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Abstract

Two-proton (2p) radioactivity is an exotic nuclear decay mode resulting in the simul-
taneous emission of two protons. The ground-state 2p radioactivity was discovered in
the decay of *°Fe in 2002. Later, this novel decay mode was also found in the decays of
48Ni, *4Zn, and *Mg.

In order to study a promising 2p radioactivity candidate *°Ar, an experiment was per-
formed at the Fragment Separator of GSI in Darmstadt (Germany). The in-flight decay
technique, which is based on the tracking of the in-flight decay products by using the sil-
icon strip detectors, was employed. Several calibration and alignment procedures were
performed to achieve the best-possible accuracy of position and angle measurements.
In order to determine the angular and half-life resolutions as well as the detection ef-
ficiency, the decays of the previously-known 2p emitter ?Mg were remeasured. The
2p radioactivity of Mg ground state and sequential emission of protons from several
known excited states in 1Mg were confirmed. The deduced 2p decay energies are con-
sistent with previous data. The evidence on a new excited state in **Mg at 8.9702 MeV
above the 2p threshold was found. It was tentatively suggested that this new *Mg state
decays by sequential emission of protons via two unknown ‘*Na resonances at 2.5
MeV and 4.0752 MeV above the 1p threshold, respectively.

Two previously-unknown proton-unbound nuclei *° Ar and ?°CI were identified by mea-
suring the trajectories of their in-flight decay products 2®S+p-+p and 28S+-p, respectively.
The analysis of 2®*S-proton angular correlations provided information on the decay en-
ergies and structure of the observed states in *°Ar and 2?Cl. The assigned ground state
and first excited state of 2?Cl were found at 1.87)7 MeV and 2.37)'1 MeV above the
one-proton threshold, respectively. The ground state of *°Ar was found to be 2.4570%
MeV above the 2p emission threshold. Due to a strong Thomas-Ehrman shift, the lowest
states in 3°Ar and **Cl point to a violation of isobaric mirror symmetry in the structure
of these unbound nuclei. Detailed theoretical calculations of the correlations between
2p decay products followed by the Monte Carlo simulations of the detector response to
the 2p decay were performed in order to investigate the decay mechanism of the 3°Ar
ground state. Its decay is located in a transition region between simultaneous 2p decay
and sequential emission of protons. Such an interplay between the true three-body and
the sequential two-body decay mechanisms is the first-time observation in a nuclear
ground state. The theoretical investigations of the transition dynamics demonstrated a
surprisingly strong sensitivity of the decay correlation patterns to the 2p decay energy
of the 3°Ar ground state and the one-proton decay energy as well as the one-proton de-



cay width of the 2°Cl ground state. The first hint on so-called fine structure in the decay
of 3YAr*(2%) was obtained by detecting two decay branches into both ground state and
first excited state of 28S. The comparison of the experimental 28S-proton angular corre-
lations with those resulting from the Monte Carlo simulations of the detector response
illustrates that other observed 3°Ar excited states decay by sequential emission of pro-
tons via intermediate resonances in 2°Cl. The decay schemes of the observed states in
30Ar and 2°CI were constructed.

il



Zusammenfassung

Die Zwei-Protonen (2p) Radioaktivitit ist ein ungewohnlicher Zerfalls-Modus, bei dem
aus einem Atomkern zwei Protonen gleichzeitig emittiert werden. Der 2p-Zerfall von
Atomkernen im Grundzustand wurde experimentell erstmals im Jahr 2002 an *°Fe-
Kernen beobachtet. Danach wurde diese neue Zerfallsart auch in anderen Nukliden *8Ni,
47Zn und Mg entdeckt. Weltweit gibt es Interesse und theoretische wie experimentelle
Untersuchungen dieser besonderen Form der Radioaktivitit.

In der vorliegenden Arbeit wurde ein am Fragmentseparator der GSI durchgefiihrtes
Experiment ausgewertet, bei dem ®°Ar, welches aufgrund theoretischer Vorhersagen ein
weiterer Kandidat ist, der moglicherweise das Phiinomen der 2p-Radioaktivitit aufweist,
erzeugt und untersucht wurde. Dazu wurde die Methode des “Zerfalls im Flug” angewen-
det, bei der die Spuren der Zerfallsprodukte (Tochterkern und Protonen) verfolgt und
mittels ortsempfindlicher Silizium-Detektoren rekonstruiert werden. Daraus lassen sich
Zerfallseigenschaften wie Halbwertszeit und Energietonung sowie iiber Verzweigungs-
verhiltnisse und angeregte Zustinde in den Tochter-Nukliden ableiten. Dabei bewe-
gen sich die Zerfallsprodukte mit nahezu Lichtgeschwindigkeit und um diese Infor-
mationen zu gewinnen, miissen die Spuren der Zerfallsprodukte mit geeigneter Prizi-
sion bestimmt werden. Dazu wurde ein Verfahren zur software-méBigen Kalibrierung
und Ausrichtung der Detektoren relativ zueinander entwickelt und angewandt um die
bestmogliche Genauigkeit bei Positions- und Winkelmessungen zu erzielen; das Ergeb-
nis wurde anhand einer Messung mit dem bereits bekannten 2p-Emitter * Mg iiberpriift.
Diese Messung diente gleichzeitig als Referenz zur Uberpriifung des gesamten Aufbaus
um sicherzustellen, dass aus der Literatur bekannte Ergebnisse zuverldssig reproduziert
werden konnen. In der Tat konnten der 2p-Zerfall des '"Mg-Grundzustands sowie die
sequentielle Emission von zwei Protonen aus mehreren angeregten Zustinden in Ubere-
instimmung mit den bereits bekannten Daten bestitigt werden. Ferner wurde ein weit-
erer, bisher nicht bekannter Anregungszustand des '*Mg bei 8.91)-% MeV oberhalb der
2p-Schwelle entdeckt. Die vorliegenden Daten werden so interpretiert, dass dieser Zu-
stand zwei Protonen sequentiell iiber zwei unbekannte Resonanz-Zustinde in '®Na bei
2.570% MeV bzw. 4.0752 MeV oberhalb der 1p-Schwelle emittiert.

Als wichtigstes Ergebnis wurden die beiden neuen, proton-ungebundenen Isotope °Ar
und ?°Cl erstmalig nachgewiesen sowie ihre (Zerfalls-)Eigenschaften durch Messung
der Zerfallsprodukte 2°S + p + p bzw. %S + p untersucht. Die Analyse der Winkel-
Korrelation von 28S und Proton(en) beim Zerfall im Flug liefert Informationen zu Zer-
fallsenergien, angeregten Zustéinden und Struktur der Nuklide *°Ar und Cl. Der Grund-

iii



sowie der erste angeregte Zustand in >’Cl wurden bei 1.8701 MeV und 2.3%)] MeV
oberhalb der Proton-Schwelle gefunden. Der Grundzustand in *°Ar liegt 2.4570 5 MeV
oberhalb der 2p-Schwelle. Aufgrund einer signifikanten Thomas-Ehrman Verschiebung
deutet die Lage dieser Niveaus auf eine Verletzung der isobaren Spiegelsymmetrie in
diesen Kernen hin.

Um die experimentellen Daten zu interpretieren, um die Korrelationen der 2p-Zerfille
zu analysieren und um den Zerfallsmechanismus von °Ar im Detail zu verstehen wur-
den umfangreiche theoretische Untersuchungen und Simulationsrechnungen durchge-
fiihrt. Dabei stellte sich heraus, dass der 2p-Zerfall von °Ar in einem interessanten
Ubergangsbereich von gleichzeitiger zu sequentieller Emission der beiden Protonen
liegt. Das wechselweise Zusammenspiel von Drei-Korper-Zerfall und zwei aufeinan-
derfolgenden Zwei-Korper-Zerfillen, welches hier erstmalig beobachtet wird, ergibt
sich aus der geringen Bindungsenergie und der energetischen Lage der beteiligten Zusté-
nde in der Umgebung der Protonen-Abbruchkante: die theoretische Untersuchung der
Zerfallsdynamik ergibt eine iiberraschende und starke Abhéngigkeit der beobachteten
Korrelationen im 2p-Zerfalls des *°Ar von der Lage des Grundzustands, des Q-Wertes
fiir 1p-Zerfall und der Breite des 1p-Zerfalls des 2?Cl-Grundzustands. Die experimentelle
Beobachtung von zwei Zerfallszweigen des ersten angeregten °Ar*(2")-Zustands in
den ersten angeregten bzw. den Grundzustand von 2®S wird als “Feinstruktur” des 2p-
Zerfalls interpretiert. Der Vergleich der gemessenen 2%S-Proton-Winkelverteilungen
mit den Ergebnissen von Monte-Carlo Rechnungen ergibt, dass die anderen angeregten
Zustinde des *°Ar durch sequentielle Emission der Protonen via eines resonanten Zwis-
chenzustands in ?°Cl zerfallen. Unter Einbeziehung aller vorliegenden Informationen
wurden tentative Zerfalls- und Niveau-Schemata von 3°Ar und *CI konstruiert.
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1 Introduction

1.1 Nuclear Decay Modes

Exotic nuclei have a large excess of protons (or neutrons) in comparison with the sta-
ble isotopes [1], hence they are unstable and always transform to their stable daugh-
ter nuclei via one (or several) radioactive decay mode(s). So far, the discovered de-
cay modes include « decay, 5~ decay, ST decay or electron capture (EC), ~ radia-
tion, fission, 3-delayed particle emission, one-proton radioactivity, two-proton radioac-
tivity, and exotic-cluster emission '. Several of the above-mentioned decay modes are
schematically illustrated in Figure 1.1.

L 3
(=
P +—

N- L 2R n
:

_ EC
Z - p s
= p
S . v
SN | @ 2p
n-‘ \ \ \ \

N-2 N-1 N N+1

Neutron Number

Figure 1.1: Schematic illustration of various decay modes. 47y represents a parent
nucleus with proton number Z and neutron number N as well as the mass number A.
« decay, 5~ decay, 8T decay, and electron capture are well-known decay modes which
are shown by black arrows. One-proton radioactivity and two-proton radioactivity are
shown by the red arrows. They were observed in the 1982 [2, 3] and in 2002 [4, 5],
respectively. The blue arrows indicate the one- and two-neutron radioactivity, which
have been predicted for a long time in analogy to proton radioactivity [6]. However,
they have not been unambiguously observed.

! Some nuclei emit fragments heavier than « particle, e.g., C, O.



1 Introduction

Figure 1.1 schematically illustrates several nuclear decay modes. Among them, «v decay,
[~ decay, B decay, electron capture, together with ~y radiation are well-known decay
modes. Nuclear fission is a process which mother nucleus decays by splitting up into
two similar pieces. All these decay modes were discovered in the early period of the last
century. They are important phenomena in nuclear physics. They have provided rich
information on the structure of atomic nucleus and found many applications in several
branches of physics where nuclear properties are relevant, e.g., nuclear astrophysics.

During the last half-century, owing to the tremendous development of experimental
techniques and the application of powerful experimental facilities, especially secondary
beam facilities, more and more exotic nuclei both in proton-rich side and neutron-rich
side became accessible. Several exotic decay modes such as (-delayed particle emis-
sion, one-proton radioactivity and two-proton radioactivity were successively discov-
ered. Recently, an experiment studied two-neutron radioactivity of the neutron-rich
nucleus 2°0 [7,8]. This achievement possibly opened the door for observation of a new
decay mode. However, further experimental observations and theoretical investigations
are required for the verification. A state-of-art review of current knowledge on the exotic
nuclear decay modes can be found in [9].

1.2 Two-Proton Radioactivity

Among the observed decay modes, two-proton radioactivity was proposed for the first
time by Goldansky in the early 1960s [6]. In his pioneer work, simultaneous two-proton
emission was predicted to appear in the even Z isotopes beyond the proton drip-line, in
which one-proton emission is energetically prohibited but the ejection of two protons is
allowed due to the pairing interaction. Concerning the general condition for two-proton
radioactivity, Goldansky proposed that the positive binding energy of the first proton
must be larger than the half width of emitting the second one [6].

In principle, the emission of two protons from a nuclear state can be in various ways [6,
9] which are shown in Figure 1.2. In case (a), because the decay energy () for one-
proton emission (), = —S5,) and for two-proton emission (()2, = —Sy,) are positive,
both decay channels are possible. However, sequential 2p emission is energetically for-
bidden. In contrast to case (a), the sequential 2p decay via a narrow intermediate state of
nucleus [A — 1] becomes possible in case (b). Panel (c¢) displays the so called true two-
proton decay, in which one-proton emission is energetically prohibited and two-protons
are emitted simultaneously. True 2p decay is a genuine three-body decay process which
in general cannot be reduced to a sequence of two-body decays, e.g., successive one-
proton emission. In this decay mode, correlations between the three decay products are
important. In panel (d) and panel (e), besides the two-proton decay, the sequential emis-
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1.3 Experimental Results on Two-Proton Decay

A (A)+p (A-2)+2p A (A1)+p (A-2)+2p A (A1)tp (A-2)+2p

(d) §,>0,8,,<0 (6) 85<8, <0

A (A)+p (A2)+2p A (A1)tp (A-2)+2p

Figure 1.2: Energy conditions for different types of two-proton emission from a nuclear
state. The state of the parent nucleus with mass number A decays either by direct 2p
emission into the state of the daughter nucleus with mass number A — 2 or by sequential
emission of protons via the intermediate state of nucleus with mass number A — 1.
Sp(Z,A) =B(Z,A)—B(Z—-1,A—1)and S,(Z,A) = B(Z,A) — B(Z —-2,A-2)
are one- and two-proton separation energies, respectively. The B(Z, A) is the binding
energy of a nuclide with proton number Z and mass number A. (a) Both 1p emission and
2p emission are possible. (b) Sequential decay via a narrow intermediate state becomes
possible. (c¢) True 2p decay. (d) and (e) Sequential decay may proceed due to a broad
intermediate state. See text for details. The figure is based on the Figure 25 of Ref. [9].

sion of protons is energetically allowed due to a broad intermediate state, which the 1p
decay energy is of the same order as the 1p daughter’s width. Such scenarios are named
as “democratic decays” [10].

1.3 Experimental Results on Two-Proton Decay

Nuclear structure studies have increasingly focused on nuclei far from stability over
past years. The two-proton emission, particularly the true two-proton decay, has gained
widespread appeal because it provides a novel and powerful tool for the investigation of
the structure of nuclei located at and beyond the proton drip-line. After the prediction
of 2p radioactivity, much experimental work was devoted to study this decay mode.
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Although the discovery of ground-state (g.s.) 2p radioactivity had to wait for more than
40 years, a lot of experimental knowledge on its related phenomena (e.g., democratic
decay and excited-state 2p emission) has been accumulated. In this section, the light
nuclei which emit two protons via the democratic decay mechanism will be introduced
firstly. Then the excited-state 2p emission will be described. It is followed by a review
of two-proton radioactivity. A comprehensive summary of experimental studies on two-
proton decay can be found in [11].

Table 1.1: Ground-state two-proton emitters which have been investigated experimen-

tally. Qp, I, Tl%, and BR denote the decay energy, partial width, partial half-life, and

branching ratio for the 2p decay, respectively.

AZ | QgfkeV Tor T 2 BR/% | Experiments
‘Be | 1371(5) 92(6) keV [12]
20 | 1820(120) 400(250) keV [13]
1790(40) 580(200) keV [14]
1800(400) 600(500) keV [15]
1638(24) <72 keV [16]
'Ne | 1340(80) 200(100) keV [13]
1399(24) 110(40) keV [17]
1350(80) <200 keV [18]
1388(15) 82(15) keV [19]
1466(20) <80 keV [20]
Mg | 750(50) 4.0(1.5) ps [21]
1.217030 to 4.47 17 ps [22]
5Fe | 1100(100) 4.0793 ms ~80 [4]
1140(50) 8.5155 ms 70-80 [5]
1154(16) 2.879 ms 57110 [23]
3.7753 ms 7015 [24]
BNi | 1350(20) 8.477%° ms 25139 [23]
3.0722 ms 70150 [25]
Y7n | 1480(20) 3.777% ms 87t [26]
1280(210) 1.710 % ms 9270, [27]

1.3.1 Democratic Decay

Table 1.1 lists all the g.s. 2p emitters studied experimentally up to now. Among them,
the first 2p unbound system which was experimentally studied is °Be [28]. In this work,
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an enhancement of low energy « particles compared with a simple phase-space distri-
bution was observed. However, no conclusions concerning the decay mechanism were
reached. Later Bochkarev et al. performed detailed studies of °Be decays. Energy and
angular distributions of the emitted particles were measured [10,29]. The interpretation
of the correlations has led to the concept of “democratic decay” [10]. In such a decay
no strong energy focusing in kinematic space is formed, and the decay mechanism has a
three-body feature [9]. In recent studies, Grigorenko et al. [30] and Egorova et al. [31]
experimentally reconstructed the full three-body correlation pictures for 2p decay of
the °Be ground state and its first excited state (e.s.), which provided the insight into
the mechanism of “democratic decay”. The experimental results were found to agree
well with the predictions of a theoretical three-body model [32,33]. Fomichev et al.
investigated three-body « + p + p continuum of °Be by performing kinematically com-
plete measurements. Detailed correlation information was obtained for °Be g.s. and first
e.s. The observed negative parity continuum was interpreted as the isovector soft dipole
mode associated with °Be g.s. [34].

120 is another 2p-unbound nucleus. An early experimental study by Kekelis et al. in-
dicated that 20 has a significant branching ratio for diproton decay 2 [13]. However,
in the following study by Kryger et al., the two-proton emission from 20 g.s. was ob-
served, but no evidence for diproton decay was seen [14]. Subsequently, it was found
that the ground state of !N is below that of 20, which opens the way for sequential de-
cay [35-37]. Combined with these studies, a consistent explanation of the two-proton
decay of 20 g.s. in terms of sequential proton emission was established, the decay
mechanism belongs to the class shown in Figure 1.2(e) [38].

One of other short-lived two-proton emitters in the light proton-rich nuclear territory is
16Ne. An early study on this nucleus was performed based on the measured mass and
penetrability calculation, Kekelis ef al. suggested that 1®Ne has a significant branching
ratio for diproton emission [13]. A recent experiment performed by Mukha et al. inves-
tigated 2p decay of '°Ne by measuring the trajectories of in-flight decay products. The
reconstructed *O-p and p-p correlations implied a genuine three-body decay mecha-
nism [18]. Another recent experimental study on the decay of ‘Ne states to 14O +p+p
continuum was performed. The correlations between the momenta of the three decay
products were measured and their dependence on the long-range three-body Coulomb
interaction was observed [20].

The diproton picture states that two protons can be considered as a single “diproton” (or ?He) particle,
which is tunneling through the barrier along the straight classical trajectory.
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1.3.2 Two-Proton Emission from Excited States

Besides g.s. 2p decay, the 2p emission from excited states can be also found in some
nuclei. These states were populated either by 3 decay or by nuclear reactions. The -
delayed 2p emission from several nuclei (?2Al, 22Si, 2P, %S, 3L Ar, 3°Ca, ®°Ti, *3Cr, and
°Ni) has been summarized and discussed in Ref. [11], it is found that all these cases
belong to the sequential emission mechanism, i.e., the ejection of the two protons can
be described as a sequence of two one-proton emissions.

In order to search for p-p correlations going beyond the sequential decay mechanism,
the excited states of a few other 2p emitters were fed by nuclear reactions. Mercurio
et al. studied the decay of excited states in °C to the 2p + 2« exit channel. It was
found that e.s. of °C at 6.57 MeV undergoes two-proton decay to *Be g.s. [39]. In
an experiment performed by Bain et al., the 7.77 MeV e.s. of 1O was populated by a
resonance reaction and 2p emission from this state was found to be dominated by se-
quential decay [40]. Concerning the first e.s. of 1°Ne at 1.69 MeV, it was populated in
neutron knockout reactions and an interplay between sequential and simultaneous 2p
decay from this state was investigated [41]. The first e.s. (spin parity J™ = 3/27) and
second e.s. (J™ = 5/27) of "Ne were populated via Coulomb excitations. No evidence
for simultaneous 2p emission of the first e.s. of "Ne was found and sequential 2p decay
from the second e.s. of "Ne was observed [42]. The simultaneous 2p emission from the
6.15 MeV state (J™ = 17) in *Ne was observed with '"F + 'H reaction. However, due
to the limited angular coverage, diproton emission and direct three-body decay could
not be distinguished by this experiment [43]. In another experiment, the same e.s. of
18Ne was populated by Coulomb excitation. The evidence for diproton emission from
this e.s. was reported. The democratic decay mechanism was found to have a lager con-
tribution to the 2p emission [44]. Several broad resonances of 'Ne have been observed
and two of them were found to decay by sequential 2p emission [45]. In an experiment
by Lin et al., two-proton emission from excited states of 2?S was investigated by detect-
ing the 27Si + p + p coincidence. The two-proton decay from excited states between 9.6
MeV and 10.4 MeV was found to exhibit a diproton emission feature [46].

