution obtained for the events from which the individual proton energiescould be reconstructed (total of 22 protons)
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Figure 6.37: Sequence of events measured after the implantation of a 45Fe nucleus (left): two protondecay event (middle) emitted 2.93 ms after the implantation and decay of the daughter nucleus 43Cr (right)emitted 20 ms after the first event.
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6.9 49Ni
49Ni (Z=28, N =21) with a 7.5(10) ms half-life is a very exotic nucleus that has been measured withvery low statistics and no proton transitions have been reported so far. Only the total proton-emissionbranching ratio has been determined to be 83.4(13.2)% in previous works by Dossat et al. as shown inTable 6.45.

T1/2(ms) decay BR(%)
49Ni 7.5(10)a β-p 83(13)%a

Table 6.45: Half-life, main decay mode andbranching ratio
a C. Dossat [140]

A total of 66 49Ni events with an identification of type 1 or 2 have been measured during the experiment.The decay events of 53 of them have been measured. This corresponds to a proton branching ratio of 83%,which is in agreement with the estimate by Dossat et al. [140]. 36 of the decay events are identified as
β-p decays, from which only four proton events are fully recorded in the ACTAR TPC device. 17 decaysare identified as β-2p transitions and a last one is identified as a β-3p decay. The estimated branchingratios are shown in Table 6.46.

Implanted Decays β-1p β-2p β-3p
65 53 (83%) 36 (67+7

−8%) 17 (32+8
−7%) 1 (2+4

−2%)
Table 6.46: 49Ni events reaching ACTAR TPC, the total number of detected decay events and theirclassification into β delayed one, two or three proton emissions.
Half-lifeThe time difference between the identified 49Ni and their decay products is shown in Figure 6.38. Thehalf-life, in agreement with the value from Dossat et al. [140] (as shown is Table 6.47). The result isobtained from all events (excluding daughter decays and under the assumption of a negligible number ofnuclei drifting towards the cathode)and is in agreement with the literature value (T1/2 = 7.5(10))ms [140].
β delayed proton emissionOnly three of the decay products of the β delayed single proton emissions are not escaping the detectionvolume. The energy values are shown in Table 6.48, which can indicate the presence of two different protongroups: E1 = 912(20)(keV) and E2 = 1541(22)(keV) (average value of the obtained energies).
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E791 Dossat
T1/2(ms) 7(2) 7.5(10)

Table 6.47: Half-life obtained for 49Ni and value from Dossat et al. [140].
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Figure 6.38: Time difference between the identified 49Ni nuclei and their associated proton decays. Theorange line shows the result of the fit.
Event Energy (keV)

1 912(20)2 1525(31)3 1559(31)
Table 6.48: Reconstructed proton energies (when possible) from β delayed single proton emissions from49Ni events.
β delayed two proton emissionSome events are identified as β-2p emissions, from which the angles between the emitted protons andthe energy of the (confined) ones could be reconstructed. The proton angular distribution of the β delayedtwo proton emission is shown in Figure 6.39. No particular structure is observed as predicted for a β-2pemission in which the protons are emitted sequentially. In four of the cases, the energy of one of the(confined) protons could be measured. Their energies are shown in Table 6.49. Any of them with a similarenergy compared to the resolution of the detector.
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Figure 6.39: 49Ni angular distribution of β delayed two proton emission and sine function normalized tothe number of entries of the histogram.
Event Energy (keV)

1 1117(24)2 1277(27)3 1888(36)4 1426(30)
Table 6.49: Reconstructed proton energies (when possible) from β delayed two proton emissions from 49Nievents.
β delayed three proton emissionThe β delayed three proton emission decay event, emitted 0.31 ms after an implantation event identified(identification of type 2) as 49Ni is shown in Figure 6.40. One of the three protons stayed confined in thedetector and its energy Ep = 908(20) keV has been reconstructed. The identification of this implantationevent is not confirmed at the current stage, and it could be an emission from the neighbour nucleus 48Ni.
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Figure 6.40: The implantation of 49Ni is shown on the left and the β delayed three proton emission on theright, emitted 0.31 ms after the implantation. Only one of the three protons is not escaping the detectionvolume.
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6.10 48Ni
48Ni (Z =28, N =20) with 2.1(+14

−6 ) ms half-life is the most exotic nucleus measured during theexperiment. It decays with a branching ratio of about 70% by two proton emission. Only few nuclei havebeen observed and measured in previous works (see Table 6.51).