As an interesting case, the long-lived high-spin 21% isomer in **Ag decaying by 2p
emission was reported by Mukha et al. [47]. On the basis of the measured p-p cor-
relations, the evidence for simultaneous 2p decay of this isomer was found. Such a
two-proton radioactivity behavior was attributed to a very large deformation of this
isomer [47]. This discovery and related conclusions have caused several controver-
sies [48-52]. Further experimental investigations are needed to obtain the detail in-
formation on the decay mechanism of this isomer.

Furthermore, the decay of isobaric analog state (IAS) of ®B were studied and this IAS
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was found to decay by prompt emitting two protons to the IAS of SLi [53, 54]. The
authors claimed that such a 2p decay of IAS extended the definition of direct 2p decay
to the third class. Besides the simultaneous 2p emission and democratic decay, the third
case corresponds to the situation that 1p decay is energetically allowed, but isospin
forbidden. Another experiment confirmed this new decay mechanism by investigating
the decay from IAS in 2N. The results show that it decays to the IAS in B [16].

1.3.3 Experimental Observation of Ground-State Two-Proton Radioactivity

After its prediction more than 40 years, ground-state two-proton radioactivity was dis-
covered for the first time in 2002 [4,5]. Two different experiments, one performed at the
Fragment Separator in GSI  and shortly afterwards, the other at the LISE separator in
GANIL #, independently observed that the g.s. of **Fe decays by simultaneous emission
of two protons. Later ®#Zn [26], Mg [21], and **Ni [25] were found to be other g.s. 2p
radioactive nuclei. The decay properties of all already-discovered g.s. 2p emitters can
be found in Table 1.1. The discovery of two-proton radioactivity is one of the most
prominent results in the studies of systems beyond the proton drip-line.

The Decay of *°Fe

In both experiments which led to the discovery of the two-proton radioactivity [4, 5],
the *°Fe ions were produced by fragmentation reactions and they were implanted into
silicon detectors. The decay energy and decay time were measured. Although only a
few 2p decay events were observed in both experiments, it was sufficient to claim the
discovery of a new decay mode because the experimental data are free of background
and only can be explained by 2p decay hypothesis. In a subsequent experiment per-
formed at GANIL, the decay information (e.g., decay energy and half-life) on *>Fe was
obtained with larger statistics and improved accuracy [23]. In 2007, Giovinazzo et al.
reported the first direct observation of the individual protons in the two-proton decay
of ¥Fe with the Time-Projection Chamber (TPC) [55]. Later, Miernik et al. utilized
the novel Optical Time Projection Chamber (OTPC) [56], which is based on the opti-
cal readout the TPC signals, to image the 2p decay of *°Fe. In this experiment, energy
and angular correlations between two protons were determined, indicating a three-body
decay character [24].

The Decay of >‘Zn

The nucleus 3*Zn was observed for the first time in 2004 [26]. In this experiment, **Zn
ions were produced by the quasifragmentation of a **Ni beam. Eight **Zn implanta-
tion events were observed and seven of them were found to decay by two-proton emis-
sion. The decay energy, branching ratio, and partial half-life for 2p decay were deter-

3 GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany.
4 Grand Accélérateur National d’Tons Lourds, Caen Cedex, France.
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mined [26]. In order to identify the emitted two protons separately, a modified Time-
Projection Chamber was used in a later experiment [57]. The decay energy and half-life
measured by this experiment agreed with the previous experiment. Meanwhile, energy
and angular distributions of decay products were also obtained.

The Decay of Mg

A technique based on particle tracking of decays in flight (see detail in subsection 1.5.3)
was applied by Mukha et al. to investigate the 2p radioactivity of ?Mg [21]. In this ex-
periment, the trajectories of 2p decay products of ?Mg were measured by using tracking
silicon strip detectors (SSDs). The 2p-decay vertices and fragment correlations were re-
constructed. The determined 2p decay energy and half-life of ?Mg g.s. can be found in
Table 1.1. The data obtained in this experiment also revealed several excited states in
Mg, and they were found to decay by sequential emission of protons [58]. In a recent
work by Voss et al. [22], the half-life of two-proton decay of ?Mg g.s. was measured by
utilizing another kind of experimental technique. Researchers employed a thin silicon
detector positioned at varying distance downstream of the reaction target to measure the
energy loss of Mg and its two-proton decay daughter !“Ne. The extracted half-life
range of ?Mg is displayed in Table 1.1. One can see the half-life of ?Mg g.s. deduced
from two experiments agree with each other.

The Decay of “*Ni

In an experiment, which was performed at GANIL in 2005 [23], the decay of “*Ni was
observed for the first time and one decay event was found to be consistent with two-
proton radioactivity. In 2011, Pomorski et al. studied the decay of **Ni by recording
the tracks of charged particles. The direct evidence for 2p decay of this nuclide was ob-
tained [25]. Recently, an experimental investigation of “*Ni observed six decay events
by employing the OTPC [59]. Among them, four events are assigned to g.s. 2p radioac-
tivity. The decay energy of ¥8Ni is determined as 1.29(4) MeV.

1.4 Theoretical Description of Two-Proton Emission

Accompanied with the experimental study of 2p emission, several theoretical models on
2p decay were developed. Historically, Goldansky proposed the first idea of the diproton
approximation to describe the 2p emission phenomenon [6, 60]. In this quasiclassical
approach, the two protons are assumed to form a point-like “diproton” particle (*He).
The diproton propagates under the barrier along a classical trajectory. Although possible
binding or resonance energies were not taken into account in this model, it was helpful
to understand the 2p emission in a simple manner. Actually, the diproton model was
often used in the early 2p decay calculations, e.g., [61-63]. However, recent studies
have revealed severe problems concerning this model [9, 64, 65].
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In order to include the p-p correlation which is neglected in the diproton model, a R-
matrix model was employed [66,67]. In this model, the two-proton decay is sub-divided
into two sequential decays. First, the parent nucleus emits two protons which form a
resonance. Second, this resonance disintegrates by ejecting the two protons. Nuclear
structure effects are included via spectroscopic factors for the overlap of the wave func-
tions of the parent and the daughter system. However, the emission dynamics is not
considered in the R-matrix model.

The first quantum-mechanical model proposed for 2p decay is a so-called three-body
model developed by Grigorenko et al. [32,33]. Jacobi coordinates are adopted in this
model to treat the three-body system consisting of an inert core and two protons. The ap-
plication of the realistic proton-proton and core-proton interactions allows for a descrip-
tion of the emission dynamics and predictions of the lifetime as well as the fragment
correlations. The three-body model has been widely used in recent 2p decay studies,
e.g., [20,21,27,30, 68]. It is worth mentioning that the three-body model has reason-
ably explained unexpectedly long half-lives of all measured true 2p-emitters, which are
regarded as a result of a considerable influence of few-body centrifugal and Coulomb
barriers together with nuclear structure effects. Nevertheless, nuclear structure infor-
mation can be only taken into account at the level of single-particle energies, thus 2p
precursors with dominating collective configurations (e.g., 217 isomer of “*Ag) cannot
be addressed in this model.

Another model on 2p decay is the shell model embedded in the continuum (SMEC) [69].
Because it can treat the coupling to the continuum, the SMEC was expected to deal with
loosely bound or even unbound nucleons well. This model was extended to treat nuclei
with two loosely bound nucleons [70]. However, due to the lack of three-body asymp-

totic channels, the calculation of various correlation functions in the SMEC framework
is hindered [11].

Besides the above-mentioned models, some other theoretical approaches were also ap-
plied to investigate the two-proton decays and related phenomena. The relativistic mean-
field theory was employed to study the light-medium nuclei and several potential can-
didates were predicted to exhibit two-proton radioactivity [71]. The covariant density
functional theory was used to study the nuclei beyond the proton drip-line. The half-
lives of some proton emitters were calculated [72,73]. A time-dependent approach was
utilized to calculate the decay width for two-proton emission and to study the effect of
the correlation between the two emitted protons. It was found that the paring interaction
may significantly enhance the probability for the diproton decay [74]. Recently, De-
lion et al. employed a simple model within the framework of scattering theory to study
two-proton emission [75]. A strong dependence of the pairing gap and decay width
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on the proton-proton interaction strength was revealed. A series of work by Fortune
and coworker employed a weak coupling and simple potential-model to calculate mass,
width, and other properties of some 2p emitters, e.g. **Ne [76] and *Mg [77-79].

1.4.1 Two-Proton Radioactivity Landscape

In the pioneer work of Goldansky, who predicted the existence of 2p radioactivity for
the first time [6], several candidates were proposed which may exhibit this novel exotic
decay mode. Based on the masses of nuclei available at that time, Goldansky proposed
some proton-rich nuclei which fulfill an energy criterion as the potential candidates for
observing the 2p radioactivity. Following a similar manner, Janecke studied the prop-
erties of the 2p decay process based on the calculated masses of light nuclei and state
widths. Several light nuclei were named as candidates for the 2p decay [80]. In the
same work, the author also pointed out that the definition of 2p radioactivity involves
a condition pertaining to energies and a condition related to the lifetimes or the widths
of the decaying states. However, the latter condition is difficult to be well-defined. In
a later work, Goldansky updated the tabulation of 2p radioactivity candidates by con-
sidering an explicit energy condition and a approximate lifetime criterion [81]. These
studies served as the first guidance for the experimental search of 2p radioactivity.

After the discovery of 2p radioactivity of “*Fe in 2002, Grigorenko et al. used the above-
mentioned three-body model to systematically study lifetime dependencies on the decay
energy and three-body correlations for several nuclei [82]. Dozens of prospective true
2p emitters were predicted, and they are shown in the Figure 1.3. Among these candi-
dates, besides “°Fe, Mg, *®Ni, and *Zn have been proven to be true 2p emitters.

In a recent study, the global landscape of g.s. 2p radioactivity has been quantified by us-
ing the nuclear density functional theory [83]. Based on the calculated binding energies
and 2p decay half-lives, many g.s. 2p-decay candidates have been identified by applying
the following energy and lifetime conditions:

Sap < 0, Sp >0,

1077s < T, < 107's. (D
The main conclusion of this work is that 2p-decaying isotopes exist in almost every
isotopic chain between Ar and Pb, which indicates that g.s. 2p radioactivity is a typi-
cal feature for the proton-unbound isotopes with even atomic numbers. According to
the predictions, the upper end of the 2p-decay territory is hindered by « decay, which
totally dominates above Pb. The nuclei of the most interest are around '**Te - 11°Ba,
where the competition between 2p emission and « decay is predicted. Since these two
decay modes were never observed before to coexist in the same nucleus, such an experi-
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Figure 1.3: The landscape of true 2p emitters predicted by the three-body model [82].
The known nuclei are marked by hollow squares, stable nuclei by grey squares. The
established g.s. true 2p emitters are highlighted by red boxes, while expected true 2p
decay candidates are shown by blue boxes.

mental observation will provide an excellent test of nuclear structure models and deeper
understanding of the dynamics of charged particle emission from nuclei.

1.5 Experimental Techniques Concerning the Two-Proton Decay
Studies

As described in the previous section, dozens of nuclei have been predicted as 2p ra-
dioactivity candidates, and all of them are located at or beyond the proton drip-line
of the nuclear landscape. In general, one can choose one of three established experi-
mental methods to study a particular candidate depending on its lifetime. Those three
approaches include implantation-decay method, missing (invariant) mass method, and
in-flight decay method. In the following, these experimental methods will be introduced.

1.5.1 Implantation Decay Method

In implantation experiments, the nuclei of interest are stopped in a detector (e.g., OTPC).
The lifetime and the decay energy can be obtained by registering the decay events. This
method is appropriate for studying the nuclei with lifetimes from characteristic time for
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[-decay (in the range from millisecond (ms) to s) to time required for fragment separa-
tion (about 1078 s). Therefore, the implantation method can be employed for studies of
the decays of relatively long-lived 2p emitters. The early experimental studies of g.s. 2p
emitters (e.g., “*Fe [4,5]) adopted the implantation method. However, due to the use of
thick silicon detectors, the observation of individual protons was hindered [57]. In order
to observe the protons emitted from the parent nucleus directly, two kinds of implan-
tation detector were developed based on the principle of TPC. Scientists at CEN Bor-
deaux - Gradignan made a special TPC with electric readout which is based on charge
amplification in the gas by using gas electron multipliers (GEMs) [84]. Independently,
scientists at the University of Warsaw developed the OTPC by combining the technique
of multistep avalanche chamber with optical imaging [56]. By means of these TPC-
based detectors, two-proton decay of “°Fe [24, 55], °Zn [27,57], and “*Ni [25] were
directly observed. Without exception, all these 2p precursors have half-lives of the or-
der of milliseconds which are suitable for the implantation method.

1.5.2 Missing Mass Method

In the case of relatively short-lived nuclei (e.g., shorter than hundreds of nanoseconds
(ns)), the implantation method is inapplicable since the nuclei decay before they can be
implanted. One may choose the missing mass (or invariant mass) method to study these
nuclei. This method was applied in the studies of light 2p emitters, e.g., °Be [10] and
120 [14]. The range of widths measurable in the missing mass experiments is tens of
keV and more (or lifetimes less than 1071 s). Considering the lifetime range which
is suitable for the implantation method, there is a 12 orders of magnitude gap between
the lifetime intervals measurable by the implantation and missing (invariant) mass ex-
periments. In order to fill this gap and to search several promising 2p radioactivity
candidates (e.g., ?Mg) which were predicted to have lifetimes of the order of picosec-
onds (ps) [82], the in-flight decay technique was proposed in the early 2000s [85]. This
novel experimental method is described below.

1.5.3 In-Flight Decay Method

The in-flight decay experiment was developed to perform the radioactive decay studies
of proton-unbound nuclei with lifetimes ps to ns where the conventional implantation
and missing mass methods cannot be used. The idea of the in-flight decay technique
is schematically outlined in Figure 1.4(a). Here the 2p decay of '"Mg is shown as an
example. The ?Mg ions can be produced via one-neutron knockout from 2°Mg ions.
After a short flight path, Mg may decay by emitting two protons and a heavy ion
(HI) daughter nucleus '"Ne. As seen in Figure 1.4, a tracking detector array can be
positioned downstream of the reaction target, which allows to measure the positions of
decay products thus to reconstruct their trajectories.
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Figure 1.4: Principle of in-flight decay experiments exemplified by the decay of 1Mg.
(a) Schematic layout of detectors used to track the two-proton decay of ?Mg in-flight
and derive its decay vertex. (b) A sketch of two ideal vertex profiles of prompt decay
and delayed in-flight decay, respectively. See text for details.

Based on the measured trajectories of protons and of the heavy recoil ion, the coordi-
nates of each decay can be defined as the vertex of three fragments’ trajectories, i.e., the
point of closest approach of trajectories of three products. Depending on the decay time,
the measured decay vertex distribution normally can be divided into two components,
which are schematically shown in Figure 1.4(b). One is characterized by a uniform dis-
tribution within the reaction target which corresponds to the so-called prompt decay
case, e.g., the dissociation of 20Mg into the nonresonant '"Ne + p + p continuum and
prompt decay of very short-lived states in '“Mg inside the target. In the prompt decay
case, the half-life (77/3) of the decay is normally much smaller than the flight time
for the ion passing through the target (7iue). Another component is expected to ex-
hibit “growing” and “decay” curves along the beam direction which may be due to the
radioactive decays of relatively long-lived ?Mg g.s. [21]. Such a delayed-decay com-
ponent is analogous to counting the decay products as a function of time in a standard
radioactivity experiment. The half-life value of the decay can be derived by fitting an
exponential function to the vertex profile. In order to disentangle the prompt and de-
layed decay components, a precise measurement of all fragment trajectories is required,
which allows for reconstructing each decay vertex accurately [86].
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Besides the half-life of the 2p precursor may be extracted from the measured decay
vertex distribution, the spectroscopic information on the state of the precursor may be
deduced from the measured angles between the trajectories of decay products (e.g., # in
Figure 1.4(a)). Generally, the states of 2p precursor can undergo sequential two-proton
emission or direct 2p decay. In the former case, the decay process can be reduced to a
sequence of two single-proton emissions, i.e., two sequential two-body decays. In the
latter case, the three-body decay kinematics should be considered. In the following,
the principle of the in-flight decay spectroscopy for investigating 2p-unbound nuclei
via the measurement of angular correlations of the decay products (e.g., angular HI-p
correlation) is described. The kinematics concerning the above-mentioned two decay
processes, i.e., two-body decay and three-body decay, are briefly introduced. Through-
out this subsection units are used in which h = ¢ = 1.

First let us consider the sequential 2p decay case. As mentioned previously, it actually
includes two two-body decays. A general description of two-body decay kinematics
can be found in many references, e.g., [87]. Here, we briefly introduce the kinemat-
ics concerning the single-proton emission, which is applicable to sequential emission
of protons. The decay products of single-proton emission include a proton and a HI
daughter nucleus. In the rest frame of the mother nucleus (rest frame), the momentum
vector (hereafter p,) of proton and HI are equal in magnitude and opposite in direc-
tion because of the momentum conservation. According to the energy conservation, the
magnitude of p;,, is given by

1
Pem = 537 (M2 — (my — mun)?][M? — (my, + mm)?]
1
= W (M+mp—mHI)(M—mp+mHI)(M+mp+mHI)Q, (12)

where M, m,, and my; are the mass of the mother nucleus, the mass of the proton, and
the mass of the HI, respectively. The quantity () is the decay energy of the mother
nucleus, which is given by () = M — m,, — my;. The above equation indicates that in
the rest frame the magnitude of the momenta of decay products and hence also their
energies are determined by the masses of the three particles. In the laboratory frame
(lab frame) which the z axis is along the direction of flight of the mother nucleus, the
magnitude of decay product’s momentum can be also obtained by requiring energy and
momentum conservation. For instance, the magnitude of the proton momentum (Ep) is
given by

) (M2 + m2 — m%,) P cos 6, + 2E\/M2p2m — m2P?sin), .
P 2(M?2 + P2?sin®0,) - 13

In equation 1.3, P is the magnitude of the momentum (15) of the mother nucleus, E is
the energy of the mother nucleus, which is given by £ = v/ M2 + P2, 0, is the polar
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angle of the proton, i.e., the angle between Ep and z axis. If P is very large and p, is
relatively small (i.e., the velocity of the mother nucleus in the lab frame is much larger
than the velocities of the decay products in the rest frame.), the condition M”;g: <1
is fulfilled. In such a case, an immediate result from equation 1.3 is that there is a
maximum value of proton polar angle 6,(max), because the reality of k, demands the

M?pZ, — m2P?sin” 6, > 0. The 0 (max) is given by
Mpcm

sinf,(max) =

2mp + Q Qm}ﬂ + Q)(Qmp + 2mH1 + Q) (1 4)
2mp\/_ T

T+2(mp+mHI—I-Q)

where 7' is the kinetic energy of the mother nucleus in the lab frame, and it is given by

= VvV M? + P? — M. If the mother nuclei are mono-energetic (i.e., constant 7°), the
6,(max) is determined by the () value and the masses of the three particles according
to the above equation. Generally, for the decay of a high-energy nucleus, () is a small
quantity (of the order a few MeV) in comparison with m,,, my;, and ', one can perform
the Taylor’s expansion in /@ for the expression in the right-hand side of equation 1.4
and the leading order result is

) N 2mm(m, + mun)
sin 6, (max) ~ \/mpT[T G p—1 VQ. (1.5)

The above expression illustrates that the maximum value of polar angle in the lab frame
is approximately proportional to the square root of mother nucleus’s decay energy.

Given the fact that the mass of a heavy decay product (e.g., *"Ne) is normally much
larger than the mass of the proton, in the lab frame, the polar angle of HI 6y is much
smaller than 0,, i,e., 01 < 0,. Therefore, the angle between the momenta of HI and
proton (6yr.,) in the lab frame is given by

HHI-p = Gp + ‘9HI ~ Gp. (16)

The above equation demonstrates that the maximum value y;.,(max) of Oy, approxi-
mately equals to the maximum value of proton polar angle 6,(max), which is determined
by equation 1.4. Such a situation is schematically shown by Figure 1.5(a), which illus-
trates the kinematics for the simple case of isotropic and mono-energetic one-proton
emission from a high-energy precursor, e.g., **Na. The momentum distribution of HI
in the lab frame is centered around the momentum of the mother nucleus. The kine-
matic enhancement presents at the maximum possible angle between HI and proton
Onr.p(max), where the proton is emitted almost orthogonally relative to the HI’s momen-
tum vector. If one can measure the trajectories of proton and HI thus measure the angle
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O, precisely, the () value of the proton emission can be deduced by inspecting the
HHI_p(maX).

Now let us derive the distribution of the angle between the decay products in the lab
frame w(6urp). Starting from the distribution w*(cos #*) of the cosine of the decay
angle 0" in the rest frame, the distribution w(cos fy;.,) of the cosine of the angle 6y, in
the lab frame can be obtained by

d cos 0*

—w" 0%). 1.7
d cos QHI_pw (cos 67) (.7

w(cos urp)
In case of an isotropic decay in the rest frame, the distribution w*(cos 6*) is constant:
w*(cos 0*) = % The general relation between cos 6* and cos 6y, is so complicated due
to the Lorentz transformation from the rest frame to the lab frame that we do not write
it here. The reader who is interested in the the exact expression is referred to Ref. [87].
For arbitrary masses, it is not easy to uncover the y;., dependence of w(cos fyy.,) from
equation 1.7. Under the circumstance that the mother nucleus is much heavier than the
proton and the decay energy is much smaller than the proton mass, the dependence of
w(cos Oyrp) on Oy, can be approximated by

a

\/cos Our.p — b

In equation 1.8, a and b are positive constants, which are given by a = 7, /ﬁ and

w(cos Our,) =~ (1.8)

b=1— inT_:;), respectively, v is the the velocity of the mother nucleus in the lab frame.
Correspondingly, the distribution w(f;.,) can be obtained by

w(Opr,) = sinOup,w(cos Ourp). (1.9)

Such a distribution is schematically displayed in Figure 1.5(b). Note that equation 1.8
implies the existence of a maximum angle between HI and proton. Moreover, the Oy,
spectrum exhibits a sharp peak at the maximum value 0y ,(max). Such typical features
are the basis for the analysis of the measured 0y, distribution in the in-flight decay
experiment. By observing the peak position of the ., spectrum, one can obtain the
On1.p,(max) and thus deduce the decay energy.

Let us turn now to the direct 2p decay. This is a three-body decay process and in general
nine degrees of freedom are required for the description of three decay products in the
final state if spin degrees of freedom are neglected. A comprehensive description of the
kinematics concerning the direct 2p decay is complicated. As shown in section 1.4, sev-
eral theoretical models have been developed to describe the decay dynamics of the direct
2p decay, such as the SMEC and three-body model. In order to provide some general

16



1.5 Experimental Techniques Concerning the Two-Proton Decay Studies

(a) (b)
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Figure 1.5: (a) Schematic interpretation of the kinematics concerning the isotropic
mono-energetic proton emission from an energetic nucleus. EHI, l;p, and EHI_p repre-
sent the momentum of the heavy ion daughter nucleus, the momentum of the proton,
and the relative momentum between proton and HI, respectively. For a given EHI_p, the
kinematic enhancement (shaded area) of 0y, appears at the maximum possible angle
Onr.p(max). (b) Corresponding angular HI-p distribution exhibiting a peak related to the
proton decay energy.

features especially the energy and momentum correlations of the 2p decay products, a
brief introduction of the three-body model is described here. The detailed descriptions
of this model can be found in Refs. [32, 65, 82, 88].

In the three-body model, the dynamics of a system with A particles is reduced to the
core+p-+p three-body dynamics. Such a three-body system can be investigated by using
the Jacobi coordinates defined in the Jacobi system. For example, two “irreducible”
Jacobi systems in coordinate and momentum spaces, so-called “T” and “Y”’ systems, are
shown in Figure 1.6. Correspondingly, several Jacobi vectors and correlation parameters
are defined in the following:

E . Azl;l - All_f'g
T T Al + A2 )
[ As(ky + ko) — (AL + Ag)ks
Y A+ Ay + As ’
Kok
Qo = E,+E,=—"+ , (1.10)
P Y 2M,  2M,
£ = Ex/Q2p7
k -k
cos(Oy) = ; p =5
zlvy

In these equations, A;, As, and A3 are the mass number of the decay product 1, 2, and
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3 respectlvely, M, and M, are the reduced masses of the X and Y subsystem. kl, kzg,
and k:3 are the momenta of the decay product 1, 2, and 3 in the cartesian system. kw
and ky are the Jacobi momenta. ()5, is the total 2p decay energy, while £, and E, are
the energies of the X and Y subsystem. ¢ is the parameter which describes the energy
distribution between any two of the decay products, while 6, is the angle between the
Jacobi momenta.

"T" system "Y" system

-

k

Figure 1.6: Two Jacobi systems, “T” and “Y”, with respective kinematical variables
used for the description of the core + p + p three-body system in coordinate and mo-
mentum spaces. Figure taken from [82].

Based on the utilization of simplified three-body Hamiltonians, which allows a fac-
torization of the Green’s function, the three-body Schrodinger equation is solved by
using the hyperspherical harmonics method [89]. Then the distributions of above-listed
kinematic variables and correlation parameters can be constructed. These distributions
provide insight into the decay dynamics and the structure of the mother nucleus. It is
worth mentioning that the distributions in different Jacobi systems are just different rep-
resentations of the same physical picture.

The three-body model has been successfully applied to describe several true 2p emitters,
e.g. 5Be [31,90], °Ne [33,91], Mg [18,58,92,93], and *>Fe [94]. Despite the fact that
the structures of these 2p precursors are different, some general features of direct 2p
decay were revealed. Among them, a very important feature concerning the energy (or
momentum) correlations between two protons is that in “Y” Jacobi system the particles
are concentrated at € ~ (.5 (when energies of two protons are equal) [9, 64, 82]. Such
a feature can be clearly seen from Figure 1.7(a), which shows the energy distributions
between core and one of the protons in “Y” Jacobi system for several true 2p emitters
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calculated by using the three-body model [82]. It is evident that all the distributions
have a practically symmetric peak, which indicates two protons emitted in the direct 2p
decay tend to have similar energies. One obvious reason for this feature is the permu-
tation symmetry between two protons. This feature agrees with the general prediction
of Goldansky that the energies of both emitted protons in direct 2p decay should pref-
erentially be equal [6], and it is regarded as a genuine signal of true two-proton decay.
Due to such an energy correlation, the transverse momentum correlation between two
protons is expected to be located along an arc area whose radius reflects the ()2,. Since
the angular correlation reflects the transverse momentum correlation, the decay energy
of the parent state of the mother nucleus can be derived from the measured angular
correlations [68,95]. As an example, Figure 1.7(b) shows the distributions of the an-
gle between "Ne and the protons for the direct 2p decay of ?Mg ground state. The
experimental angular p-'"Ne spectrum (dots with error bars in Figure 1.7(b)) exhibits
a narrow peak and the shape is practically similar as the calculated energy distribution
for Mg by the three-body model (pink curve in Figure 1.7(a)). The 2p decay energy
of YMg g.s. was determined by comparing the angular "Ne-p correlation predicted by
the three-body model (solid curve in Figure 1.7(b)) and the experimental data. Such a
procedure is similar to the identification of the reaction channel by using the Dalitz plot
and it will be briefly described in chapter 5. The detailed explanation of the procedure
can be found n Refs. [68,95].
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Figure 1.7: (a) The energy distributions between core and proton (“Y” Jacobi system)
for several true 2p emitters predicted by a three-body model. One may notice that the
heavier the nucleus is, the narrower is the distribution. Figure taken from [82]. (b) The
distributions of the angle between "Ne and proton for the direct 2p decay of the Mg
ground state. The dots with error bars show the experimental data and the the solid curve
displays the best-fit simulation of the three-body model by assuming @Q2,(**Mg) = 0.76
MeV. Figure taken from [58].

In summary, the in-flight decay spectroscopy by the tracking technique is based on the
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measurement of the angular correlations between decay products. Valuable informa-
tion concerning the decay of the parent nucleus such as the () value can be extracted.
This kind of experimental technique has been successfully employed for the investiga-
tion of 2p radioactivity. In 2007, the tracking technique was applied at the Fragment
Separator in GSI for the first time to study the two-proton radioactivity of the sd-shell
nucleus “Mg. In order to check the validity of the in-flight decay method, the 2p decay
of known g.s. of 1°Ne, the 1p decay of several known states of '°F, and the 1p decay
of known g.s. of ?Na were studied. The deduced decay energies [68] are in quantita-
tive agreement with the literature value obtained by the different experimental methods.
Moreover, a previously-unknown excited state of “Ne at 7.6(2) MeV was observed,
which was confirmed later by another experiment using the invariant mass method [19].
The decay energy of this new '*Ne level measured by two experiments agrees well.
These calibration studies demonstrate that the in-flight decay method is a technique for
the precise investigation of the two-proton decays. After testing the experimental pro-
cedure, the 2p radioactivity of ?Mg g.s. was discovered by measuring the trajectories
of all decay fragments [21]. Several excited states of this 2p emitter were observed by
means of the in-flight decay spectroscopy [58, 68].

There are several advantages of in-flight decay experiments for searching the two-proton
radioactivity. First, a straightforward derivation of the lifetime and the measurement of
fragment correlations may be achieved simultaneously. Therefore, the in-flight decay
measurement can provide informative results. Second, in comparison with the implan-
tation method, more intensive production of 2p emitter is expected in the in-flight decay
experiment. Compared with the missing mass or invariant mass method, the in-flight
decay method allows for using a thicker reaction target (of 2 to 5 g/cm?) because the
projectile straggling in the target does not affect the precision of half-life extraction.
Last but not least, the decay energy of narrow states in the 2p precursor or intermediate
resonances of 1p nucleus can be relatively precisely deduced from the measured angular
correlations in a broad energy range [86].

1.6 Motivation

As a newly-discovered exotic decay mode, two-proton radioactivity provides a novel
tool for nuclear structure studies at and beyond the proton drip-line. It may also play
a certain role in the studies of nuclear astrophysics [96]. An example is the so-called
“waiting point” nuclei in rp-process, which may be bridged via (2p, ) reactions. Since
two-proton decay is the inverse process of (2p, ), the investigation of 2p decay may
provide insight into these nucleosynthesis processes [97,98]. Two-proton radioactivity
has triggered many experimental developments and theoretical activities. For example,
the in-flight decay method by tracking was initially developed for the in-flight 2p decay
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experiments. Nowadays, a certain level of knowledge has been achieved on 2p decay
studies. However, future experiments and improved theoretical models are called for
better understanding of this decay mode. As an experimental search for 2p radioactiv-
ity of exotic nuclei, the present work attempts to study a previously-unknown sd-shell
nucleus °Ar which is predicted to be a candidate for 2p radioactivity [82]. Since the in-
flight decay spectroscopy has been successfully applied in the discovery of the sd-shell
true 2p emitter Mg, therefore we adopted this technique again in order to investigate
the decays of 3Ar. The experiment was performed at the Fragment Separator. The
contents of the present thesis are mainly based on the analysis of the data obtained in
this experiment. In the next chapter, the experimental setup and experimental procedure
will be described. Afterwards, the calibration and alignment of the tracking detectors
will be demonstrated. Then the main results of data analysis will be given followed
by some discussions. Finally, a summary of the present work and an outlook on future
radioactivity studies will be stated.
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2.1 Experimental Objectives

In August 2012, the experiment S388: “Two-proton decay of **Ar” was performed at
the Fragment Separator of GSI. The main purpose of this experiment was to search the
unknown nuclide °Ar and to study its decay. This chapter introduces the experimental
setup employed in the experiment.

2.2 The GSI Accelerator Laboratory

GSlIis a well-known heavy ion research center located at Darmstadt, Germany. The GSI
accelerator complex (Figure 2.1) consists of the UNIversal Linear ACcelerator (UNI-
LAC) coupled to the heavy-ion synchrotron (SIS18) [99]. The UNILAC can accelerate
ions of all kinds up to 20 percent speed of light (60000 km/s). The ions from UNI-
LAC can be directly used for some experiments, e.g. for the synthesis of new elements.
Alternatively, the ion beam from UNILAC can be injected into the SIS18 for further
acceleration. The SIS18 can accelerate all ions, from proton to uranium, to a maximum
magnetic rigidity of 18 Tm, which corresponds to an energy of 4.5 GeV in the case of
protons and 1 GeV/u in the case of 233U+, Primary beams from SIS18 are transported
to the production target at the entrance of the FRagment Separator (FRS) [100], where
high energy secondary radioactive ion beams can be produced via projectile fragmen-
tation or fission. The secondary fragments can be spatially separated with the FRS and
then investigated at the different focal planes of the FRS, or can be injected into the
Experimental Storage Ring (ESR) [101], or can be transported to other experimental
facilities.

2.3 The Fragment Separator FRS

The FRS is an in-flight magnetic separator and spectrometer for radioactive ion beams
and it consists of several bending dipole magnets, focusing quadrupole magnets and
sextupole magnets, the latter for 2nd-order correction. The layout of the FRS together
with its several focal planes (F1 to F4) is displayed in Figure 2.2. The FRS is usually
employed for the production and selection of exotic ion beams resulting from fragmen-
tation reactions. The procedure is briefly described below.
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Figure 2.1: Schematic view of the GSI accelerator facility. The beam from UNILAC
can be injected into the SIS18 for further acceleration up to relativistic energies. At
the entrance of the FRS, the primary beam interacts with the production target, and the
produced secondary beam can be transported to the different focal planes (e.g, F2 and
F4) of the FRS or to the ESR or to other experimental facilities. Figure based on [102].

The high-energy beams extracted from SIS18 are magnetically guided onto the produc-
tion target which is located in front of the FRS (see Figure 2.2). Depending on the
velocity and ion species of the primary beam, a wide range of isotopes is produced as
the result of the nuclear fragmentation reactions. With the combination of the magnetic
rigidity (Bp, B is the magnetic field which is uniform and orthogonal to the particle
trajectory, and p is the deflection radius.) analysis and the ionization energy loss (AFE)
in the degrader, the fragments of interest can be chosen in the FRS by employing the
so-called Bp — AFE — Bp method. Then the selected secondary exotic beams can be
investigated either within the FRS, e.g., at focal planes F2 and F4, or can be delivered
to further experimental setups, such as ESR.

During the present experimental search of °Ar, the primary 885 MeV/u 3¢Ar beam
with an intensity of 2 x 10° pps was accelerated by the SIS18 and guided to impinge
ona8g/ cm? primary “Be target at the entrance of the FRS. Many kinds of fragments
were produced via the projectile fragmentation. For our experimental purpose, the 620
MeV/u 3'Ar fragments with an average intensity of 50 pps were selected as the sec-
ondary beam and transported by the first half of the FRS to bombard the secondary “Be
target located at the middle focal plane F2. The thickness and the transverse dimension
of the secondary target is 4.8 g/ cm® and 5 x 5 cm?, respectively. At the first focal plane
F1, an aluminum wedge degrader was installed in order to achieve an achromatic focus-
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Figure 2.2: Upper part: Layout of the FRS with its several focal planes, F1 to F4.
The beam enters from the left and hits the primary target. Large red sectors indicate the
bending dipole magnets and smaller blue boxes represent focusing quadrupole magnets.
The black triangle shows the wedge-shaped degrader in F1. The locations of detectors
used in the experiment are schematically plotted with black boxes in F2 and F4. The
detail of employed detectors in the present work is described in section 2.4. Figure
based on [103]. Lower part: The reactions of interest concerning the production and
decay of *°Ar and *Mg.

ing of 3! Ar at the secondary ?Be target. 3°Ar nuclei were produced via one-neutron (1n)
knockout from 3! Ar ions. The decay products of 3° Ar were tracked by a silicon strip de-
tector array placed just downstream of the secondary target. The second half of the FRS
was tuned to transmit the heavy ion daughter nucleus, e.g. 2®S, down to F4 with high
acceptance in angle and momentum. For calibration purposes, the previously-known 2p
radioactive nuclei ?Mg were also produced by 1n knockout from 2°Mg ions obtained
by fragmenting a 685 MeV/u 3¢ Ar beam. Its 2p decay properties were remeasured. Re-
actions of interest in our experiment are outlined in the lower part of Figure 2.2 and
summarized as follows.

e 35Ar projectile fragmentation 3*Ar 1n knockout 3°Ar — 28S +p+p

* 36Ar projectile fragmentation 2°Mg 1n knockout Mg — "Ne+p +p

2.3.1 Ion-Optical Settings of the FRS

In the S388 experiment, the FRS was operated in a separator-spectrometer mode. The
first half of the FRS (hereafter TA - F2) was used to separate different ion species re-
sulting from the fragmentation reactions in the primary target. The secondary beam
of interest (e.g., 3'Ar) was selected and transported to impinge on the reaction target
placed at the middle focal plane F2. The outgoing particles from the reaction target
were analyzed by the second half of the FRS (hereafter F2 - F4), which was operated

25



2 Experimental Setup

as a magnetic spectrometer. The magnet settings of F2 - F4 were tuned to transmit the
targeted ions (e.g., 2*S) down to the final focal plane F4. Such an operation mode of the
FRS requires a special ion-optical setting, which is briefly described below.

Primary F4
target

xLl

4

Wedge degrader /‘ / Detectors
Dipole magnet  Slits Quadrupole magnet
Secondary target
and detectors
Figure 2.3: Scheme of the FRS ion-optical system. The ion-optical elements of the
FRS include dipole magnets and quadrupole magnets. The colored lines represent the
calculated trajectories of ' Ar ions of three different energies and of five different angles.
The section TA - F2 is achromatic by means of a wedge-shaped degrader placed at F1.
The box at F2 denotes the experimental station including secondary target and tracking
detectors. The horizontal slits at F2 is displayed. The section F2 - F4 is operated in a
dispersive mode and the beam is transmitted to the final focal plane. Detectors for the

particle identification are represented by the box at F4. See text for details. Figure based
on [104].

Since the transverse dimension of the secondary target and tracking detectors are small,
a focused secondary beam is required in the S388 experiment to have a small beam spot
on the secondary target. Such a requirement was fulfilled by employing a specially-
shaped degrader to invert the momentum deviation (from the reference particle) of the
secondary beam. The thickness of the degrader along the optical axis was 5 g/ cm” ! and
the wedge angle was 194 mrad. Figure 2.3 shows the ion-optical setting of the FRS used
in the experiment, which was calculated with the code GICOSY [105,106]. The colored
lines show the trajectories of 3! Ar ions of three different energies and of five different
angles after production by fragmenting a 3°Ar beam on the primary *Be target. With
the combination of the ion-optical elements of the FRS (dipole magnets and quadrupole
magnets) and the atomic energy loss in the wedge-shaped aluminum degrader placed at
the dispersive focal plane F1, the optical system TA - F2 was tuned to spatially separate
the 3! Ar fragment beam from other fragments at F1 and to provide an achromatic image
at the middle focus F2. Moreover, the horizontal (X) slits at F1 (not shown in Figure 2.3)

! This value corresponds to about 20% of the range of ! Ar ion under current experimental condition.
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and F2 were employed to assist in rejecting the unwanted ions at F2. The position of
X-slit at F1 is £14 mm and the position of X-slit at F2 is 415 mm. With this setting, the
secondary 3'Ar beam was selected and transported to F2 with a small beam spot on the
secondary target. The second half of the FRS was operated in a dispersive mode. The
optical system F2 - F4 was tuned to transmit 2®S ions as the centered beam down to F4,
where the full Particle IDentification (PID) in A and Z can be achieved.

The transmission properties of the FRS can be described by the calculated longitudinal
momentum (p) and angular acceptance. For the section TA - F2, the momentum accep-
tance (Ap/p) was limited by closing the slits at F1 to Ap/p = +0.71%. The corre-
sponding angular acceptance in the horizontal plane (X plane) was =14 mrad, while the
angular acceptance in the vertical plane (Y plane) was +£13 mrad. For a beam starting at
F2 and going to F4, the momentum acceptance was +2.8% and the angular acceptance
was £20 mrad in both X and Y planes.

2.4 Detector Setup

The main detectors employed in the present experiment are sketched in Figure 2.4.
The location of tracking detectors were mainly at the FRS middle focal plane, F2. Two
Time-Projection Chambers (TPC1 and TPC2) were used to track the incoming 3' Ar (or
20Mg) projectiles. A silicon strip detector (SSD) array which consisted of four large-
area SSDs [107] was employed to measure positions of two protons and the heavy re-
coil ion (*®S or !"Ne) resulting from the in-flight 2p decay. The position measurement
by SSDs allowed us to reconstruct all fragment trajectories and to derive the decay ver-
tex together with angular HI-p and p-p correlations. In the second half of the FRS, the
incoming heavy ions were unambiguously identified by their magnetic rigidity deter-
mined from the FRS magnet setting and the ions’ positions measured with TPCs, time
of flight measured with two position-sensitive SClntillators (SCI1 and SCI2), and en-
ergy deposition in an MUItiple Sampling Ionizing Chamber (MUSIC). In addition, an
Optical Time-Projection Chamber (OTPC) was installed at F4 to detect beta decays of
stopped 3! Ar ions. It is worth mentioning that the beta-delayed 3p decays of 3! Ar have
been observed and investigated [108].