T1/2(ms) decay BR(%)
48Ni 2.1(+14

−6 ) β-p 30(20)%2p 70(20)%
Table 6.50: Half-life, main decay mode andbranching ratio

Ep1 (keV) Ep2 (keV) Θpp (o)600(70) 645(110) 66(14)590(90) 635(90) 36(7)580(60) 665(50) 51(8)645(130) 680(80) 33(17)
Table 6.51: Proton energies measured for twoproton emission events of 48Ni and angles mea-sured in a previous work [145]aAll values from M.Pomorski et al. [145]

In this work, only seven events have been identified as 48Ni, two of them with an identification of type1 and the rest with an identification of type 2. One of the events, initially identified as 49Ni but with atwo proton emission decay, is also included in the current results, and it will be denoted as (+1) in thepresented total values in Table 6.52. The decay of one of the correctly implanted 48Ni ions is missing, mostlikely due to the dead time of the detector, as further discussed in paragraph 6.10.
Seen in ACTAR Implanted Decays 2-p β-1p β-2p β-3p

7(+1) 5(+1) 4(+1) 2(+1)(60+25
−30%) 1(20+32

−17%) 0 (+21%) 1(20+32
−17%)

Table 6.52: 48Ni events reaching ACTAR TPC, those correctly implanted (not traversing the detectionvolume) and the detected decay events. The +1 event corresponds to one two proton emission identifiedas 49Ni as discussed in the text.
The average half-life value for the correctly measured decay events is < T1/2 >=2.19+3

−2 ms and thebranching ratio can be estimated to be BR (2p)=60%, BR (β-p)=20% and BR (β-3p)=20%, both values inagreement with previous results shown in Table 6.50.
The signals in the XY plane of the identified decay events from 48Ni, together with the implantationones and the (oftenly) measured decays from daughter nuclei, are shown in Figures 6.41 to 6.45. All theevents will be described individually in the next paragraphs.
The first identified 48Ni nuclei correctly implanted in ACTAR TPC and its decay products are shownin Figure 6.41. A two proton emission is observed 2.14 ms after the implantation event. Since both
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protons are confined in the detection volume, the individual proton energies Ep1 = 724(17) keV and
Ep2 = 532(12) keV are measured, as well as their relative emission angle Θp1p2 = 71(10)(o). The totalenergy EE791

T = 1256(10) keV is in agreement with previous results in [145], with an average value of
EL = 1260(63) keV. A second proton, emitted by a β-p decay of the daughter nucleus (46Fe) is alsoregistered with energy Ep3 = 1422(29) keV, which is in agreement with the dominant proton peak reportedin Section 6.7 for 46Fe (EE7913 = 1404(5) keV).

Figure 6.41: From left to right in time: the implantation of 48Ni (identification of type 2), the two protondecay happening at ∆t=2.14 ms and the decay of the daughter, a β-p emission from 46Fe, happening at∆t=9.8 ms with respect to the implantation.
The second identified 48Ni nucleus (identification of type 1) and its decay products are shown in Figure6.42. In this case, the nucleus decays by β-p emission to 47Fe, which further decays by β-p to 47Mn. Noproton energies could be estimated for any of the decays, since both escape the detection volume. In thelatest case, the relatively wide track with no registered Bragg Peak and the high dispersion value in thedecay point, as explained in Sections 5.3.4 and 5.3.2 respectively, indicate that the emission is happeningnear the cathode due to the non-neutralization of the ions in the gas. Since the proton is being emittedtowards the cathode, it is thus escaping the volume.

Figure 6.42: The 48Ni implantation event is shown on the left. A first proton emission, from a β-p decay,is emitted at ∆t=1.80 ms (middle) The daughter nucleus 47Fe decays also by β-p emission within ∆t=15.8ms with respect to the implantation. In the latter case, the proton escapes through the cathode, as discussedin the text (right).
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The third identified 48Ni ion (identification of type 2) decays within 3.84 ms by β delayed three protonemission to 45Cr, as shown in Figure 6.43. No further decay from 45Cr is observed.

Figure 6.43: The third identified 48Ni implantation event is shown on the left. This nucleus decays by
β-3p emission to 45Cr within ∆t=3.84 ms (right) with no further observed decays.

The fourth 48Ni event is initially identified as 49Ni (identification of type 1). Its decay event, happeningwithin ∆t=1.75 ms although partially escaping, has been identified as a two proton emission. This nucleushas been consequently included in the 48Ni group. The implantation and the decay events are shown inFigure 6.44. In the latter case, the tracks have been analysed using the reconstructed signal, obtained asexplained in Section 4.1.5. First, to clarify the nature of the event and secondly, to calculate6 the angle ofemission between the two protons θp1p2=58±7(o). No energies can be calculated since both protons areescaping the volume. The similar charge distribution in both tracks and the identification of the beginningof the Bragg Peak7 in one of the tracks with compatible charge deposit values, indicates that the proton isa low energy one. These have been the main reasons to identify this event as a two proton emission. Thereconstructed signal projections in the XZ and YZ planes for this event are also shown in Figure 6.44.

Figure 6.44: The fourth 48Ni implantation event is shown on the left. The decay event, happening within∆t=1.75 ms although partially escaping, it has been classified as a two proton event. A high energy protonemission from a β-p decay of the daughter nucleus 46Fe, happening at ∆t=57.46 ms from the implantationevent, is also observed.
6From the 3D fit mentioned in Section 5.3.27The lengths of the protons tracks are reduced with respect to the first event due to the change of pressure in the detectorduring the experiment from P=300 mbar to P=450 mbar)
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The decay of the daughter nucleus 46Fe, happening 57.46 ms after the implantation event, is alsoobserved, but its energy cannot be measured since the proton is escaping the active volume. The observationof the daughter decay reinforces the hypothesis of identification of this event to be a 48Ni since the daughternucleus of 49Ni after a β-2p decay (47Mn) has a very low β-p branching ratio BRβp ≪1.70%.
The fifth identified 48Ni event (identification of type 2) is unfortunately also implanted very close tothe entrance window. The implantation event is not shown to display the three sequential decay eventsmeasured in this case, shown in Figure 6.45. The decay of the 48Ni nucleus happening within 1.45 mshas been identified as a two proton emission with a similar argument than in the previous event: similarcharge distribution in both tracks and the identification of the beginning of the Bragg Peak in one of thecases. The second and third proton emissions are β-p decays of the daughter nucleus 46Fe (∆t=57.46ms) and 45Cr (∆t=165 ms or ∆t=106 ms with respect to the emitter) respectively. The half-lives of thosenuclei are 13 ms and 61 ms, respectively. The energy of the first proton is Ep = 1587± 31 keV and thesecond one Ep = 1887± 36 keV. The dispersion of the decay points of both tracks belong to the group ofevents emitted from the cathode, in this case an energy correction of ∆E = −9 keV and ∆E = −12 keVneeds to be considered as explained in Section 5.6.2. These protons could correspond to the proton groups

E5(46Fe) = 1500(20) keV and E11(45Cr=1870(10) keV respectively.