2.4.1 Silicon Strip Detectors for Charged Particle Tracking

SSDs play a key role in the in-flight decay technique because they can provide pre-
cise tracking, vertex determination, energy and multiplicity measurement with high ef-
ficiency and acceptance [109]. The SSD array employed in the S388 experiment was
positioned as shown in Figure 2.5. Two SSDs were placed in-beam, around 55 mm
(SSDO0) and 65 mm (SSD1) behind the secondary target, with the purpose of tracking
and charge-identifying heavy ions down to protons. Another two SSDs were placed
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Figure 2.4: Sketch of the detector setup. The secondary beam 4Z (3'Ar or 2°Mg) was
tracked by TPC1 and TPC2 before impinging on the secondary target. The trajectories
of two protons and HI daughter nucleus 4~3(Z — 2) resulting from the decay of 2p
precursor 417 (3°Ar or '’Mg) were measured by the SSD array. At the focal plane
F4, the energy deposition of HI in MUSIC was recorded. The time-of-flight of HI from
F2 to F4 (~35 m) was measured by using SCI1 and SCI2. The OTPC was employed to
study the decays of stopped ions.

about 295 mm (SSD2) and 305 mm (SSD3) away from the secondary target and can be
used for set coincidence with the front two detectors.
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Figure 2.5: Demonstration of tracking 2p decays of *°Ar by using the silicon strip de-
tectors. By measuring the positions of coincident hits of 2p and the heavy fragment,
i.e., %8S, the trajectories of all three decay products can be reconstructed. Then the
corresponding decay vertex as well as the angular p-p (0,_,) and HI-p (0s_p1, Os_p2)
correlations can be derived.
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The SSDs were developed based on the silicon tracker of the AMS02 2 project [110].
They were designed especially to possess a large dynamic range. The SSD has a rectan-
gular shape. The demission of the active silicon sensor is 72 x 41 mm? with the thickness
of 0.3 mm. The SSD is double-sided and a schematic drawing of its sensor is shown in
Figure 2.6(a). The side where strips are perpendicular to the long edge is the junction
side (S-side) while the rear side is the ohmic side (K-side). There are 640 read-out strips
at a pitch size of dg = 110 um in the S-side and 384 read-out strips at a pitch size of
dx = 104 um in the K-side. So the total number of read-out strips of one sensor is 1024.

S-side read-out strip

0.3mm

L L

[/ \
/‘—’/ 41mm \ !
0.104mm K-side read-out strip

(a) (b)

Figure 2.6: (a) Schematic drawing of the active silicon sensor in the SSD [111]. There
are 640 read-out strips in the S-side while 384 read-out strips in the K-side. (b) Photo-
graph of a SSD showing from left to right: the silicon sensor, the cable, the coupling
capacitors, the VA chips, the front-end electronics, and the S-side connector.

Figure 2.6(b) shows a photograph of the SSD, which consists of an active Si sensor and
the attached front-end electronics. It can be seen that the 640 strip signal lines are guided
away from the Si sensor and are then subdivided into 10 groups of signal blocks. Every
block has 64 lines and they are AC coupled to one VA64 _hdr9 chip [112] by 64 channel
capacitor chips where every capacitor has 700pF. Similarly, on the back side (K-side),
there are five signal blocks connected to 5 VA64_hdr9 chips. The VA64_hdr9 chip is
the key component of the front-end electronics. It has 64 analog channels. Each channel
corresponds to a individual strip line and it consists of a charge-sensitive preamplifier,
a pulse shaper and a sample-and-hold circuitry [111]. All 64 analog channels in one
VAG64 _hdr9 chip are connected to a voltage-current output buffer via an analog multi-
plexer, which allows the sequential readout of the chip with a speed of 5 MHz. Then the

2 Alpha Magnetic Spectrometer
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serialized differential analog signals are fed into 3 parallel working Analog-to-Digital
Converters (ADCs) on a NIM module called Sllicon Strip DEtector REadout Module
(SIDEREM) [113]. After digitalization, the raw data is sent to a VME interface mod-
ule (SAMS) for integration into the GSI Data Acquisition System (DAQ) called Multi
Branch System (MBS) [114].

In the experiment, when charged particles penetrate a SSD, electron-hole (e-h) pairs
are created in the vicinity of charged particle tracks. The ionization charge is collected
by a group of adjacent strips on both S- and K- sides. Such a group of strips is called
a cluster. Because more than one strip is involved, the position resolution of such a
cluster is usually better than the pitch of the strips. Taking the previous experiment
as an example, the resolution of position measured by SSDs was 14 um for Ne(Mg)
ions [68].

2.5 Data Acquisition and Triggers

In our experiment, the data acquisition system was VME-based electronics and con-
sisted of several branches within the GSI MBS framework. The different tasks (e.g.,
readout, event building, taping) concerning the DAQ were handled by different proces-
sors to increase the data recording rate. The readout of digitizers (ADCs, QDCs, etc.)
which connected to the scintillators and MUSIC were handled by a RIO-4 processor.
The outputs of ADCs and TDCs for TPCs were processed by a RIO-3 processor, while
the SSD readout was handled by two RIO-4 processors. The data from these processors
were sent to a master PC, which formatted the complete events and controlled the data
storage.

Two triggers were used during the S388 experiment. The main trigger was set for the
coincidence between the time signal given by SCI1 at the middle focal plane F2 and
the SCI2 at the last focal plane F4, i.e., “SCI1 and SCI2”. The purpose of the main
trigger is to identify the heavy ion daughter nucleus passing through the second half of
the FRS (from F2 to F4) and to spot the in-flight decays. For the calibration purpose,
another trigger was defined by the signal from SCI1 but without the signal from SCI2,
i.e., “SCII1 and SCI2”. These triggers were controlled via a acquisition trigger module.
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3 Calibration of Silicon Strip Detectors

In order to achieve the best-possible resolution of position and angle measurement by
SSDs, several calibration and alignment procedures were performed. Before the ex-
periment, the performance of SSDs was studied with cosmic rays. In the subsequent
data analysis after the experiment, the responses of SSDs to the charged-particle hits
were calibrated with the heavy ions. Afterwards, the positions of SSDs were corrected
by introducing an offset alignment and a tilt correction in the offline data analysis. In
this chapter, the procedure and related results concerning the calibration of SSDs are
described.

3.1 Calibration of Silicon Strip Detectors with Cosmic Rays

Before the experiment, a calibration procedure was conducted with cosmic rays to test
the performance of SSDs. Given the fact that every SSD has a few dead strips, which
cannot be read-out properly or not at all due to aging or a disconnected bonding wire,
this calibration procedure is helpful for identifying the dead strips in SSDs.

Cosmicray

Scintillator1
and PMT1

Imd file

SSD Signal

| Offline
analysis

{ Coincidence

Scintillator2
and PMT2

Trigger

Figure 3.1: Schematic drawing of the setup employed in the calibration procedure.

3.1.1 Description of the Calibration Procedure

The experimental setup is schematically shown in Figure 3.1. Two scintillators were
placed above and below the SSD and they were connected by two photomultipliers
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3 Calibration of Silicon Strip Detectors

(PMT) for signal readout. The coincidence of signals from two photomultipliers was
used to provide a trigger for the data acquisition system. In between, the SSD detected
cosmic rays (mostly muons) which passed through the whole detection system. All four
SSDs were tested and raw data were recoded in terms of list mode data (Imd) files to be
used for offline analysis.

3.1.2 Separation of Pedestal Events from Cosmic-Ray Events

Figure 3.2 demonstrates a typical spectrum of the events registered by one strip of a
SSD. The main part of the spectrum is normal-distributed (“Gaussian-like”) and most
of these events correspond to the pedestal (see detail in section 3.2). There are a few
events with energy deposition a bit larger than the average pedestal level, and they be-
long to the incident cosmic-ray particles. Since both real events containing particle hit
information and pedestal events recording just pedestals were stored in the same spec-
trum, it is necessary to separate them. By means of the separated spectrum, one can
identify the problematic strips which may be the dead strips. Here “problematic”” means
the criterion used to identify the dead strips in this section is a necessary but not suffi-
cient condition. The finally dead strips were identified by combining the criterion used
here with that in subsection 3.2.3.
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Figure 3.2: Energy deposition distribution of events registered by one strip of a SSD in
terms of ADC channels. The main pedestal part can be seen clearly. A few cosmic-ray
events with larger energy deposition are observed as well. Note that the y axis is on the
log scale.

The separation of real events and pedestal events was performed via the following pro-
cedure.
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3.2 Pedestal Determination of Silicon Strip Detectors

 Calculation of the mean and root-mean-square (rms) of the energy deposition
distribution (raw spectrum) for each strip.

» Usage of a Srms cut for each spectrum. The events with an energy deposition
which is within the meanT5rms correspond to the pedestal (pedestal events),
while the events with energy deposition exceeding the mean+5rms belong to
cosmic-ray hits.

Based on the strip-by-strip analysis, the pedestal events and real events were separated
for a total of 4096 strips in all 4 SSDs. Figure 3.3 displays the pedestal part [panel (a)]
and the cosmic-ray event part [panel (b)] which originally belong to the spectrum shown
in Figure 3.2.
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Figure 3.3: Separation of raw spectrum shown in Figure 3.2. (a) Pedestal spectrum. (b)
Cosmic-ray hit events.

Combining the “real events” spectrum and the corresponding pedestal spectrum, prob-
lematic strips in every SSD can be identified. Given the fact that a large amount of events
were accumulated, in principle, the charged particles in cosmic rays (e.g., muons) could
be registered by every strip. In this sense, it is very possible that those strips without de-
tected cosmic-ray hits are suspicious. Therefore, the strips which show pedestals only
were assigned to be problematic strips. Table 3.1 lists the problematic strips for all 4
SSDs. In comparison with SSDO and SSDI, it is evident that SSD2 and SSD3 have
more problematic strips.

3.2 Pedestal Determination of Silicon Strip Detectors

In a silicon strip detector, 3 ADCs are used for digitizing the analog signals. Two of
them are in charge for the S-side signals and the third one is responsible for the K-side
signals. The ADC can only handle positive signals. It was found that if an ion deposits
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3 Calibration of Silicon Strip Detectors

Table 3.1: Problematic strips.

Detector Problematic strip number
0 640, 800, 801, 907, 935, 937
1 328, 538, 727
2 8,41, 58,70, 72,73, 77, 83, 93, 100, 108, 123,

137, 160, 182, 208, 214, 215, 216, 219, 223,
230, 255, 277, 324, 335, 336, 338, 346, 364, 368
3 6, 32,77, 108, 181, 189, 297, 346, 374,
375, 490, 509, 514, 560, 593, 604, 643

a large amount of energy in a certain strip of a SSD, sometimes the output signals of
neighboring strips dramatically decrease. Such an effect may cause a negative baseline
in the output waveform so that the ADC could not work. In order to avoid this situation,
the front-end electronics of the SSD in current use was originally designed to set a
constant offset for each strip which allows the output signals to be always positive.
Even in the case of no passage of charged-particles, the output ADC value is at a certain
positive level, typically of 500 ADC channel, which is called a pedestal. Pedestal is
useful to avoid the misplacement of the baseline. Since the obtained total signal from
each strip always includes the pedestal value, one should determine the pedestal firstly
and then subtract it from the total signal in order to obtain the energy deposition of the
incident particle.

3.2.1 Calibration for the FRS Experiment

In order to obtain the pedestal for every strip, the front-end electronics of all four SSDs
were tested by using a pulse generator before and after the S388 experiment. During
these two calibration runs, the output signals of each strip had only the pedestal value
because there were no penetrating particles. Therefore, these two sets of data can be
employed to determine the pedestal of every strip. As an example, Figure 3.4 shows
the pedestal distributions of one strip in the SSDO, which were recorded during the
calibration runs before (Figure 3.4(a)) and after (Figure 3.4(b)) the S388 experiment,
respectively. Both spectra show “Gaussian-like” patterns and they have almost the same
mean value and only slightly different rms value, which demonstrate a stable pedestal
of this strip.

3.2.2 Determination of a Pedestal for Each Strip

On the basis of the event-by-event analysis, one can determine the pedestal and average
noise level for each strip, which are defined by the mean and rms of the pedestal distri-
bution, respectively. As an example, Figure 3.5 displays the pedestal value (in units of
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Figure 3.4: Pedestal distributions of one strip in SSD0 measured before (a) and after (b)
the experiment. See text for details.

ADC channel) obtained for all strips in the SSDO based on the data recorded during the
calibration runs before (Figure 3.5(a)) and after the experiment (Figure 3.5(b)), respec-
tively. In comparison of the two patterns, we found that the pedestal values for a certain
strip obtained before and after the experiment are similar. A typical pedestal level is
around 500 ADC channels. The 16-cluster feature in both patterns are attributed to the
readout electronics of the SSD, i.e., every 64 strips are connected to a VA64 _hdr9 chip
and a total of 16 VA64_hdr9 chips are in one SSD.
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Figure 3.5: Pedestal of all strips in the SSDO measured before (a) and after (b) the
experiment. See text for details.

Similar as Figure 3.5, Figure 3.6 shows the average noise level of all 1024 strips in the
SSDO. It is obvious that the patterns of strip noise obtained by analyzing the data taken
from the calibration runs before and after the experiment are similar. The three-step
structure in both panels is owing to the 3 ADCs used in one SSD. One can see that the
typical strip noise value of the SSDO is around 6.0 ADC channels for the first half of
S-side strips (strip number 0-319) and around 4.0 ADC channels for the second half of
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3 Calibration of Silicon Strip Detectors

S-side strips (strip number 320-639) as well as 4.5 ADC channels for the K-side strips
(strip number 640-1023).
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ADC channel
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Figure 3.6: Average noise level of all strips in the SSDO measured before (a) and after
(b) the experiment. See text for details.

3.2.3 Identification of Dead and Noisy Strips

As mentioned earlier, every SSD has several dead strips. Since dead strips fail to give
a proper response to the particle hit, they must be identified and corrected. Besides the
dead strips, an identification of the noisy strips, which give a large noise level, is also
needed.

In subsection 3.1.2, the problematic strips have been identified, and they are listed in Ta-
ble 3.1. The criterion applied there is an essential condition for identifying dead strips.
Based on the average strip noise extracted from the data recorded during the calibra-
tion runs before and after the S388 experiment, here we added another criterion for the
identification of the dead strips, i.e., the average noise level of the dead strip should be
smaller by 3rms than the mean value of the average noise level of strips connected to
the same ADC. With the combination of this condition and the one described in subsec-
tion 3.1.2, the strips which fulfill the two selection conditions are treated as dead strips.
Regarding the noisy strips which always have large noise levels, they are identified if
their noise are larger by 3rms than the mean value of the average noise level of strips
connected to the same ADC. By employing these selection rules, the dead and noisy
strips for each SSD were identified and they are listed in Table 3.2.

3.3 Calibration of Silicon Strip Detectors with Heavy Ions

In order to obtain the charge identification capability and spatial resolution of SSDs
used in the S388 experiment, all four detectors were calibrated with the heavy ions
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3.3 Calibration of Silicon Strip Detectors with Heavy lons

Table 3.2: Dead and noisy strips.

Detector Dead strip number Noisy strip number

0 none 0, 1, 2, 193, 257, 684, 801
1 328 257, 327, 329, 878, 879
2 8,41, 58, 77,93, 100, 108,

137, 160, 182, 208, 214, 93,418, 648

215, 216, 223, 230, 255
3 6, 32,77, 108, 181, 189, 193, 297, 402,

346, 374, 375, 490, 509, 642, 643, 705,

514, 560, 593, 604 920, 921

which were produced during the experiment. In this section the calibration procedure is
described and corresponding results are shown.

In the experiment, the ADC channels of the readout strips include a pedestal, a common-
mode noise, a strip noise and an event signal. In order to eliminate the influence of
random noise and to analyze the true event signal, the following steps were performed
during the data processing:

 Subtraction of the pedestals

* Gain correction

* Dead and noisy strips treatment

* Subtraction of the common-mode noise

With the above procedure, the clean event signal can be obtained. Afterwards, the heavy
ion cluster will be identified and the so-called cluster integral will be calculated by the

following equation:
N

E=Y e (3.1)

i=l
where E is the cluster integral (or total energy deposition) and e; denotes the signal of a
strip (numbered n;) belonging to the cluster. [ represents the first, and N the last strip
of the cluster.

3.3.1 Subtraction of Pedestals

Figure 3.7(a) displays the raw data of an event with a single ion hit in the SSD3. The
two sharp peaks show strip clusters where the HI impinges on the S- and K-sides of the
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3 Calibration of Silicon Strip Detectors

SSD3, respectively. The detail on the formation and identification of a cluster will be
discussed in subsection 3.3.5.

One can clearly see that the ADC channel given by every readout strip in Figure 3.7(a)
includes a pedestal. Thus the first step of data processing is the subtraction of the
pedestal for every strip, which has been obtained by analyzing the data from calibration
runs (see section 3.2). Given the fact that the experimental conditions for the calibration
run just after the experiment are similar to those in the real experiment, the pedestals
which were measured after the experiment were employed in the pedestal subtraction.

Figure 3.7(b) shows the event waveform after the pedestals were subtracted from the raw
data. Comparing with Figure 3.7(a), the baseline of the pedestal subtracted waveform
locates around zero. The small deviations from O are attributed to the common-mode
noise and the strip noise.
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Figure 3.7: Comparison of the raw data (a) and the pedestal-subtracted data (b). The
two peaks in both panels correspond to the S-side and K-side strip clusters respectively
introduced by a single ion hit.
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3.3 Calibration of Silicon Strip Detectors with Heavy lons

3.3.2 Gain Correction

After the pedestal subtraction, a correction to the strip’s response (or gain) is neces-
sary. Although the channel gains on the same VA64 _hdr9 chip are almost uniform, each
VA64 _hdr9 chip can easily have a different gain due to the unavoidable construction
differences in the chips [111]. The gain mismatch among different VA64_hdr9 chips
can lead to a distortion of the cluster integral distribution, which decreases the posi-
tion resolution. The panel (a) of Figure 3.8 displays the cluster integral distribution for
288 ions registered by a series of strips in the SSDO without the gain correction, and
a systematically distorted pattern can be clearly seen. In order to make the chips gain
matched, the gain correction was applied for all strips.
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Figure 3.8: Effect of the gain correction. Panel (a) shows the 2®S cluster integral dis-
tribution versus a series of strips in the S-side of the SSDO obtained before the gain
correction. Panel (b) displays the same distribution after the gain correction.

The correction coefficients were achieved via the following procedure. First, the Mg
ions produced by the fragmentation of 3 Ar beam were adopted to gate the valid events.
The reason for choosing 2*Mg ions is the large yield of this ion species and its broad
spatial distribution in the SSD array. The 2*Mg ions were selected to obtain enough
clusters for all strips. In the second step, the mean of cluster integral for each strip
(Meanc) was calculated by plotting the Mg cluster integral distribution for that strip.
Meanwhile, the total mean of the cluster integral for all strips in S-side (M eang) and
K-side (Meang) were also computed. Finally, the gain correction coefficient (Cy) for
each S-side (K-side) strip was calculated by scaling the average cluster integral of a

certain strip to that of the whole S-side (K-side), i.e.,
M
C, = eanc (3.2)

Means i

Once the gain correction coefficient was determined, the pedestal-subtracted ADC chan-
nel of each strip was divided by the coefficient. By performing the gain correction, the
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3 Calibration of Silicon Strip Detectors

distortion of cluster integral distribution can be restored. The Figure 3.8(b) displays the
effect of the gain correction.

3.3.3 Dead and Noisy Strips Treatment

Based on the pedestal-subtracted data, one can correct the energy deposition recorded
by the dead and noisy strips which are identified in subsection 3.2.3. By assuming a
linear charge sharing between strips, a linear interpolation method was adopted for the
treatment of the dead and noisy strips, i.e., the energy deposition recorded by a dead
(noisy) strip was estimated by averaging the energy deposition recorded by the neigh-
boring normal strips. This treatment can be expressed via the following equation:

ei(d,n) — %

(3.3)
where e; 1, e;,1 represent the energy deposition (in units of ADC channels) of the nor-
mal strip numbered ¢ — 1 and ¢ + 1, respectively. e;(d,n) is the energy deposition of
the dead (noisy) strip with the strip number ¢ after the correction. By employing such a
treatment for all dead and noisy strips listed in Table 3.2, the distortion of the measured
energy deposition distribution due to the dead and noisy strips are recovered.

3.3.4 Subtraction of the Common-Mode Noise

The next step of the data analysis is the subtraction of the common-mode noise. In gen-
eral, there are two kinds of common-mode noise concerning the SSD data. The first one
represents an uniform shift over all strips connected to one ADC via the same output
line and we name it pipeline-based common-mode noise. Another kind of common-
mode noise indicates a similar shift common to all strips connected to one VA64_hdr9
chip. This can be explained by the fact that every 64 readout strips are AC-coupled to
the same VA64 _hdr9 chip [110,111]. We call it chip-based common-mode noise. In this
subsection, the calculation and subtraction of the aforementioned two kinds of common-
mode noise are illustrated.

As illustrated in section 3.2, 1024 strips of one SSD are connected to 3 ADCs via 3
output lines. Among them, 2 output lines are used to readout the signals from S-side
strips. Thus each of them is responsible for 320 strips. Similarly, there is 1 output line
which was used to output signals from all 384 strips in K-side to 1 ADC. Due to this
configuration, an uniform shift over all strips connected to the ADC via the same output
line always appears, i.e, pipeline-based common-mode noise. In our data analysis, after
the pedestal subtraction, gain correction, and dead and noisy strips treatment, the aver-
age value of the residual signals of strips, which connect to the same ADC via the same
output line, was calculated as the pipeline-based common-mode noise for that output
line. As the signals of strips involved in a HI cluster include both common-mode noise
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and the real event signal, these strips were excluded from the calculations by setting a
suitable threshold.
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Figure 3.9: Subtraction of the common-mode noise. The signals measured by all strips
of a SSD for one event with a single ion hit before (a) and after (b) subtraction of the
pipeline-based common-mode noise and the chip-based common-mode noise.

Besides the pipeline-based common-mode noise, there is still another signal shift com-
mon to all strips connected to the same VA64 _hdr9 chip. As an example, such a shift
can be clearly seen in the panel (a) of Figure 3.9 for all the 10 chips in the S-side of one
SSD. It is evident that the shift is mainly due to the noise varying chip by chip, i.e., chip-
based common-mode noise. One can also observe a slight constant shift common to all
strips in the K-side of this SSD, which can be attributed to a pipeline-based common-
mode noise. After calculation of the pipeline-based common-mode noise, the chip-
based common-mode noise was computed by averaging the signals of every strip which
was read out by the same VA64_hdr9 chip. Then the total common-mode noise was ob-
tained by adding the pipeline-based common-mode noise and the chip-based common-
mode noise. Afterwards, subtraction of the total common-mode noise was processed for
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every strip. The resulted data represent the event signal. Figure 3.9(b) displays the same
waveform as shown by Figure 3.9(a) after subtraction of the common-mode noise.

3.3.5 Heavy-Ion Cluster Identification

In the S388 experiment, several kinds of ions were produced in primary and secondary
reactions. When these charged particles (e.g., heavy ions or protons) pass a SSD, a
number of adjacent strips both on S-side and on K-side are triggered due to capacitive
coupling between neighboring strips. Such a group of strips are called a cluster, which
collects the ionization charge generated by the incident charged particle. Therefore, the
total signal of a cluster (i.e. cluster integral) represents the total energy deposited into
the cluster. Panels (a) and (b) of Figure 3.10 display two clusters which were produced
in the S-side and K-side of a SSD due to an 3! Ar ion hit.
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Figure 3.10: The S-side cluster (a) and K-side cluster (b) produced by an 3! Ar ion im-
pinging on a SSD. Two thresholds in panel (a) and panel (b) were employed to identify
heavy-ion clusters produced in S- and K-sides, respectively.

After performing the pedestal subtraction, the gain correction, the dead (noisy) strips
treatment, and the common-mode noise subtraction, heavy-ion clusters were identified.
The identification procedure is detailed below:

* A cluster seed was defined at the strip with signal exceeding the first threshold
(assumed of 400 ADC channels for the S-side cluster and of 500 ADC channels
for the K-side cluster, see Threshold 1 in Figure 3.10).

* The adjacent channels with signals smaller than the signal of the cluster seed but
greater than the second threshold (chosen to be of 75 ADC channels for the S-
side cluster and of 100 ADC channels for the K-side cluster, see Threshold 2 in
Figure 3.10) were included in the cluster.

Based on the event-by-event analysis, all strip clusters caused by *'Ar and %S ions
were identified. Figure 3.11 shows the obtained cluster width (defined as the number

42



3.3 Calibration of Silicon Strip Detectors with Heavy lons

of adjacent strips showing a signal above the second threshold) distribution measured
by the SSD1. Since the clusters produced in K-side always have the pronounced central
strip, the K-side clusters have a narrower average cluster width in comparison with the
S-side clusters.
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Figure 3.11: Cluster width distribution measured by the S-side and K-side of SSD1.

After the identification of a HI cluster, one can calculate the cluster integral by employ-
ing equation 3.1. Figure 3.12 shows the distributions of the 3! Ar and ?*S cluster integral
calculated for the S-side and K-side of SSD1. The distributions from all SSDs are simi-
lar.

Once the cluster integral is obtained, the charge-weighted center of gravity (CoG) of a
cluster can be computed as:

N N
Zni X €; an X €;
CoGG = 1=l 1=l

E

~ (3.4)
> €
i=l

The CoG indicates the cluster position (i.e., the hit position of an ion) in terms of the

strip number. By multiplying the strip pitch (i.e., the distance between the centers of
two readout strips), one can derive a cluster position Xg x with respect to the center of
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the SSD, which can be expressed as

XS = (OOG — 3195) X ds,

3.5
XK = (COG — 8315) X dK, ( )

where the dg and dx are the strip pitch in S-side and that in K-side, respectively. The
strip pitch is equivalent to the net active width of each readout strip. The value of dg
and dx can be found in subsection 2.4.1. After the geometric alignment of the detector
planes, the position of the HI cluster can be converted to the particle impact position in
the lab frame.
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Figure 3.12: Cluster integral distributions from SSD1. Panels (a) and (b) represent the
distributions of energy deposition measured by S-side and K-side clusters due to 3'Ar
hits, respectively. Panels (c) and (d) correspond to the 28S clusters.

3.4 Alignment of SSDs

After calibration of the SSDs, the ion’s hit position is given by the CoG which indi-
cates the ion’s position with respect to the center of the SSD. In order to obtain the
ion’s position in the lab frame, the positions of SSDs relative to the lab frame must be
taken into account. Considering the possible misalignment of SSDs during the mount-
ing procedure, e.g., the misalignment of the vacuum chamber which was used to hold
the SSDs, all four SSDs should be aligned in the offline data analysis, which allows for
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3.4 Alignment of SSDs

a high accuracy of position and angle measurements. Another necessity of the align-
ment is due to the fact that some SSDs, namely SSD2 and SSD3, were placed off the
beam axis (z direction) to cover a larger solid angle for tracking the decay products dur-
ing the S388 experiment. Such a configuration is schematically plotted in panel (a) of
Figure 3.13 which shows the position of four SSDs relative to the secondary target. In
order to achieve the ion’s hit positions in SSD2 and SSD3 relative to the lab frame, it is
necessary to align the centers of SSD2 and SSD3 with respect to the beam axis. In the
present work, the alignment of SSDs was performed by two steps. First, all SSDs were
shifted with certain small offsets in x and y directions, i.e., an offset alignment was per-
formed. Second, a tilt correction was performed for all SSDs by rotating the detectors
around x, y, and z dimensions. A schematic explanation of the offset alinement and the
tilt correction is displayed in the Figure 3.13(b).

(a) (b)
SSD2
Secondary v
target SSDO SSD1 [l ssb3
Z y y
1 0 Z P X
‘R /
1l Beam ‘ 7 N
4 -
/7 /
‘. 7
A ¢ Z
2% Z
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‘ Z Z
|<—>|<—>|<—>|<—>| Offset alignment Tilt correction
55 mm10 mm 230 mm 10 mm

Figure 3.13: Offset alignment and tilt correction. (a) The positions of the SSDs with
respect to the secondary target. The beam axis is shown by the red arrow. (b) Schematic
explanation of the offset alignment and the tilt correction. See text for details.

3.4.1 Offset Alignment

In principle, the imperfect geometrical alignment of a SSD in three dimensions can be
compensated by shifting detector in x, y, and z directions by certain offsets. Given the
fact that SSDs measure x and y coordinates of charged ions, while z coordinates of the
ions are given by the location of the respective SSD along the beam axis (perpendicular
to the SSD plane), which can be relatively precisely measured, the offset alignment was
performed only for x and y dimensions. Two steps were processed to obtain the corre-
sponding offsets.

As the first step, we selected the SSD1 as the reference detector and its position was

aligned relative to the secondary target’s position. Considering that both SSDO and
SSD1 were positioned in the beam line during the experiment, one can choose any of
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3 Calibration of Silicon Strip Detectors

them as the reference detector. For convenience, the SSD1 was chosen as the reference
detector in the present work. As shown in Figure 2.4, two TPCs were located in front
of the SSD array during the S388 experiment. These TPCs can measure ion’s position
with a high resolution which is typically around 200 ym [115, 116]. By utilizing the
position information measured by the TPCs for the ions which pass through both TPCs
and SSDs, the deviation of reference SSD’s center from beam axis can be corrected.

Since the 3! Ar ion beam was selected as the secondary beam to pass the first half of the
FRS during the experiment, the *' Ar ions were centered at F2. Thus 3! Ar ions were em-
ployed to obtain the offsets in x and y directions for the reference SSD, i.e., SSD1. By
means of the known distances between two TPCs and SSDs as well as two hit positions
measured by TPC1 and TPC2 respectively, one can obtain the 3*Ar’s nominal position
in certain SSD by extrapolating the two hits in TPCs to the position in the SSD under a
straight-line assumption. This assumption states that “heavy ion’s trajectory is a straight
line”. Then the extrapolated x and y coordinates were compared with the real one mea-
sured by SSD1, and the difference between them were calculated. The distributions of
x- and y-coordinate difference were plotted after accumulating a large amount of events.
The mean values of the distributions were adopted as the offset in x and y dimensions
for SSD1, respectively. Afterwards, the SSD1 was aligned both in x and in y directions
according to the respective offsets.

After the offset alignment of the reference SSD (i.e., SSD1) with the help of TPCs, the
positions of other SSDs (i.e., SSD0, SSD2, and SSD3) were aligned with respect to
the SSD1, i.e., an adjustment to other SSDs’ position relative to the SSD1. In order to
obtain the offset for such an alignment, a lot of events with 3! Ar ions passing through
all four SSDs were selected. The x and y coordinates of ' Ar obtained by the SSDO,
SSD2, and SSD3 were compared to those obtained by SSD1, and the corresponding
differences were computed. The distribution of coordinate difference was plotted, and
the mean value of the coordinate difference was adopted as the offset for a certain de-
tector with respect to SSD1.

The offsets for the alignment of all four SSDs are shown in Table 3.3. One may notice
that the offsets in y direction for SSD2 and SSD3 are much larger than those for SSDO
and SSD1. The reason is due to the fact that the centers’ locations of SSD0 and SSD1
were in the beam line, while the centers’ locations of SSD2 and SSD3 were shifted off
the beam up and down respectively.

3.4.2 Tilt Correction

Besides the offset alignment, another kind of alignment which concerns the orientation
of SSDs is still necessary. Due to the possible misalignment of the vacuum chamber
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Table 3.3: Offsets and rotation angles for the alignment of the SSDs.

SSD 0 1 2 3
Offset in X (mm) -0.9325 | -2.1 3.513 1.1592
Offset in y (mm) 0.4189 | 1.2870 | 18.0951 | -17.0261
Rotation around x (mrad) 1.0 1.0 1.0 1.0
Rotation around y (mrad) 0.2 0.2 0.2 0.2
Rotation around z (mrad) 0.2 8.5 0.1 0.1

used for holding the SSDs or an inaccurate mounting of SSD itself, the orientation of
a SSD may deviate from its nominal position. Such a misalignment can be restored by
applying a tilt correction in the offline data analysis. The events with single 3'Ar ion
crossing all four SSDs were selected, and the trajectory of every 3!Ar ion was recon-
structed by using the coordinates measured by SSDs. Since SSDO and SSD1 were lo-
cated just behind the secondary target, while SSD2 and SSD3 were placed a bit far from
the secondary target (see Figure 3.13(a)), the ' Ar ion’s trajectory was reconstructed by
combining the ion’s position in one of the SSDs near the target (SSDO or SSD1) and
the ion’s position in one of the SSDs far away from the target (SSD2 or SSD3). Then
the x and y coordinates of an 3! Ar ion in the secondary-target plane were derived from
the two alternative trajectories given by the different SSD pairs, e.g., SSDO - SSD3 and
SSD1 - SSD3. The differences dx and dy should be very small since the trajectory of a
high-energy 3! Ar ion almost follows a straight line. However, due to the misalignment
or other reasons, 6x and dy may be not very small. In order to minimize the differences
0x and dy, the detector plane of every SSD was tilted around X, y, and z dimensions.
By changing the rotation angles iteratively, all the angles for the tilt correction were
optimized. Corresponding values used for the tilt correction are tabulated in Table 3.3.

3.5 Position Resolution

Through the above-mentioned offset alignment and tilt correction, the whole SSD ar-
ray was aligned. The relative position among SSDs, which is crucial for the vertex
determination and the fragment correlation reconstruction, was also properly adjusted.
Figure 3.14 illustrates the 6x and Jy distribution for the ' Ar ions after the alignment.
In both x and y directions, the projection of the 6x - dy distribution yields a full width
at half maximum (FWHM) of several tens of micrometers. The achieved tracking accu-
racy serves well for the present physics case.
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Figure 3.14: Position uncertainties (6x and dy) obtained for 3! Ar ions at the secondary
target in the (X, y)-transverse directions. (a) 0x and 0y were evaluated from the differ-
ences between two alternative (x, y)-coordinate values of the 3' Ar positions at the target
derived from two alternative ' Ar trajectories defined by the SSD pairs SSDO - SSD2
and SSD1 - SSD2, respectively. (b) Same as (a) but obtained from two alternative 3! Ar
trajectories defined by the SSD pairs SSDO - SSD3 and SSD1 - SSD3, respectively.
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4 Tracking the Two-Proton Decay Products

The main goal of the present experiment is the production of hitherto unknown 3CAr
ions and the investigation of the 3°Ar states by tracking their 2p-decay products. In ad-
dition, the previously-known 2p radioactive nucleus ?Mg [21] was also produced, and
its 2p decay was remeasured for calibration purposes, e.g., determination of angular and
half-life resolutions as well as the detection efficiency. Therefore, the offline analysis of
the S388 experimental data includes two parts: the remeasurement of the 2p decay of
Mg and the investigation of the 2p decay of *°Ar.

As shown in subsection 1.5.3, the identification of the short-lived 2p precursors (3°Ar
or YMg) can be realized by tracking its decay products, i.e., the HI daughter nucleus
and the two protons. The measurement of trajectories of these decay fragments plays a
key role in tracking of in-flight 2p decays. In the present work, the tracking procedure
includes the following three steps:

* Identification of heavy ions at the final focal plane of the FRS.
* Identification of protons.

* Identification of the 2p-decay event by tracking the trajectories of all decay prod-
ucts in coincidence.

4.1 Identification of Heavy Ions

The heavy ions arriving at the final focal plane of the FRS F4 can be distinguished by
their magnetic rigidity Bp, time-of-flight (TOF), and energy deposition AE. Through
such a Bp-TOF-A E measurement, the mass-to-charge ratio (A/Q, @ is the ionic charge
number) and proton number Z can be determined.

In the S388 experiment, the Bp of the ion was determined from the FRS magnet setting
and the ion’s position measured with TPCs. The TOF for the ion traveling from F2 to
F4 was measured by using the scintillator SCI1 at F2 and scintillator SCI2 at F4. The
ion’s velocity v can be deduced from its TOF in the second half of the FRS by equation

S

= 4.1
TOF — T}’ @1

v

where S is the flight path and 7§, is an offset corresponding to the time delay in cables and
electronics. Once the v is obtained, the A/() can be determined by using the following
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4 Tracking the Two-Proton Decay Products

equation
A Bpe

Q  Bryeu’
where e is the electron charge, c is the speed of light, u is the atomic mass unit, 3
is the ion’s velocity in unit of the speed of light (5 = wv/c), v is the Lorentz factor

v =4/1— 3%

(4.2)

Given the fact that the energy deposition AF of the HI in the MUSIC detector at F4 is
nearly proportional to the square of the ion’s charge (), the () can be calculated form
the AFE measured by the MUSIC. At the high energies used in the present experiment
(several hundred MeV/u), most ions are fully stripped, so that we have a good approx-
imation () = Z. Therefore, the HI’s proton number Z can be determined from AFE
measurements. By plotting the distribution of Z versus A/, the identification of HI
can be achieved since each isotope has a unique combination of Z and A/Q).

4.2 Identification of Protons

4.2.1 Minimum Ionizing Particles Produced in Secondary Target

In order to track a 2p-decay event, both HI decay daughter and two protons are needed
to be identified in coincidence. When a 2p precursor decays in-flight, its decay products
including the protons and HI daughter nucleus are emitted. They can be detected by the
SSDs which were located downstream of the secondary target. As shown in section 3.3,
the HI normally deposits a large amount of energy and thus generates a strong signal in
the SSD which can be easily identified. However, the identification of protons is a little
bit tough due to the contamination of other minimum ionizing particles (MIPs), e.g., 0-
electrons. When a charged particle, in particular a HI, impinges on the secondary target,
its energy deposition could generate the MIPs. Since those MIPs may pass through
the SSDs and generate similar signals as those created by protons, these MIPs pose a
significant challenge to identify the protons. In order to avoid the wrong assignment of
protons, the discrimination of protons from other MIPs is performed by a coincidence
of signals from several SSDs.

4.2.2 Identification of Proton Candidates

The identification of the protons started with the search of the proton candidates regis-
tered by individual SSDs. Following the same procedure as that conducted for HI (see
section 3.3.5 for detail), the proton candidates can be found by requiring the peak signal
of a charged-particle hit exceeding a certain threshold and the signal of its neighbor-
ing strip exceeding another smaller threshold. Furthermore, the peak signal of a proton
candidate is also required to be smaller than the threshold of a HI in order to rule out
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the HI hit. The selected proton candidates could be either real protons or other MIPs.
Since the background levels in S-side strips slightly differ from those in K-side strips,
the thresholds employed to test the signals generated by the proton-candidate hits in the
S-side are different from those used for the K-side. According to the knowledge gained
from the previous experiment, most of protons trigger 1 or 2 strips [68]. Therefore, in
the present data analysis, the maximum number of strips triggered by a proton-candidate
hit is limited to be less than 3. Furthermore, keeping in mind that the electric noise may
also exceed the thresholds, thus a random signal may be treated as a proton candidate,
the total number of proton candidates allowed in one detector side is limited to be less
than 13.

4.2.3 Discrimination of Protons from Other Minimum Ionizing Particles

After the identification of proton candidates, a so-called “straight-line” trajectory selec-
tion is applied to distinguish the real protons from other MIPs (e.g., d-electrons) with
the combination of several SSDs. Figure 4.1 schematically shows such a “straight-line”
criterion. In this example, a proton candidate impinges on SSD0, SSD1, and SSD2 and
introduces a hit in each SSD (hereafter hit0O, hitl, and hit2 respectively). On the basis
of three hit positions, the trajectory of the proton candidate can be reconstructed by
connecting the hitO and the hit2 (trajectory(02), or by connecting the hitl and the hit2
(trajectory12), or by connecting the hitO and the hitl (trajectoryO1). In the ideal case
without scattering, the proton candidate will follow a “straight-line” trajectory during
the passage through three detectors. In such a case the angle between the trajectory12
and the trajectoryOl (i.e., # shown in Figure 4.1) is zero. However, in reality, the 6
is always non-zero due to the scattering in the SSDs and the uncertainty of position
measurement. Given the fact that most MIP contaminants are lighter than the protons,
thus they can be more easily deviated due to the multiple scattering when they pass
through the SSD array. One can eliminate most of the contaminants by requiring a near
“straight-line” trajectory, i.e., imposing a threshold on the #. The proton candidate with
the 6 which is smaller than the threshold was regarded as a proton. In case that both
HI and proton were found in the same event, the search of a 2p decay event can be
performed. In the following, a tracking procedure of the 2p decay of "Mg is illustrated
firstly. Then a search for the 2p decay of 3°Ar is described.

4.3 Tracking the 2p Decay of "Mg

In the present experiment, the previously-known 2p radioactive nucleus Mg was pro-
duced by 1n knockout from the 2°Mg ion obtained by fragmenting a 685 MeV/u 3¢Ar
beam in a ?Be target of thickness 4.8 g/cm”. Since the 2p decay of Mg has been
studied in the previous S271 experiment and the spectroscopic results on the several
low-lying states of ?Mg is known [21,58,68], for the calibration purpose, the in-flight
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proton
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—

SSDO SSD1 SSD2

Figure 4.1: Schematic explanation of the “straight-line” criterion. Solid circles represent
the hit positions of a proton candidate in the SSDs, while the round circle indicates
the expected position in SSD2 which is obtained by straight-line extrapolation of the
trajectory determined by proton candidate’s hit positions in SSDO and SSD1. The angle
0 characterizes the deviation between the real trajectory of a proton candidate and the
ideal straight-line trajectory. See text for details.

decays of ?Mg were remeasured. During this reference measurement, the first half of
the FRS was optimized to select and transport the secondary Mg beam and the second
half of the FRS was tuned to transmit the !"Ne ions (hereafter 2?’Mg-1"Ne setting). In
order to identify the '“Mg 2p decay events, the identification of decay daughter !"Ne
and two protons was performed by following the above-mentioned procedure and the
1"Ne+p+p coincidence was then searched.