Figure 6.45: The 48Ni implantation event is not shown to display the three sequential decay eventsmeasured in this case. On the left, its decay product, happening at ∆t=1.45 ms, identified as a two protonemission. The second (center) and third (right) proton emissions are products of β delayed proton decaysof the daughter nucleus 46Fe (∆t=57.46 ms) and 45Cr (∆t=164.88 ms) respectively.
A sixth 48Ni event is identified with no decay products. As discussed in Section 3.6, the level 1 ACTARTPC trigger signals are counted in the U2M scaler module. An increment of this value of two units fromthe 48Ni implantation event and the next registered event (implantation of a another nucleus happening at∆t=14 ms) is observed, which indicates that the decay event happened most likely within the dead time ofthe detector from the 48Ni implantation event (194 µs for this event). The same effect is observed betweenthe second registered event after the implantation of interest and the third one, happening at ∆t=26 msfrom the 48Ni event with a dead time of the same order, which may indicate the loss of the decay of thedaughter nuclei as well within the dead time of the detector.
The measured energy (for the non-escaping two proton event) and the reconstructed angles betweenthe emitted protons are shown in Table 6.53. The angular distribution obtained in this work is showntogether with previous results by M.Pomorski et al. [145] in Figure 6.46. Despite the very low numberof measured events, for the moment no angles above 90o have been observed neither from the analysed 4events in the previous work [145], nor for the three events measured in this one, which is not the case forthe two proton emitter 54Zn, for which only 12 two proton emission events have been reconstructed in two
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different experiments: 7 events P. Ascher et al. [54] and 5 (preliminary), from A. Kubiela et al. [155] withmeasured angles with values distributed in the 30-150o range. Although higher statistics may be needed toconclude, the non observation of angles above 90o in the 48Ni case can indicate the presence of a structurein the angular distribution as the one predicted by Grigorenko et al. [57] due to its pure configuration(double magic nucleus).
Ep1 (keV) Ep2 (keV) Θpp (o)
724(17) 532(12) 71(10)- - 58(10)- - 72(10)

Table 6.53: Reconstructed proton energies (when possible) and angles between emitted protons identifiedas decays of 48Ni events.
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Figure 6.46: 48Ni angular distribution obtained in this work (orange, three events) together with theresults obtained in [145] (blue) (four events).
6.11 Summary of main results

A summary of the main results obtained in this chapter (half-lives, total branching ratio and branchingratio of the different emissions (β-1p, β-2p ...) and the number of implantations of all the studied nuclei,are shown in Table 6.54 and 6.55 respectively.
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Nucleus
T1/2

BR
p

β-1p
β-2p

β-3p
2p

E791
L

E791
L

E791
L

E791
L

E791
L

E791
L

41Ti
81.8(4)81.9(5)88(4)92.4(6)100.0(4)100.0(6)7x10 −4

-
-

-
-

-
45Cr

59(2)60.9(4)31(1)34.4(8)100(1)100.0(8)
-

-
-

-
-

-
44Cr

41(2)42.8(6)17.4(2)12.2(9)
99(1)100.0(9)0.67 +0.10−0.09

-
-

-
-

-
43Cr

21(2)21.1(4)102(3)91.03(3)94.1(4)87.1(6)
5.7(4)12.7(6)0.16 +0.1−0.06 0.14(6)

-
-

46Mn
36(3)36.2(4)49(2)57.0(8)99.3 +0.2−0.3 100.0(8)0.7 +0.2−0.3

-
-

-
-

-
47Fe

23(3)21.9(2)67(4)88.4(9)99.6 +0.2−0.3 100.0(9)0.4 +0.3−0.2
-

-
-

-
-

46Fe
11(3)13.0(20)77.1

70(6)
99.2 +0.5−0.8 94.2(7)0.8 +0.8−0.5

0.6(7)
-

-
-

-
45Fe

1.6 +2.0−1.0 2.56(2)
73

100(4)
25 +24−16

18.9(4)
-

7.8(23)
-

3.3(16)75 +16−24 70(4)
49Ni

7(2)
7.5(10)

83
83(13)

67 +7−8
100(13)

32 +8−7
-

2 +4−2
-

-
-

48Ni
2.2 +3.0−2.0 2.1 +1.4−0.6

100
100(20)20 +32−17

30(20)
-

-
20 +32−17

-
60 +25−30 70(20)