4.3.1 Production and Identification of '"Ne

The identification of heavy ions detected at F4 during the reference measurement with
the 2°Mg-1"Ne setting was performed by employing the aforementioned Bp-TOF-AE
method. Corresponding results are shown in Figure 4.2. In this PID plot, each nuclide
occupies a unique position according to its proton number Z and mass-to-charge ratio
A/Q. Therefore, the heavy ion of interest can be identified unambiguously. In Fig-
ure 4.2, the ions of interest including 2’Mg and '"Ne nuclei are emphasized by circles.
Basically, the "Ne ions which reached F4 can be divided into two categories according
to their production area. The first production area is the primary target region and the
main production mechanism is the fragmentation of primary 3°Ar beam. These !"Ne
nuclei were transported from primary target area down to F4 and we name them the
primary "Ne nuclei. The other production area is the secondary target area at F2. One
may expect several reactions which may produce '"Ne, such as the fragmentation of
secondary 2°Mg beam and the 1n knockout of 2’Mg ion followed by the 2p decay of
YMg. We call those "Ne ions the secondary !“Ne nuclei. The secondary !“Ne nucleus
is the ion of our interest since it may be created from the 2p decay of ?Mg.
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Figure 4.2: Two-dimensional cluster plot of Z vs A/Q) for the heavy ions detected at F4
during the reference measurement with the 2°Mg-1"Ne setting. The first half of the FRS

was optimized to transport the Mg beam and the second half of the FRS was tuned to
transmit the "Ne ions.

In the offline data analysis, some selections were performed to discriminate secondary
1"Ne nuclei from primary !“Ne nuclei. Given the fact that the *°’Mg beam was selected
as the secondary beam, thus 2°Mg ions were centered in the middle focal plane of the
FRS F2. The primary !"Ne nuclei had non-central profile. Two conditions were applied
in the data analysis by means of the signals measured by detectors placed in F2 area.
The first condition is the energy deposition of the HI in the TPC2 located in front of
the secondary target should be within the range corresponding to the 2°Mg ions. Such
a selection can rule out most of primary '"Ne nuclei and ensure that the selected !"Ne
nuclei are related to the 2°Mg-induced reactions. The second condition was conducted
to further select the secondary '“Ne nuclei by requiring that the position of HI hit in the
SSDO and SSD1 should be at the center of the SSD. Since most of primary '"Ne nuclei
hit the non-center area of the SSDO and SSD1, such a selection can further reduce the
contaminant primary '"Ne nuclei.

4.3.2 Identification of the 2p Decay of 'Mg by Tracking Coincident !"Ne +p + p
Trajectories

On the basis of the measured trajectory of a secondary !"Ne nucleus and the trajectories
of proton candidates, which fulfill the “straight-line” criterion, the minimum distance
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between '"Ne’s trajectory and trajectory of proton candidate was calculated. Then the
minimum distance was compared to a threshold. The proton candidates with the min-
imum distances smaller than the threshold were selected. The threshold value of 300
um was determined by considering the accuracy of position measurement by SSDs and
the requested experimental precision. As schematically shown in Figure 2.5, the vertex
of a 2p-decay event is defined as the “meeting point” of the trajectories of two proton
and the HI's trajectory. It is worth mentioning that the “meeting point” cannot be de-
termined perfectly due to the experimental uncertainty. Therefore, in our data analysis,
the “meeting point” of two trajectories was defined as the middle point of two points
in the two respective trajectories where the distance between them is minimum. If the
minimum distance between the trajectory of proton and HI” trajectory was smaller than
the above-mentioned threshold, we assumed that proton and HI meet in one point. The
corresponding “meeting point” was regarded as the vertex of !"Ne + p double coinci-
dence. For a 1"Mg 2p-decay event, since there are two protons and one heavy ion recoil
(1"Ne), thus two vertices from two '"Ne 4+ p double coincidences can be reconstructed.
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Figure 4.3: A "Mg 2p decay event registered by one SSD. The !"Ne ion hit and two-
proton hits are clearly identified in S-side (a) and K-side (b) of the SSD.

Based on the two vertices derived from two "Ne + p double coincidences, one can
further search for a triple *"Ne + p + p coincidence. To do so, the difference of two
Z coordinates (Zdiff) of two decay vertices is calculated and Zdiff is required to be
smaller than a threshold in order to indicate both protons and '"Ne ion were produced in
one decay event. The value for this criterion is adopted by studying the distribution of
Zdiff and by taking into account the position measurement accuracy by SSDs. Once the
above condition is fulfilled, one can be convinced that both two protons and the !"Ne
originate from a ?Mg 2p decay event. Figure 4.3 shows a 1Mg 2p decay event with the
coincident hits of two protons and the 1"Ne ion in one SSD.
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4.4 Tracking the 2p Decay of 3"Ar

A procedure similar as that explained in the previous section was employed to identify
the 2p decays of previously-unknown nucleus *’Ar. In this section, the identification of
HI decay daughter 22S will be illustrated firstly, then the search of the 2p decay of 3°Ar
by tracking its decay products will be demonstrated.

4.4.1 Production and Identification of 2°S

In a similar manner to !"Ne, the 2*S ions detected in the present experiment were di-
vided into the primary 2®S nuclei and the secondary ?*S nuclei. The primary 2%S nuclei
were produced via the fragmentation of primary 3¢Ar beam in the primary target and
the secondary ?®S nuclei were created by the 3! Ar-induced reactions in the secondary
target, such as the direct fragmentation of 3'Ar and the one-neutron removal of 3!Ar
followed by 2p decay of 3°Ar. Both primary and secondary 28S nuclei may reach F4
area and they can be distinguished from other ion species by employing the previously-
introduced Bp-TOF-AFE method. Figure 4.4 shows a two-dimensional PID plot for the
ions reached F4. The ions of interest including ?®S and 3!'Ar are well separated from
other species and they are highlighted by the circles. Besides 2*S and 3! Ar, one may
notice that other ion species with higher A/() value (mainly in the surroundings of
N = Z nuclei) also reached F4 as seen in Figure 4.4. The origin of these ions is not
very clear. Despite dedicated efforts to suppress these unexpected fragments during the
experiment, however, many of them still reached F4. The explanation for this puzzle
calls for future experimental studies and theoretical simulations. Nevertheless, these
nuclei have no influence on the identification and selection of 28S ions, because they
can be identified unambiguously and thus can be excluded easily. In our data analysis,
the 28S nuclei were selected by a gate in the PID plot. The influence of other species
were eliminated. In order to identify the secondary 2®S nuclei and to further identify
the 3°Ar decay events, two conditions on the energy deposition in TPC2 of incoming
ions were applied to the select ®' Ar ions in front of the secondary target. Just behind the
secondary target, the position of the 2%S ions were also examined to gate the secondary
28 nuclei.

4.4.2 Identification of Secondary ?°S Nuclei

In order to trace the source of 22S nuclei, the incident ion species in front of the sec-
ondary target were investigated. Given the fact that the TPC can measure both ion’s
position and its energy deposition, the incoming ion species into the secondary target
can be investigated by their energy deposition and positions measured by TPCs which
were located in front of the secondary target. Such an inspection is necessary to iden-
tify the secondary 28S nuclei, which originated from the 3! Ar-induced reactions in the
secondary target.
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Figure 4.4: Two-dimensional cluster plot of Z vs A/Q) for the heavy ions detected at F4
during the production measurements with the 3'Ar-28S setting. The first half of the FRS
was optimized to transport a 620 MeV/u 3' Ar beam and the second half of the FRS was
tuned to transmit the 22S ions.

As described in subsection 2.3.1, the ion-optical setting of the FRS in the present ex-
periment was employed to transport the 3! Ar secondary beam by the first half of the
FRS and to transmit 25S ions from the secondary target down to F4 (hereafter 3! Ar-28S
setting). For the calibration purpose, another ion-optical setting was also applied in the
experiment. In this setting, the 3! Ar fragments were selected by the first half of the FRS
and the second half of the FRS was tuned to transport the 3! Ar ions down to last fo-
cal plane F4 (hereafter > Ar-3! Ar setting). Given the fact that the primary beam energy
and the settings (e.g., Bp) of the first half of the FRS are the same in both ion-optical
settings, the energy deposition of > Ar ions in the TPC2 and their impact positions in
the secondary target measured in the calibration measurement with the 3 Ar-3'Ar set-
ting can be utilized to identify the incoming argon ions into the secondary target in the
production measurements with the 3! Ar-2%S setting.

Figure 4.5(a) shows the energy deposition of 3 Ar and of 2*S ions in TPC2 versus their
positions x in the secondary target. The ions’ position in the secondary target were ob-
tained by extrapolating the two hits in TPC1 and TPC2 located in front of the secondary
target to the position in the secondary target. The data were obtained by gating the
events with the 3 Ar or ?8S ion which reached F4 in the calibration measurement with
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Figure 4.5: (a) The energy deposition of 3'Ar and of 28S ions in TPC2 versus their
positions x in the secondary target. Data is taken from the calibration measurement
with the 3! Ar-3!Ar setting. (b) Same as (a) but for multiple ion species produced in the
production measurements with the ' Ar-28S setting. The locations of argon (Z = 18)
and the sulfur (Z = 16) isotopes are indicated. See text for details.

the 3L Ar-3L Ar setting. Based on the distribution, one can obtain the range of the energy
deposition in TPC2 and the locations in the secondary target of 3! Ar ions and %S ions.
Similar distribution for several kinds of ion species which were produced in the produc-
tion measurements with the 3! Ar-2%S setting is displayed in Figure 4.5(b). In comparison
of the panel (a) and the panel (b), it is clear that the 3! Ar ions produced in the production
measurements with the 3! Ar-28S setting are mainly within the area marked by “Ar ions”.
Since the ' Ar fragments were selected as the centered beam and were transmitted by
the first half of the FRS, one may naturally conclude that the ions in the area labeled
with “Ar ions” in Figure 4.5(b) are mainly ' Ar ions. It is possible that some other argon
isotopes (e.g., 2Ar) may be also transported to impinge on the secondary target. How-
ever, the intensity of *?Ar is relatively small in comparison with 3 Ar. According to the
LISE++ [117] simulation of the ions’ transmission through the FRS with the 3! Ar-**S
setting, the intensity of 32Ar at secondary target area is only about 3% of the intensity of
3L Ar. There is also noticeable difference between their locations at the secondary target
of about 9 mm. In the experiment, the slits at F1 (opened of £14 mm) and F2 (opened
of £15 mm) stopped most of 32Ar ions. The small amount of 3?Ar ions may still reach
the secondary target but become unresolvable with 3! Ar ions, because the distribution
of 3t Arions’ position x has a width (FWHM) of 12 mm, see Figure 4.5(a). LISE++ sim-
ulation shows the width of distribution of position x in secondary target for 3! Ar spot
and for 3?Ar spot should be 6 mm and 7 mm, respectively. An assumed considerable
admixture of *?Ar and 3! Ar at F2 should result in a distribution of position x with the
width of 16 mm. This is not the case in the experimental distribution of position x of Ar
ions (see the blob indicated by “Ar ions” in Figure 4.5(b)). Therefore, one can conclude
that Ar ions which impinged on the secondary target in the experiment are mainly 3! Ar
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4 Tracking the Two-Proton Decay Products

ions, and the very small admixture of 32Ar ions can be neglected. In order to gate 3! Ar
nucleus in front of the secondary target, which is helpful to identify the secondary 2*S
nuclei behind the secondary target, two energy deposition thresholds were applied in
order to define the range of incoming ions’ energy deposition in the TPC2 during the
analysis of the data taken from production measurements with the 3! Ar-**S setting.
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Figure 4.6: The positions of 28S ions measured by the SSDO (a) and SSD1 (b). Data is
taken from the production measurements with the 3! Ar-28S setting.

Besides the above-mentioned gate on the energy deposition of the incident ions in the
TPC?2, the position distributions of 2S ions in the SSDO and SSD1 were also examined.
The purpose here is to discriminate further the secondary 28S nuclei from primary 223
ions according to their different hit positions on the first two SSDs. Figure 4.6(a) and
Figure 4.6(b) show the positions of 28S ions measured by SSDO0 and SSD1, respectively.
One can clearly see the ?8S ions are distributed in two distinct clusters. According to the
28S’s position indicated in Figure 4.5(a), most of primary 2®S nuclei’s positions in the
secondary target are off-center. Given the fact that the SSD0O and SSD1 were placed just
behind the secondary target and the centers of these two detectors as well as the center
of the secondary target were aligned along the beam axis, the position cluster which is
off the center of the SSDO and SSD1 should be produced by the primary 2*S nuclei.
Concerning the cluster which is located at center of the SSDO (or SSD1), presumably
it was produced by the secondary 2S nuclei since the 3! Ar ions were selected as the
centered beam to impinge on the secondary target and the secondary 28S nuclei were
produced by the 3! Ar-induced reactions. In order to select the ion with position in the
central cluster, two conditions on the x coordinates of the ?S ions measured by the
SSDO and the SSD1 were applied. Such a selection effectively reduced the primary
288 contaminants. As explained in subsection 4.4.1, the secondary 2*S nuclei may be
produced by several kinds of 3! Ar-induced reactions. In order to identify those 2S ions
which were produced by the 2p decays of 30Ar, after above-introduced selections, the
secondary ?8S nuclei were further tested by searching the 2®S + p + p coincidences. The
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4.4 Tracking the 2p Decay of >°Ar

procedure is described in the following subsection.

4.4.3 Identification of the 2p Decay of *°Ar by Tracking Coincident %S + p + p
Trajectories

Once the secondary %S nucleus was identified in one event, the proton candidates were
found by performing the procedure described in section 4.2. Afterwards, several con-
ditions and thresholds were applied to identify the S + p + p coincidence. Such a
procedure is similar as that employed for the identification of Mg decay events. The
selection procedure can be divided into three steps. First, the trajectories of proton can-
didates and that of 28S were reconstructed by using the coordinates measured by SSDs.
Second, the “meeting point” between proton candidates’s trajectory and 2*S’s trajectory
was measured and then the “meeting point” was tested by a threshold in order to check
whether it is a vertex for a 2®S + p double coincidence. Third, the difference between the
Z coordinates of two vertices (i.e., Zdiff) derived from two 23S + p double coincidences
was calculated and the Zdiff was tested by another threshold to identify the 2*S + p + p
triple coincidence. If a triple coincidence 28S + p + p was identified, an 3°Ar 2p decay
event was found. In comparison with the identification of the Mg 2p decay events,
it is worth mentioning that different value of thresholds (or conditions) were adopted
to search the °Ar 2p decay events because the experimental conditions (e.g, energy of
primary beam) employed to produce the 3°Ar were different from those used to create
the **Mg. Figure 4.7 displays one *°Ar 2p decay event. The hit of daughter nucleus %S
and two-proton hits are clearly seen.
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Figure 4.7: An 3°Ar 2p decay event registered by one SSD. The %S hit and two-proton
hits are clearly identified on S-side (a) and K-side (b) of the SSD.

In the present work, all events related to the 2p decay of 3°Ar were identified by the
above introduced procedure. Based on the measured coincident 2%S + p + p trajectories,
the 2p decay vertex of 3°Ar was determined. The position of vertex allows us to find
where the decay happened and thus provides information on the location of parent nu-
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4 Tracking the Two-Proton Decay Products

cleus. Figure 4.8 shows the distribution of vertex’s coordinates in the transverse plane
(i.e., (x, y) plane) for all identified 2®S+p-+p coincidences. It can be clearly seen that the
distribution is centered around (z, y) = (0, 0), which matches the location of secondary
288 nuclei (the central clusters in Figure 4.6) and 3! Ar’s location in the secondary target
(see Figure 4.5(b)). This demonstrates that S + p -+ p coincidences originated from the
31 Ar-induced reactions.
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Figure 4.8: Distribution of vertex’s coordinate x and y for measured 28S + p + p coinci-
dences.
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5 Spectroscopic Results of '“Mg Deduced from
I"Ne-Proton Angular Correlations

In the previous chapter, the identification of 2p decay of ?Mg and 3 Ar is demonstrated.
In this chapter and the next chapter, the nuclear structure information on the observed
states in ?Mg and 3°Ar deduced from the HI-proton angular correlations will be pre-
sented.

Given the fact that the angular correlations reflect the transverse momentum correla-
tions, which are often employed to identify nuclear states and to pin down the decay
channels [68,95], the measured angular correlations of protons with respect to the 2p-
decay daughter nucleus provide insight into the structure of the 2p precursor’s state.
Therefore, the angular HI-proton correlations can be utilized to identify the states of
mother nuclei and to deduce their decay properties (e.g., decay energy and width). As
mentioned in subsection 1.5.3, this method has been successfully applied in previous
investigations on ?Mg and '®Ne [18, 58, 68]. In the same manner, the angles between
2p-decay products of Mg and 3°Ar were measured and the Hl-proton angular corre-
lations were reconstructed in the present work. By analyzing the '"Ne-proton angular
correlations deduced from the Mg decay events, the spectroscopic information about
YMg states are obtained, which are presented in this chapter. In the next two chapters,
we will turn to study the 28S-proton angular correlations stemming from decays of the
unknown nucleus °Ar. It is worth mentioning that throughout this chapter the energy
of states in Mg and '®Na are given relative to the respective '"Ne+p+p and "Ne+p
thresholds.

5.1 !'"Ne-Proton Angular Correlations in 2p Decay of "Mg

Based on the measured trajectories of 1"Ne and two protons which were emitted by the
2p decay of ?Mg, the angle between '"Ne’s track and proton’s track (fi7x..,) as well as
the angle between both protons’ trajectories (6,,,) are obtained. Corresponding '"Ne-p
angular correlations were reconstructed for all 1"Ne + p + p coincidences. Figure 5.1(a)
shows the scatter plot (617xe.p1, #17Ne-p2) fOr the measured angles between 1"Ne and both
protons. Since both protons cannot be distinguished, the distribution is symmetrized
with respect to proton permutations, and proton indexes are given for illustration pur-
pose only. In this angular correlation plot, there are several statistical enhancements
which provide the information on the 2p states in ?Mg and 1p resonances in '®Na.
Among the most intense 2p-decay channels, events with the smallest 017y..,, angles fall
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5 Spectroscopic Results of **Mg Deduced from " Ne-Proton Angular Correlations

into a distinct cluster centered around ¢h7ye,, = 27 mrad. According to the knowledge
on the known states of ?Mg obtained from previous experimental studies [21,58], these
events are attributed to the simultaneous 2p decay from the g.s. of ?Mg.
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Figure 5.1: !"Ne-proton angular correlations derived from '"Ne + p + p coincidences
measured in the present experiment (panel (a)) and in the previous experiment [58]
(panel (b)). The arcs labeled by Roman numerals indicate several states of 1Mg.

By comparing the !"Ne-proton angular correlations measured in the present experiment
(see Figure 5.1(a)) with that obtained in previous S271 experiment (see Figure 5.1(b)),
one can clearly observe that the statistics obtained in the present experiment is much less
than previous data. Nevertheless, the measured !“"Ne-p angular correlations indicate that
several low-lying states of ?Mg observed in previous experiment were also detected in
the present experiment, which include the g.s. (labeled with (i)) and several previously-
known excited states (labeled with (ii), (iii), and (iv)). Besides the known states, the
present data also provide hints on an unknown excited state of 1?Mg which is labeled by
(v). Such a comparison proves that the tracking method works well even with the limited
statistics and the experimental resolution obtained in the present experiment serves well
for our purposes.

The decay mechanism of the observed ?Mg states can be pinned down by analyzing
the measured !“Ne-p angular correlations. As sketched by Figure 5.2, three 2p-decay
mechanisms are normally considered, i.e., simultaneous three-body decay, sequential
emission of protons via a narrow intermediate state in the intermediate nucleus, and
de-excitation of broad continuum parent states by 2p emission with final-state interac-
tions. Depending on the particular decay mechanism, corresponding angular correlation
pattern between HI daughter nucleus and proton shows a characteristic shape. In the si-
multaneous 2p decay case, the energies of both emitted protons should preferentially be
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Figure 5.2: Schematic drawings of transverse momentum (lower panels) correlations
expected for different cases of 2p emission (upper panels). The decay of the parent nu-
cleus with mass number A to the daughter nucleus with mass number A — 2 proceeds via
three decay mechanisms: (a) true three-body decay, (b) sequential emission of protons
via a narrow intermediate state in nucleus with mass number A — 1, and (c) decay of
broad continuum states. Figure taken from [68].

equal [6,82]. The angular correlation between HI and proton is located along a quad-
rant, whose radius reflects the ()2, value. Most of the events are in the peak indicated by
the dark spot in the lower panel of Figure 5.2(a). In the case of sequential emission of
two protons via a narrow resonance in the intermediate nucleus, the angular HI-proton
correlation plot should yield double peaks [118] as indicated by the black dots in the
lower panel of Figure 5.2(b). In the case of the 2p emission from broad continuum
parent states with final-state interactions in the HI-p pairs, the angular HI-p correlation
pattern should be featured by broad distributions along narrow “slices” as shown in the
lower panel of Figure 5.2(c). Ideally, one may expect that the 2p precursor of inter-
est may decay by following one of the above three mechanisms. However, in reality
several proton branches may appear resulting in complicated spectra with several sta-
tistical enhancements in the angular HI-p correlations. This can be seen in Figure 5.1(a).