Table6.54:Summaryofresultsconcerninghalf-lives,protonbranchingratioandbranchingratioofthedifferentemissions(β-1p,β-2p...)foreach
ofthestudiednuclei.
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Nucleus Implantations
41Ti 426583
45Cr 16480
44Cr 64517
44Cr 4367
46Mn 4192
47Fe 2021
46Fe 467
45Fe 11(+10)
49Ni 65
48Ni 7(+1)

Table 6.55: Summary of number of implantations for each nucleus.
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Chapter 7: Further analysis and setup upgrade
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This chapter addresses the further analysis that needs to be performed to deal with the encounteredproblems discussed along this work, aiming to improve the quality and reliability of the results. (Sections7.1 to 7.4). In the last section 7.5, an upgrade of the setup for measurements of γ rays and β particles ispresented.
7.1 Identification of the nuclei

The identification process described in Section 5.2 presents some limitations. The model was builtwithin the assumption of Gaussian distributed identification parameters. This is experimentally not the case,especially in the time of flight parameter, as it was previously discussed in Section 5.2. When projectingthis parameter value in a Z line of the 2D identification matrix (Figures 7.1 and 7.2) a tail towards thelower N nucleus time of flight distribution is observed.

Figure 7.1: Identification 2D matrix for a single run. The purple line is used to project the time of flightvalues of the Z=22 group of nuclei.
This overlapping in time of flight (happening essentially from lower N values (See Section 5.2) ex-plains the two proton emissions from 45Fe and 48Ni events initially identified to be (46Fe and 49Ni nucleirespectively, as presented in Chapter 6.
The 4-D identification method needs to be adapted by the use of other functions predicting moreaccurately the parameter distributions in order to better estimate the contamination between nuclei, aiming
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for a better identification. The Crystal Ball function (a combination of a Gaussian with a powerlaw tail),defined in Equation 7.1 and implemented in ROOT [156] may be a good candidate. The function is definedas follows:
f(x, α, n, x̄, σ ) = N ·

exp
(
− (x−x̄)22σ 2

)
, for x−x̄

σ ≥ −α

A ·
(

B − (x−x̄)22σ

) for x−x̄
σ ≤ −α

(7.1)
A preliminary fit using a combination of two crystal ball functions is shown in Figure 7.2.

Figure 7.2: Projection of the time of flight in the Z=22 line (see Figure 7.1) for the full nuclei groupwithout any contour conditions. The individual crystal ball functions are represented by the pink and bluedashed lines, and the total function by the orange line.
Extra helpful information can be obtained from the non-proton emitters to quantify the mixing of thespecies. In the example of the Z=22 line, 41Ti is a proton emitter with a high branching ratio in contrastto 42Ti, that decays (100%) by β/EC without proton emission. The proton decay events associated to thelatter one (42Ti) are thus examples of a wrong identification and their identification parameter values maybe positioned in the tails of the distribution of the contaminant nucleus (41Ti), giving a hint of its extensionin N. The comprehension and modeling of the parameter distributions for the nuclei are essential to improvethe identification analysis, especially in experiments with low statistics and large momentum acceptancesettings.
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7.2 Drift of ions

The drifting of the ions, consequence of the non neutralization of the nucleus in the gas as explainedin Section 5.5 affects the different measurements of the observables. A full understanding of this processis thus crucial in their determination. A more accurate study can be achieved if the dispersion parameters(constant for a given gas and a fixed pressure) are fixed, and the fit is performed leaving the height parameterz free instead. This will allow for a better identification of the decay point position in the z axis in anevent-by-event basis and will lead to a better estimation of the number of drifting ions, which affects allthe branching ratio calculations. This will hopefully clarify the effect of the drifting of ions in the half-lifemeasurements.
As it was discussed in Section 5.44, there is a small decay point z position dependence on the obtainedreconstructed energies. For that reason, the length to energy conversion SRIM input values (see section5.3.3) needs to be optimized only for emissions from the entrance window. A correction for events emittedfrom the cathode needs to be applied accordingly. This may not have critical effects in the obtained energiesfor the single proton distributions with a relatively long half-life presented in Chapter 6, but it will allowsuppressing the systematic error for short half-life nuclei or single proton energy measurements, includedin Section 5.6.2 as a provisional solution to take into account this effect.