In order to better reveal the decay properties from the measured '"Ne-proton angular
correlations shown in Figure 5.1(a), one may use the fact that the two protons emitted
by one state of 1?Mg share the same total decay energy thus 617y, correlations from 2p
decays of the same narrow state are accumulated along the arc with the radius

po('"Ne +p+p) = \/9127Ne—p1 + 9%7Ne—p2 = const.

Since py is related to the energy sum of both emitted protons and therefore to the ()2,
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Figure 5.3: The py spectrum measured for Mg 2p decays. The peak in this figure and
the arc in Figure 5.1(a) labeled with the same Roman numeral are one-to-one correspon-
dence. See text for details.

of the parent state by the relation (5, ~ pa [58], one can obtain the indication of the
parent state and its 2p-decay energy by studying the distribution of py. The py spectrum
always has fewer peaks which allow us to select specific excitation-energy regions for
the investigation.

In the present study, the py distribution measured for Mg 2p decays is displayed in
Figure 5.3. Several well-separated intense peaks, which indicate the 2p decays of vari-
ous states in ?Mg, are clearly seen and labeled by Roman numerals. Correspondingly,
Figure 5.1(a) are "Ne-p angular correlations from the decays of these states in Mg,
The peak in Figure 5.3 and the arc in Figure 5.1(a) labeled with the same Roman nu-
meral consist of the same events. By gating on a particular py peak, the decay events
from a certain 1’Mg state can be selected. In the following, the observed states of Mg
will be investigated by interpreting corresponding '"Ne-p angular correlations in terms
of the Monte Carlo simulations.

5.2 Monte Carlo Simulations of the Detector Response to the 2p
Decay of Mg

In order to simulate the conversion from momentum to angular correlations in 2p de-
cay and to deduce decay properties of the observed nuclear states form the measured
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1"Ne-p angular correlations, the detailed Monte Carlo (MC) simulations of the detec-
tor response to the 2p decay of “Mg were performed by using the GEANT frame-
work [119]. The GEANT package includes relativistic kinematics and all important
processes of interaction between relativistic particles and various materials. Further-
more, the incoming-beam characteristics, detector resolutions, and reaction kinematics
were also taken into account in the simulations.

In our simulations, the state of ?Mg was assumed to have a resonance energy (Qo, and
a finite lifetime. Two decay mechanisms were considered. The first one is the simul-
taneous 2p-decay of the "Mg g.s. To simulate such a three-body decay process, the
momenta of three decay products are needed, and they were provided by the three-body
model calculations [32,64,92]. Another decay mechanism is the sequential emission of
protons from Mg e.s. via intermediate states of **Na. Other physics input is the kinetic
energy of 1Mg ion impinging on the target, which was estimated by using the LISE++
simulation of the FRS magnetic spectrometer under the 2°Mg-!"Ne setting. Concerning
the secondary reaction target and detectors in the MC simulations, their material and
geometry were implemented by using the same parameters as the secondary target and
SSDs employed in the real experiment. In general, the MC simulations started at a ran-
domly chosen '"Ne + p + p vertex inside the reaction target and followed by the passage
of protons and '"Ne through the remainder of the reaction target and the detectors. The
angular straggling, detection efficiency, and the experimental uncertainties in position
determination, vertex reconstruction, and angle measurement, etc. were taken into ac-
count. During the simulations, all selection conditions and thresholds applied in the data
analysis were used in the same way, which allowed the results of the MC simulations to
be treated identically to the experimental data.

5.2.1 2p Radioactivity of the '’Mg Ground State

In order to quantitatively interpret the 1"Ne-p angular correlations indicated by the arc
(1) in Figure 5.1(a) and the peak (i) in 5.3, MC simulations of the detector response to
the simultaneous 2p decay of the ?Mg g.s. were performed by assuming various val-
ues of (),. Then each simulated 017y, spectrum was compared with the experimen-
tal 017ye., distribution obtained by selecting events in the arc-gate (i) of Figure 5.1(a),
i.e., 22.5 < py < 47.0 mrad. Such a comparison is shown in Figure 5.4(a), in which
the angular 017y, correlations obtained from the simulation of Mg g.s. decay with
(Q2p = 0.87 MeV is compared with the experimental 017y, distribution selected by
using the arc-gate (i). One can see the quantitative agreement between the simulation
and the data. In order to evaluate the compatibility in shape between simulation and
data, the probability that the simulated 017y, distribution matches the experimental
pattern was calculated by using a standard statistical Kolmogorov-Smirnov test [120].
The stars in Figure 5.4(b) show such probability as a function of ()9,, while the solid
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curve is the fit of the probability distribution by a skewed Gaussian function. Based on
the fitting function, the optimal decay energy which corresponds to the highest proba-
bility is ()2, = 0.87 MeV. The (), range where the simulation can reproduce the data
with probabilities above 50% is accepted as the uncertainty of the fitted value. Thus the
2p-decay of ?Mg g.s. derived from the present work is Qa, = 0.8715-21 MeV, which is
consistent with previous data: 0.76(6) MeV [58]. Therefore, the data from the present
experiment have confirmed the simultaneous 2p decay of Mg g.s. In comparison with
previous data, one may notice that )5, of “Mg g.s. obtained by the present work car-
ries larger uncertainty, which can be understood by two reasons. First, the thick target
(~2.66 cm) used in the present experiment leads to stronger multiple scattering, and
thus larger angular straggling inside the target. Second, since the Mg is treated as the
reference nucleus, a relatively short measurement time was granted for the investigation
of the 2p decay of ?Mg. Therefore, only a small amount of decay events was identified
in the present experiment, which causes a large statistical error.
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Figure 5.4: (a) Measured !"Ne-p angular correlations (full circles with statistical errors)
derived from the !"Ne + p + p coincidences with the gate 22.5 < pg < 47.0 mrad,
which corresponds to the peak (i) in Figure 5.3 and arc (i) in Figure 5.1(a). The solid
curve represents the 617y, distribution obtained from the MC simulation of the detector
response to the direct 2p decay of Mg g.s. with 5, = 0.87 MeV. (b) Distribution of
probability that simulation reproduces the data of Figure 5.4(a) as a function of ()g,.
The curve displays the fit to the probability distribution by a skewed Gaussian function.

5.2.2 2p Decay of the Known Mg Excited States

Concerning the peaks and arcs (ii), (iii), and (iv), one may expect that they originate
from 2p decays of several previously-known low-lying excited states of Mg since the
positions and ranges of these arcs almost coincide with the respective arcs displayed in
Figure 5.1(b). In order to verify our guess and interpret these states in a quantitative way,
the MC simulations were performed and then compared with the experimental data.
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Figure 5.5: Same as Figure 5.4(a) but for the excited states of ?Mg. (a) The 2p decay
of e.s. gated by (ii), 54.0 < py < 70.0 mrad. The solid curve displays the simulation of
the sequential 2p decay of Mg state at 2.5 MeV via '®Na states at 1.23 MeV (dotted
curve) and 1.55 MeV (dashed curve). (b) The 2p decays gated by (iii), 70.0 < py < 85.5
mrad. The solid curve is the simulation of the sequential 2p decay of ?Mg state at 3.2
MeV via the 1.55 MeV (dashed curve) and 2.084 MeV (dotted curve) levels in *Na.
(c) The 2p decays gated by (iv), 90.0 < py < 117.0 mrad. The result of the simulation
to the sequential 2p emission of *Mg state at 5.1 MeV via 1.55 MeV state of *Na
state is depicted by the solid curve. (d) The 2p decay of a new e.s. in Mg gated
by (v), 119.0 < pg < 146.0 mrad. The dashed curve and dotted curve are the ¢h7ye.,
distributions obtained by simulations of sequential proton emission of Mg state at 8.9
MeV via two unknown observed '®Na states at 2.5 MeV and 4.0 MeV, respectively. The
solid curve shows the sum fit.

In Figure 5.5(a), the ¢h7ye, correlation obtained by imposing the arc gate (ii), 54.0 <
po < 70.0 mrad is shown by black dots with statistical errors. Corresponding peak
(i1) in the py spectrum (see Figure 5.3) illustrates the 2p decays from a single state in
YMg. To interpret the observed !"Ne-p angular correlations deduced from this state, the
MC simulation was performed by assuming a sequential decay mechanism: "Mg* —
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8Na* + p — "Ne + p + p. The input parameters concerning the "Mg state are the
2p-decay energy ()2, = 2.5 MeV and the width I" = 0.4 MeV. The parameters regard-
ing two '®Na states are 1p-decay energies Q1,(17) = 1.23 MeV and Q1,(27) = 1.55
MeV, respectively. The simulated 017y, distribution is displayed by the solid curve in
Figure 5.5(a). The simulation reproduces the data very well. Therefore, the results ob-
tained from the present experiment confirm the sequential 2p emission of the previously
known Mg 3/27 state. The newly determined Q,, = 2.570% MeV is in agreement
with previous data 2.14(23) MeV.

In the same manner, we performed MC simulations in order to quantitatively study the
events in the arc (iii) in Figure 5.1(a) and peak (iii) in Figure 5.3. The experimental
h7ne-p distribution selected from 2p decay events with the condition of 70.0 < py <
85.5 mrad is plotted in Figure 5.5(b). The simulations of the detector response to the
sequential 2p emission of the Mg e.s. via two intermediate states in **Na were per-
formed. The input parameter concerning the Mg state is )2, = 3.2 MeV. The res-
onance energy for two states of *Na are 1.55 MeV and 2.084 MeV respectively. The
branching ratios for the two above-mentioned decay branches are 75% and 25%, respec-
tively. The simulated 617y, distribution is displayed by the solid curve in Figure 5.5(b).
One can clearly see that it generally reproduces the experimental spectrum. The simula-
tion shows a smoother distribution than the experimental pattern which can be attributed
to much larger statistics of the simulated events than of experimental data. The deter-
mined (Qy, for broad peak (iii) is 3.21]:2 MeV, which matches the previously-measured
YMg excited states at 2.9(2) and 3.6(2) MeV [58]. However, these two states cannot
be resolved in the present experiment due to the limited experimental resolution and the
small statistics.

Regarding the "Mg e.s. shown by the arc (iv) in Figure 5.1(a) and peak (iv) in Fig-
ure 5.3, the experimental 017y, distribution is obtained by gating the events with py
ranging from 90.0 to 117.0 mrad and displayed by the black dots in Figure 5.5(c). Com-
paring the ¢h7y.., distribution with that obtained in the previous experiment [58], it is
reasonable to assume that the events within peak (iv) and arc (iv) belong to the 2p de-
cays of third 3/2 state in ?Mg. To test our assumption, MC simulation of the detector
response to the sequential 2p emission of *Mg e.s. with a 2, = 5.1703 MeV via the
1.55 MeV *®Na resonance was performed. The obtained 617y, distribution is shown by
the solid curve in Figure 5.5(c). One can see that the simulated spectrum and experimen-
tal distribution match in general. Therefore, the present work confirms the conclusion
drawn in the previous study [58] that the 5.5(2) MeV e.s. of ?Mg decays by sequential
emission of protons via the 1.55 MeV ®Na state.
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5.2.3 Hints of One New State in Mg and Two New States in 'Na

In Figure 5.3, besides the known excited states of Mg shown by the peaks (ii), (iii),
and (iv), evidence on a new e.s. of 1“Mg is displayed by the peak (v) which is located
around pg = 130 mrad. Corresponding ¢17nep1 Versus ¢h7nepo distribution is shown
by the arc (v) in Figure 5.1(a). One can see that most events fall into several clusters
which indicate sequential emission of protons from one e.s. of ?Mg via intermediate
resonances of ®Na. The angular 617y, , spectrum obtained by imposing the arc gate (v)
(119.0 < pp < 146.0 mrad) is shown by the black dots in Figure 5.5(d). It is found
that such a multiple peak structure cannot be described by a sequential 2p decay via any
previously-known '®Na state because the characteristic 17y, pattern generated from
1p decay of the known state in '®Na doesn’t fit any peak shown in Figure 5.5(d). In
order to interpret such experimental 617y, spectrum, the existence of two new '*Na
levels has to be assumed.

The hints of two new states expected for *Na can be found in Figure 5.6 which displays
the comparison of angular 617y, correlations obtained from the measured '"Ne + p and
1"Ne + p + p coincidences in the present experiment. In the former case, parent *Na
states may be populated via several possible reactions on 2°Mg, while the latter distri-
bution is presumably due to the 2p emission from Mg states. Five peaks (1-5) which
coexist in both histograms suggest the states of '*Na. According to existing knowledge
on the angular correlations obtained from the decays of known *Na states [58], the
peaks 1-3 correspond to the the ®Na states at 1.23 MeV, 1.55 MeV, and 2.084 MeV,
respectively. Concerning the peak 4 and 35, they provide indications of two unknown
e.s. in 1®Na, which are located at 2.5 MeV and 4.0 MeV above the 1p threshold, respec-
tively.

Two above-discussed new states in **Na provide a possible explanation for the observed
6h7Nep distribution shown in Figure 5.5(d), i.e., such an 1"Ne-proton angular correlations
may originate from the decays of a new e.s. in 1YMg by sequential emission of protons
via the above-mentioned two '®Na e.s. To verify such a tentative assignment, several
MC simulations were performed. By properly varying the decay energies and lifetimes
of YMg state and '®Na levels, it was found that the simulation of sequential emission of
protons from Mg e.s. at 8.97)-% MeV via the excited states of '*Na at 2.575% MeV and
4.0732 MeV could reproduce the data tentatively. Corresponding two components are
displayed by the dashed and dotted curves in Figure 5.5(d), respectively. The sum fit
is illustrated by the solid curve, and it generally agrees with the data. In particular, the
multiple-peak structure of the experimental pattern is reasonably described. It is worth
noting that the energy level of *Na around 2.5 MeV has been predicted in a theoretical
work [77]. Given the fact that the limited amount of Mg 2p decay events identified
in the present experiment, which provides only the hints of a new ?Mg e.s. and two
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Figure 5.6: 6h7y,., distribution derived from the measured "Ne + p coincidences (un-
filled histogram) and that deduced from the '"Ne + p + p coincidences (grey-filled
histogram). The blue dashed lines together with red arrows indicate the peaks which
appear in both histograms and these peaks suggest the '®Na resonances. Previously-
known states of ®*Na are shown by peaks (1), (2), (3), while peak (4) and (5) suggest
two new resonances in '8Na. Corresponding 1p-decay energies are shown in the upper
axis in MeV. See text for details.

new ®Na e.s., future experiments with improved conditions (e.g., larger statistics) are
required.

5.2.4 Decay Schemes of Mg and '*Na

To summarize the decay properties of states observed in '“Mg and '®Na, Figure 5.7
shows the level scheme and decay scenarios concerning the two-proton decays of YMg
by combining the previously-known results (see Ref. [58]) with the data obtained in
the present work. The spins and parities given in parentheses were tentatively assigned
in Ref. [58]. As stated in the previous sections, the g.s. and known e.s. of YMg are
observed in the present work. Their decay energies determined from the present exper-
iment are consistent with those deduced from the previous experiment. Moreover, the
evidence on a new e.s. of 1?Mg at 8.970% MeV above the 2p threshold are found. It is
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tentatively suggested that this new Mg state decays by sequential emission of protons
via two unknown '®Na resonances at 2.575% MeV and 4.0} MeV above the 1p thresh-
old, respectively. However, the spin-parity (J™) assignment for these newly observed
states is out of reach from the present work.
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Figure 5.7: Decay schemes of observed states in Mg and '®Na. Decay energies (in
units of MeV) are given relative to the respective 2p and 1p thresholds. The spins and
parities given in parentheses are tentative assignments and taken from Ref. [58]. The
energy of ®Na(37) state is taken from Ref. [121].
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6 Nuclear Structure Results of Ar Deduced
from **S-Proton Angular Correlations

6.1 28S-Proton Angular Correlations in 2p Decay of 3"Ar

The previous chapter shows the experimental results on the two-proton decay of *Mg:
the data obtained in the present work are consistent with the previous experimental re-
sults [21,58]; the 2p radioactivity of 1Mg g.s. and sequential 2p emission from known
Mg e.s. are confirmed; moreover, hints of one new e.s. of 1Mg and two new e.s. of
18Na are found, which demonstrate that the tracking technique is a powerful spectro-
scopic tool to study the in-flight decays of 2p precursors with short lifetimes. This has
encouraged us to study the decays of previously-unknown nucleus *°Ar as well as its 1p
decay daughter 2°Cl and to deduce their decay properties. It is worth mentioning that all
energies of 3Ar states and of 2°Cl resonances are given in this chapter and next chapter
relative to the 2S+p+p and 28S+p threshold, respectively.
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Figure 6.1: 2®S-proton angular correlations derived from measured ?S + p + p coin-
cidences. (a) flsg.p,; versus fasg o distribution. (b) The py spectrum. The peaks and
respective arcs labeled with “A-H” suggest the states of *’Ar. Corresponding 2p-decay
energies are displayed in the upper axis in MeV. See text for details.

As described in section 4.4, the decays of °Ar were identified by tracking the coinci-
dent 28S + p + p trajectories. Following a similar procedure to that conducted for 2p
decays of ?Mg, we measured the angle between decay products of *°Ar (i.e., 0255, and
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6 Nuclear Structure Results of *°Ar Deduced from **S-Proton Angular Correlations

0,1.52) and then reconstructed the ®S-proton angular correlations as well as the decay
vertices. The scatter plot of fzsg.,; versus 6zsg.,, for all identified %S + p + p coinci-
dences is shown in Figure 6.1(a). Here proton indexes are given for illustration purposes
only. Several statistical enhancements can be observed in this angular correlation plot,
and they are the indications for the 2p states of **Ar and 1p resonances of 2Cl. The
arcs labeled “A-H” in Figure 6.1(a) correspond to peaks in the py spectrum shown in

Figure 6.1(b), where py = \/ 92288—p1 + 9§8s_p2' As demonstrated in the previous chapter,

the py distribution is helpful to identify the states of 3’ Ar and discriminate transitions of
interest. In Figure 6.1(b), the prominent peaks labeled “A-H” suggest several states of
30Ar, and corresponding arcs in Figure 6.1(a) illustrate the 2®S-proton angular correla-
tion patterns. These arcs and peaks demonstrate the first observation of 2p decays from
several states of the previously-unknown nucleus 3°Ar. In order to deduce the nuclear
structure information on these states and investigate their decay properties, careful anal-
ysis of g, patterns and detailed theoretical calculations as well as MC simulations
were performed.

6.2 Analysis of the °S-Proton Angular Correlations

6.2.1 Comparison of 0:sg_, Distributions Obtained from the **S+p and **S+p +p
Coincidences

Based on the 2®S-proton angular correlations obtained from 2*S + p + p triple coinci-
dences, see Figure 6.1, one can identify the 3°Ar states populated in the experiment. By
comparing the f2sg_, distribution obtained from the measured *S+p double coincidence
and that from 2S + p + p triple coincidences, it is also possible to obtain some guidance
on the levels in 2°Cl, which were populated in the experiment. Such a comparison is
displayed in Figure 6.2. In the 2S+ p case (see the unfilled histogram in Figure 6.2), the
29Cl states may be populated via several possible reactions on 3'Ar, e.g., the two-step
reaction 3'Ar — 3°Ar + n followed by 3°Ar — 2°Cl + p, or via direct fragmentation
3 Ar — #Cl 4 n + p. Concerning the 6:sg_, spectrum obtained from the **S + p + p
coincidence (grey-filled histogram), population of ?°Cl states are presumably due to the
2p emission from *°Ar states. Therefore, one may expect that the zsg, peaks in both
distributions indicate the possible 2°Cl states populated by proton decays. In Figure 6.2,
several fasg_, peaks (indicated by arrows) with decent intensities coexist in both spectra,
which suggest the possible 2Cl resonances.

6.2.2 Assignments of 2°Cl States

Concerning the 1p-decay energies of the 2°Cl states shown by the arrows in Figure 6.2,
one can deduce their values by employing the approximate linear relation between the
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Figure 6.2: Angular correlations 6:sg , derived from the measured ?*S + p double co-
incidences (unfilled histogram) and that deduced from the ?8S + p + p triple coinci-
dences (grey-filled histogram). The blue broken lines together with red arrows indicate
the peaks which appear in both histograms, and they suggest the possible >*Cl reso-
nances, whose 1p-decay energies are shown in the upper axis in MeV.