7.3 Fitting of the implantation event and escaping protons

A systematic difference between the stopping point of the ion and the decay point of the proton trackwas found in Section 5.4.2. A better estimation of the stopping point in the implantation cases can beperformed if the implantation track is also fitted, which was not the case in the current work.
The fit of the protons has been performed only for protons not escaping the volume in the XY plane.Fitting all the tracks can translate into a better implantation-decay event correlation, which could have aneffect in the measured half-lives and the total proton branching ratio estimates.

7.4 Proton Fitting in 3D

In Section 5.3.2 some different ways of track fitting were proposed: the fit taking into account onlythe dispersion in the XY plane and the one taking into account also the dispersion in the Z dimension(3D). The second one, being the best choice, requires large computing times, and it was used only for themost exotic multiple emission fits in the current work. A study of the impact of the fitting method wasperformed for a group of proton events for which two proton distributions were built (fitted in 3D and fittedwith the XY+T method). This study revealed maximum length differences of 8 mm for tracks emitted with avertical angle above 80o (1% of the events), and 3 mm for vertical angles between 60o and 80o (11% of theevents). When fitting the full energy distributions, differences in the obtained energies only of about 0.5%were found, justifying the use of the (much faster) (XY+T) fit. Nevertheless, the 3D fit can be performedin the future for a better estimation of the lengths in the case of too vertical tracks for which the highestdifferences between the two fits are found. By using the (XY+T) fit results as a starting point, the fittingprocess can be significantly speeded up.
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7.5 Setup upgrade (γ and β detection)
In order to perform full proton spectroscopy experiments, the installation of gamma detection systemsaround the detector is required to complete the proton information, aiming for a full interpretation of thetransitions as it was done for 44Cr in 6 using γ information from a preliminary work by P. Ascher et al.[146]. Part of the ACTAR TPC collaboration (USC, Santiago) already proposed the installation of CsI(Tl)detectors around the detection volume in order to detect high-energy particles and γ rays for transferreactions purposes (J. Lois Fuentes [157]). The proposed setup consists of four walls composed of a first Silayer (1mm from the detection volume and made out of 500 µm Si detectors) for heavy particle detectionand a second layer of CsI(Tl) for γ detection. These crystals, used for the CALIFA barrel calorimeter [158],have been tested and can achieve an intrinsic efficiency higher than 50% for γ rays. The same setup couldbe used for decay experiment purposes: the β particles can be detected in the Si layers and γ rays in theCsI(Tl). An illustration of the proposed setup upgrade is shown in Figure 7.3. Although this upgrade ofthe setup can be used for both transfer reactions and decay experiments, a more optimized setup for protonspectroscopy will require thicker silicon walls (1 mm) for β detection.

Figure 7.3: The ACTAR active volume is shown in or-ange (pad plane), surrounded by four walls composedby a Si detector (red) layer and a CsI(Tl) (blue) layer.Examples of a proton track (measured in ACTAR), a βtrack (measured by the Si wall) and γ ray (detectedin the CsI(Tl)) are illustrated. White text to put upthe text higher——————————————-
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Conclusions and Perspectives
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Two proton decay
Despite the very few two proton decay events measured for 48Ni, a result of a production rate lowerthan originally expected, the angles between the two protons could be reconstructed for the correctlyimplanted nuclei with ACTAR TPC, allowing for a first comparison with theoretical predictions. For themoment, no angles above 90o have been observed, which can indicate the presence of a structure in theangular distribution of the 48Ni protons as the one predicted by Grigorenko et al.. This may indicate therobustness of the Z=28 shell closure at the proton drip line, although a higher statistics is needed toconclude.
Some two proton emissions of 45Fe could be measured as well, for which the individual proton energiesand the angles between the emitted protons were also reconstructed, showing a very good agreement withprevious works and a better energy resolution.
The results obtained in the current work demonstrate the high capabilities of the detector and thedeveloped analysis techniques in order to determine the individual proton energies and reconstruct theangles between the protons despite the unfavorable pressure conditions, (resulting into very small tracks),chosen to optimize the implantation of 48Ni in the detection volume. A longer version of the detector(LACTAR TPC) with the same number of pads but rectangular shape (256x64 pixels instead of 128x128)has already been built, and it is currently under tests for future decay experiments, aiming to maximize thenumber of implantations without worsening the angular resolution in the chamber.
Two experiments have been already accepted at RIKEN: single proton emission experiments from 68Br,72Rb, 89Rh, and 93Ag and two proton emission from 67Kr. Further two proton emitter candidates couldbe studied if their production becomes available in the future, or if longer experiments can be performed,increasing the production of such exotic nuclei. Studies of β-delayed direct to proton emissions (for 43Crand 46Fe, from which some energy protons were found to be compatible with this emission mechanism in thecurrent work) could also be performed in the near future. (L)ACTAR TPC is a powerful detector adaptedfor such measurements and ready to use for this purpose.

β delayed proton emissionsEven though the experiment was not optimized for the study of the decay products from the neighbouringnuclei in the mass region of 48Ni, some of them were implanted in ACTAR TPC: 41Ti, 45,44,43Cr, 46Mn,47,46,45Fe and 49Ni. Their decay products have also been analysed in this work. Due to the identificationproblems, some of the results are still preliminary. They are denoted with the super-index P in the followingparagraphs:
• β delayed three proton emissions have been found for the first time for 48Ni and 49NiP.
• β delayed two proton emissions have been found for the first time for 49Ni, 46Mn, 47Fe and 44CrP.
• In the case of β delayed two proton emissions, some of the individual proton energies could bemeasured for the first time for 43Cr, 46Mn, 47Fe, 46Fe and 49Ni. Sometimes, the two protons stayedconfined in the detection volume (43Cr and 47Fe) and the total energy of the transition has beencalculated. In some cases the proton energies, measured with very similar energy, could correspond to

β-delayed simultaneous two proton emission from an excited state of the daughter nucleus. Furtherstudies, with optimized settings for that purpose, would be quite interesting to identify the nature ofthese events by identifying the different transitions with higher statistics since the β delayed direct
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two proton emission has never been evidenced so far.
• In the case of β delayed one proton emissions, the energy distributions associated to each nucleuscould be extracted and 36P new proton transitions have been identified and the branching ratiosPhave been calculated. These results can slightly change when performing a better identification ofthe nuclei, as explained in the last chapter.

Despite the encountered effect of the non-neutralization of the ions and the identification problems, theobtained results demonstrate that the ACTAR TPC detector is well suited for the determination of theenergy of the decay products of exotic nuclei in the neutron deficient region. The results are obtained witha very high resolution with respect to previous works performed with silicon detectors, where there existan important β background. This opens up new experiment possibilities for proton spectroscopy purposesusing ACTAR TPC. An experiment of this type using ACTAR TPC has already been proposed for 46Mn, inwhich the study of low energy proton transitions has a strong astrophysical interest. These studies requirethe installation of a γ detection system surrounding ACTAR TPC. As explained in the last chapter, this isalready an ongoing project.
In summary, various decay-mode experiment possibilities are opened for ACTAR TPC: direct protonemission studies, two proton emission (from ground and excited states) and β-(multi) proton spectroscopy.During this work, a dedicated methodology for each of the stages of the analysis has been developed, thatshed light on the different problems that strongly affect some of the results. The strategies and methodsproposed in this work constitute a baseline for future experiments in decay mode using ACTAR TPC.
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Two proton radioactivity and other exotic decays in the 48Ni region
measured with ACTAR TPC

Abstract: The study of exotic nuclei near the proton drip lines is of great importance for a better under-standing of nuclear structure. The two-proton radioactivity, a decay mode for neutron deficient isotopes atthe proton drip line, was predicted in 1960 and experimentally evidenced in 2002. The angles between thetwo emitted protons and their energies are important observables keeping a trace of the interaction of theprotons inside the nucleus.
An experiment at GANIL/LISE3 facility was performed in 2021 aiming to produce one of the two protonemitter nuclei from ground state known up to date, the doubly-magic 48Ni nucleus, and to measure theangular distribution of their emitted protons. The ACtive TARget and Time Projection Chamber (ACTARTPC) device was used to implant the ions and perform the tracking of the decay products (protons). Inaddition, other interesting exotic nuclei in the mass region of 48Ni have been produced and their decayproducts have been measured. First evidences of exotic decays such as β-delayed three proton emission(48Ni, 49Ni) or two proton emission (46Mn, 47Fe) have been found. The current work addresses the analysisof this experiment.
Despite several issues that are covered in the manuscript, the results allowed for a first comparison ofthe two-proton angular distribution of 48Ni to the existing theoretical models. Also, the results demonstratethat the detector is well suited for the determination of observables such as the angular distribution and theenergy of the decay products, obtained with a very high resolution with respect to previous works performedat low energies with silicon detectors, opening up new experiment possibilities for proton-spectroscopypurposes using ACTAR TPC. The analysis of these decays can provide many experimental informationabout the structure and decay scheme of very unstable nuclei.
A dedicated methodology for each of the stages of the analysis has been developed in this work,constituting a reference for future experiments in decay mode using ACTAR TPC.
Keywords: 2-proton, Exotic nuclei, Proton drip line, Delayed proton emission, Radioactivity
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Étude de la radioactivité 2-protons et autres modes de décroissance
exotiques dans la region d’48Ni avec ACTAR TPC

Résumé : L’étude des noyaux exotiques à la drip-line proton est importante pour mieux comprendre lastructure nucléaire loin de la vallée de stabilité. La radioactivité deux protons est un mode de décroissanceparticulier des noyaux très déficients en neutrons à la drip-line proton. Ce mode de radioactivité a étéprédit en 1960 et découvert expérimentalement en 2002. Les angles relatifs d’émission des deux protonslors de l’émission donnent une information sur les interactions à l’intérieur du noyau avant l’émission.
Une expérience a été réalisée au GANIL/LISE3 dans le but de produire le noyau 48Ni et analyserles caractéristiques de la radioactivité deux protons. Une chambre à projection temporelle (ACTAR TPC)a été utilisée pour implanter les ions et reconstruire les trajectoires des protons émis. En plus, d’autresnoyaux très exotiques dans la région de masse d’ 48Ni ont été produits et leurs produits de désintégrationont été mesurés également. Des émissions retardées de plusieurs protons β-2p pour (46Mn, 47Fe) et β-3ppour (48Ni, 49Ni) ont été observés pour la première fois. Ce travail de thèse concerne l’analyse de cetteexpérience.
Malgré quelques problèmes abordés dans le manuscrit, les résultats ont permis de comparer pour lapremière fois les distributions angulaires des deux protons du 48Ni avec les modèles théoriques existantes.Ainsi, les résultats obtenus prouvent que le détecteur est bien adapté à la détermination d’observables tellesque les distributions angulaires ou l’énergie des produits de désintégration, qui ont été mesurés avec unetrès bonne résolution à basse énergie par rapport aux expériences précédentes réalisées avec des détecteurssilicium. Ces résultats ouvrent de très belles perspectives pour de futures études par spectroscopie protonen utilisant ACTAR TPC. L’analyse des données peut fournir de multiples informations expérimentalesconcernant la structure nucléaire et les schémas de désintégration des noyaux très exotiques.
Une méthodologie dédiée à chacune des étapes de l’analyse a été développée pendant ce travail,constituant une référence pour de futures expériences en mode désintégration en utilisant ACTAR TPC.

Mots-clés : 2-protons, Noyaux exotiques, Drip line proton, Émissions retardées, Radioactivité
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