0285, and \/Q_lp, see equation 1.5. The energies of the observed 2°Cl levels (1-6) are
1.8(1) MeV, 2.3(1) MeV, 2.9133 MeV, 3.5753 MeV, 3.975% MeV, and 5.375] MeV,
respectively. In order to assign the g.s. of 2°Cl, the isobaric symmetry of mirror nuclei
was considered. The mirror partner of the 7 = 5/2 nucleus **Cl is *Mg. According
to [122], the J™ values of ?Mg g.s. are 3/27, and it is separated merely by 55 keV
from the first e.s. of Mg with J™ = 1/27. The energy levels of 2?Mg are displayed
in the left part of Figure 6.3, where both experimental data [123] and shell model cal-
culations are displayed. By assuming single-particle structure of ??Mg, the spectrum of
2Cl1 was studied with a two-body potential cluster model %S + p [124]. Based on the
charge radius of S which is 3.21(7) fm derived from systematics of the known isotopes
32,34,365 1125], the Coulomb displacement energy was evaluated. The spin-orbit param-
eter for the potential model was defined by assuming spin-parity 5/ 2" for the 1.638
MeV state (i.e., Mg state indicated by (3/2%,5/2%) in Figure 6.3) in 2?Mg. The cal-
culated low-lying energy levels of 2°Cl together with the data obtained from the present
experiment are shown in the right part of Figure 6.3. The predictions of 1.79 MeV and
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2.31 MeV levels for 2°Cl are in excellent agreement with the data [126]. In comparison
with 2?Mg, one can see that the low-lying 2°ClI states are displaced (represented by the
blue dashed lines) due to a strong Thomas-Ehrman shift (TES), which is an effect vio-
lating the fundamental isobaric symmetry in the nuclear structure.

Shell model Exp. Cluster This exp.
5/2" 3.74
312,527 .7 3.5
30 -2.017
(5/27,7/2), -2.224
(1/27,3/27), -2.560 2.9
3/2"7 2.31
-3.065 i 73

12 3601 .7
3/2° 3/2"-3.655 127179 1.8

| 291\'/[g | | 29C'1 |

Figure 6.3: Level scheme of 2°Cl expected from the states of its isobaric mirror partner
2YMg. Shell-model predictions for 2Mg and results of a cluster potential model for 2°Cl
are compared with the experimental data. The energies of 2Cl are shown relative to the
1p threshold. The energies of 2Mg states were shifted down by 3.655 MeV in order to
compare with the mirror states in 2Cl. See text for details. Figure based on [124].

The TES was firstly introduced to the investigation of single-particle states of sd-shell
nuclei [127, 128]. Given the fact that the s and d orbitals have different radial extents,
the Coulomb interaction may cause the difference of energies of the respective isobaric-
mirror states. Such a phenomenon provides a simple way for estimates of dominant
orbitals in a nucleus. Investigations of the TES have been extended to nuclei with an
even number of “valence” nucleons recently, which can be used for estimates of nuclear
configuration mixing [91]. It is known that the TES is responsible for energy anomalies
in the nuclei near and beyond the proton drip-line [129]. In the case of 2°Cl, our calcu-
lations show that its 1/2 g.s. and 3/2" e.s. are at 1.79 MeV and 2.31 MeV above the
1p threshold, respectively. Therefore, it is reasonable to assume that the lowest-energy
peaks at 1.8 MeV and 2.3 MeV in Figure 6.2 match the 1/2* and 3/2" states expected
in 2°C1 [126].
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6.2 Analysis of the **S-Proton Angular Correlations

6.2.3 02sg., Distributions of Observed *’Ar States

The assignments of several 2°Cl states in the previous section are important for the
study of the decay mechanisms of observed 3CAr states. Especially, the identification of
29Cl g.s. and determination of its location play a crucial role in uncovering the decay
mechanism of 3°Ar g.s. (see subsection 7.1.3). In the following, the experimental 25S-
proton angular correlations from °Ar decays will be carefully analyzed.
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Figure 6.4: Angular correlations 6:sg, derived from the measured *S + p + p coinci-
dences by using py gates shown in Figure 6.1. Corresponding py ranges for the peaks
“A”, “B”, “C”, “D1”, “D2”, “E”, “F17, “F2”, “G”, and “H” are 38.5 < py < 48.0
mrad (panel (a)), 48.0 < py < 60.0 mrad (panel (b)), 62.5 < py < 67.0 mrad
(panel (¢)), 67.0 < pp < 72.0 mrad (panel (d1)), 72.0 < py < 81.5 mrad (panel
(d2)), 81.5 < py < 93.5 mrad (panel (e)), 93.5 < py < 108.0 mrad (panel (f1)),
108.0 < py < 117.5 mrad (panel (f2)), 120.0 < py < 132.0 mrad (panel (g)), and
134.5 < pg < 141.5 mrad (panel (h)), respectively.

Since the fhsg_, distributions reflect energy spectra of protons emitted from the 2p decay
of 3°Ar states, they provide insight into the decay mechanisms of the present states.
The pattern of the f2sg,, distribution carries information on the decay branches of the
SUAr state. Figure 6.4 displays the 025, spectra obtained from **S + p + p coincidences
which are selected by imposing the py gates “A”, “B”, “C”, “D1”, “D2”, “E”, “F1”, “F2”,
“G”, and “H” shown in Figure 6.1. As explained in section 5.1, the proton spectrum of
a simultaneous 2p decay of a state exhibits a peak which corresponds to the half of
total 2p-decay energy (J2,. In the case of the sequential emission of protons, a typical
double-peak structure appears in the proton spectrum and the two peaks are related to
the decay energies of two two-body decays, i.e., one peak locates at the decay energy of
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the intermediate state of 1p-decay daughter nucleus (()1,) and the other peak sits around
the 1p-decay energy of the mother nucleus (i.e., )2, — Q)1,). Moreover, multiple-peak
structures may also be present in the proton spectrum, which indicate two or more decay
branches. Therefore, one can obtain hints of the decay mechanism on the basis of the
angular f2sg , distribution. In the case of *Ar, one can see in Figure 6.4 that except
the state “B”, all other **Ar states show two or more f:sg, peaks, which indicate a
sequential decay mechanism. Concerning peak “B”, the angular 28S-proton spectrum
presents a relatively broad peak which is wider than that expected for a simultaneous 2p
decay. In section 7.1, such an unexpected pattern will be explained by a mechanism in
the transition region between simultaneous 2p decay and sequential emission of protons.
Regarding the state “H”, we will not discuss it further due to the very small amount of
decay events observed from this state.

6.2.4 Decay Schemes of *’Ar and ?°Cl

In the present work, several states of 3°Ar are observed by analyzing the 2*S-proton
angular correlations reconstructed from 28S + p + p coincidences. Meanwhile, the com-
parison of @2sg ,, spectrum obtained from **S + p coincidences and that deduced from
%S + p + p coincidences suggests several low-lying excited states in ?’Cl. The g.s. and
first e.s. of 2Cl were found with the help of the theoretical calculations by taking iso-
baric mirror symmetry into account. Combining these results, we derived a tentative
level scheme together with the decay branches for the observed 3°Ar and ?°Cl states. It
is shown in Figure 6.5. One can see that except the state “B”, all other states of 3Ar
decay by sequential emission of protons via the ?°Cl resonances. In the following chap-
ter, this decay scheme will be interpreted in detail. In particular, the determination of
the decay energy and the investigation of the decay mechanism will be discussed state
by state.
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Figure 6.5: Proposed decay schemes of observed *’Ar and ?°Cl states, whose decay
energies (in units of MeV) are given relative to the 2p and 1p thresholds, respectively.
The spins and parities given in parentheses are tentative assignments taken from [126].
The energy of 8S(27) is taken from [130].
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7 Discussion of the Measured Decay Proper-
ties

As described in the previous chapter, we have performed the analysis of 2S-Proton
angular correlations, and we have obtained the decay scheme shown in Figure 6.5. In
order to explore the decay mechanisms of the observed states in 3’ Ar and quantitatively
interpret the experimental 02sg ,, spectra displayed in Figure 6.4, theoretical calculations
and Monte Carlo simulations were conducted. In this chapter, the assignment of the
ground state of 3°Ar and the investigation of its decay properties will be presented.
Then the determination of the decay mechanism and the extraction of spectroscopic
information on several excited states in 3°Ar as well as related states in 2°Cl will be
demonstrated. It is worth mentioning that most of results presented here have already
been published in Ref. [126].

7.1 Two-Proton Decay of the ’Ar Ground State

7.1.1 Assignment of the *°Ar Ground State

The py spectrum shown in Figure 6.1(b) displays the excitation spectrum of *°Ar. Since
the pp value is in direct proportion to the square root of 2p decay energy of 3Ar, i.e.,
Py ~ \/Q_Qp, one may expect that the lowest py peak (peak “A”), which corresponds
to the smallest ()2, of 1.4 MeV, is the g.s. of 30 Ar. However, there are three arguments
against peak “A” to be assigned to the 3° Ar ground state. First, if peak “A” is the *°Ar g.s.,
then a consistent description of all observed °Ar states and their decays is not possible.
Second, the intensity of peak “A” in Figure 6.1(b) is rather small in comparison with
the intensities of other peaks. It is abnormal for a g.s. population. According to the
previous studies on Ne and ?Mg, which were also produced via neutron-knockout
reactions at intermediate energy [18,21,95], cross sections of the g.s. population and the
e.s. population are similar. The above conclusion is also confirmed by the investigations
of other 2p emitters, °Be, 120, and '®Ne at lower energies [16, 20, 31]. In this sense,
in the excitation spectrum of 3°Ar (Figure 6.1(b)), the surprisingly small population
of peak “A” hardly makes it the ground state. The third argument is provided by the
systematics of odd-even staggering of nuclear masses, which is quantitatively described
in the following subsection.
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7 Discussion of the Measured Decay Properties

7.1.2 Systematics of Odd-Even Mass Staggering

The odd-even staggering (OES) of nuclear masses is an effect which has often been
associated with the nuclear pairing gap. The OES can be defined as

1
2
where Sy and Sy are one-nucleon (either proton or neutron) and two-nucleon sepa-

ration energies, respectively. Usually, the values for the OES display a slow trend as a
function of mass number A [131].
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Figure 7.1: Odd-even mass staggering for some mirror nuclei with mass numbers A
around 30. The left part of the grey bar: Epgg values for bound Mg isotopes and their
isobaric mirrors are shown by solid and dashed lines, respectively. A small constant shift
of about 0.5 MeV can be clearly seen. The right part of the grey bar: Data for known s-d
shell 2p emitters and their bound mirror nuclei. The 2 £ pg assignments stemming from
Q2,(*°Ar) of 1.4 MeV and 2.45 MeV are shown by blue and red diamonds, respectively.

The OESs of Mg (Z = 12) isotopes and N = 12 isotones as a function of mass number
A are shown in Figure 7.1. Here, the OES of 3°Ar and its mirror partner 3°Mg are also
displayed. One can clearly observe an almost constant shift A ~ 0.5 MeV between
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7.1 Two-Proton Decay of the *°Ar Ground State

bound Z = 12 and N = 12 partners up to A = 28. However, this trend breaks down
in the case of unbound °Ar. Based on the excitation spectrum shown in Figure 6.1(b),
we made two prescriptions for 3°Ar g.s. If we assign the 3°Ar g.s. to the lowest-lying
peak “A” (@2, = —S2 = 1.4 MeV), there may be two possible Fpgg values since
Figure 6.4(a), which shows the proton spectrum obtained by using gate “A”, indicates a
sequential 1p emission with (), = —5,, of either 0.6 or 0.8 MeV. The respective Epgs
values are either -0.2 or 0.2 MeV, which are shown by blue diamonds in Figure 7.1.
Both OES values are around-zero and do not match any reasonable structure of 3°Ar
g.s. Combining this strong argument with those two explained in the last subsection,
the 1.4 MeV g.s. assignment can be ruled out [126]. On the other hand, if the second
lowest-energy peak “B” (Q2, = 2.45 MeV) in Figure 6.1(b) is assigned to the *°Ar
g.s., corresponding Fppg value is about 1.2 MeV (shown by the red-hollow diamond
in Figure 7.1) for the Q, = 1.8 MeV of the *Cl g.s. This Fpgg value is about 1 MeV
below the one expected from the systematic trend of Fppg versus A (see the grey line
in Figure 7.1). However, as shown in the right part of Figure 7.1, the Fpgg values of
other known s-d shell 2p emitters, i.e., 20, *Ne, and “Mg, demonstrate a lowering
trend while the prescription of 2.45 MeV °Ar g.s. assignment fits the trend well [126].
Therefore, it is reasonable to assign peak “B” to the 3°Ar ground state. The decay
mechanism and mass as well as half-life of 3°Ar g.s. are discussed in the following
subsections. Concerning peak “A”, we assume it originates from a decay branch of the
SUAr*(21) state (peak “C” with Q2, = 2.9 MeV) into the excited 27 state of S (see
Figure 6.5), which is detailed described in subsection 7.2.1.

7.1.3 Decay Mechanism of the 3°’Ar Ground State

As stated in the previous section, peak “B” in Figure 6.1(b) is assumed to be the 3°Ar
ground state. The proton spectrum from 2p decay of this state is shown in Figure 6.4(b).
On one hand, the broad pattern of the f2sg_, distribution is almost twice wider than the
one predicted by a true 2p decay mechanism. On the other hand, the spectrum does not
point to a sequential 2p emission, where the typical double-peak structure appears. To
solve this puzzle, a simple analytical direct decay model was applied [9]. This theoreti-
cal approach approximates well both the true and sequential 2p decay mechanisms and
yields a smooth transition between them [65, 88]. The main features of this model are
briefly described below.

Proton p; (emitted with angular momentum j;) is considered to populate an interme-
diate HI-p resonance at £j;. Two protons share the total 2p-decay energy ()2, which
is described by the parameter ¢ = E(HI — p)/(Q)s,. The p-p final state interaction is
treated in a phenomenological sufficient way. The 2p-decay spectra are described by
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the 2p-precursor’s width, and it is given by the following formula:

Qo< V3> [ Ij1(eQ3p)
['(Qzp) = pT/O dz (eQap — Eﬂj)2 + FZ1(8Q2p)2/4

[ja[(1 — €)Q3)
(1= €)Qap — Eja]? + Tjp[(1 — £)Qnp]*/4
In this equation, I';; are the standard R-matrix expressions for 1p-decay widths as a

function of energy of the involved resonances in the %S + p; subsystems. The matrix
element < V5 > can be approximated by the expression < V3 >* ~ (2Eogs)? [9,88].

X

(7.2)

Based on the above introduced direct decay model, we have performed calculations of
the dependence of the proton spectrum on the 2p decay energy of 3°Ar g.s. (Q2,(*°Ar))
and on the width of 2°Cl g.s. (I'(**Cl)). The Figure 7.2(a) displays the calculated en-
ergy distributions between the S and one of the emitted protons in the “Y” Jacobi
system. In the calculations, the resonant energy of *Cl ground state @Q,(*°Cl) is set
to 1.8 MeV and the I'(*Cl) is fixed at 92 keV. It can be clearly seen that the shape
and width of the spectrum change dramatically with the variation of Q,(**Ar), which
represents a strong sensitivity of the decay mechanism to the Q2,(*°Ar). In the case
of small Qs,(*"Ar), e.g., of 2.35 MeV, the energy distribution between 2*S and proton
(blue dashed curve in Figure 7.2(a)) is mainly characterized by a bell-like spectrum cen-
tered at £ = 0.5, which indicates the true 2p decay. In contrast, the spectrum with a bit
larger QQ2,(*°Ar) value (say, QQ2,(**Ar) = 2.50 MeV, the green dashed-dotted curve in
Figure 7.2(a)) is mainly featured by a double-peak pattern (with two peaks at ¢ = 0.75
and at € = 0.25), which typically corresponds to the sequential 2p emission. Therefore,
the correlation pattern is extremely sensitive to calculation parameters, where small
variations of Q,(*’Ar) cause dramatic changes of the shapes of distributions. The de-
cay energy of 3’Ar g.s. (black solid curve in Figure 7.2(a)) is located in a transition
region between the true three-body decay mechanism and the sequential two-body de-
cay mechanism. Similarly, the sensitivity of the energy distribution to I'(*?Cl) was also
investigated. Corresponding results are shown in Figure 7.2(b). Here Q2,(*°Ar) = 2.45
MeV and Q,(*Cl) = 1.8 MeV. With the increase of I'(*?Cl), an obvious change from
a sequential two-body decay case to a true three-body decay situation can be observed.

In order to compare the model predictions of the 28S-p angular correlations with the
experimental data, Monte Carlo simulations of the detector response to the 2p decay of
30Ar g.s. were performed. The momenta of three decay products used in the simula-
tions were taken from the predictions of the direct decay model. Corresponding results
are shown in panel (¢) and (d) of Figure 7.2, which illustrate the dependence of the
simulated 6255, spectrum on Q,(**Ar) and I'(*Cl), respectively. In comparison of ex-
perimental 02sg,, distribution (grey histogram with statistical uncertainties) and virous
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Figure 7.2: Transition from the true-2p decay mechanism to the sequential proton emis-
sion mechanism. (a) Proton spectrum calculated in the “Y” Jacobi system by employing
equation 7.2, where the 2p-decay energy of 3’Ar is varied. (b) Same as (a) but for the
variation of the width of ?°Cl g.s. In the panels (c) and (d), the experimental B2sg., distri-
bution measured for the decay of °Ar g.s. (grey histogram with statistical uncertainties)
is compared with those stemming from respective theoretical distributions in panels (a)
and (b) after experimental bias is taken into account via Monte Carlo simulations. See
text for details.

simulations, the model prediction with @, = 2.45 MeV and T'(**Cl) = 92 keV (black
solid curve in panel (c) and (d) of Figure 7.2) reproduces the data. Based on these in-
vestigations, it is found that the decay of 3°Ar g.s. occurs exactly in an intermediate
situation when two “satellite peaks”, originating from sequential emission of protons,
begin to grow on either side of the central bump, which results from true 2p decays.
This is the first observation of such an interplay between two 2p-decay mechanisms
of a nuclear ground state. It is worth mentioning that the transition dynamics of 3°Ar
g.s. decay have been further investigated by employing a improved direct-decay model.
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7 Discussion of the Measured Decay Properties

The sensitivity of energy distributions of decay products to reasonable combinations
of parameters {Q4,(*°Ar), Q,(*°Cl), T'(*?Cl)} was systematically investigated. Corre-
sponding results demonstrate a surprisingly strong sensitivity of the decay correlation
patterns to the variation of all three parameters [132].

7.1.4 Mass of the *°Ar Ground State

On the basis of the measured 2p-decay energy of 3°Ar g.s. and the 1p-decay energy
of 2°Cl g.s., one can directly obtain the one-proton and two-proton separation energies
of *Ar (S, (*°Ar) and S,,(*°Ar)) as well as the one-proton separation energy of 2°Cl
(S,(*Cl)). Furthermore, with the combination of the mass of ?*S g.s. and the pro-
ton mass as well as Q,(*°Ar) and Q,(**Cl), one can deduce the mass of **Ar and
2CL. In order to compare the mass values obtained in the present work with those tab-
ulated in the latest Atomic Mass Evaluation (AME2012 [133]), the mass excess of >’ Ar
(ME(*°Ar)) and *C1 (M E(*°C1)) were deduced from the mass of *° Ar and 2°Cl by tak-
ing into account binding energies of electrons. In Table 7.1, the M E(*'Ar), S, (*°Ar),
Sop(*°Ar), M E(*Cl), and S,(*?Cl) obtained in the present work are presented. Cor-
responding values from AME2012 are also tabulated. It is also worth mentioning that
the one-proton separation energy of 3°Ar predicted by using the relativistic mean field
theory [134] agrees very well with the experimental data obtained in the present work.

Table 7.1: Mass excess and one-proton separation energy of 3°Ar ground state and 2°Cl
ground state as well as two-proton separation energy of ’ Ar ground state obtained in the
present work. Corresponding values from AME2012 [133] are also given (# indicates
extrapolated values).

Quantity this work AME2012
ME(®Ar) (keV) | 21094+188 | 21490(500)%
S,(P0Ar) (keV) | —6501112 | —432(640)%

Syp(0AT) (keV) | —2450729 | —2842(530)%
ME(Cl) (keV) | 13157(189) | 13770(400)%
S,(PCl) (keV) | —1800(100) | —2412(430)%

7.1.5 Half-life of the 3°Ar Ground State

As stated in subsection 1.5.3, the information on the half-life of the 2p precursor may be
deduced from the decay vertex distribution. The histograms with statistical uncertain-
ties in Figure 7.3 show the distributions of the z coordinate (along the beam direction)
of the measured decay vertices from the ?S + p + p coincidences. In Figure 7.3(a), the
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7.1 Two-Proton Decay of the *°Ar Ground State

experimental vertex distribution for the short-lived excited states of *°Ar is compared
with the Monte Carlo simulations of the detector response to the 2p decay of 3° Ar under
different 7'/, assumptions. The MC simulation obtained by assuming the 7'/, ~ 0 for
the 3°Ar states reproduces the data quantitatively. The uncertainty of half-life can be
estimated by the 77, = 5 ps simulation, which fails to fit the data. Due to multiple
scattering of the fragments in the thick target, the rising and falling slopes of the ver-
tex distribution is asymmetric. The vertex profile shown in Figure 7.3(a) serves as the
reference for estimating the 7} /2 of the ®"Ar g.s.. In Figure 7.3(b), the vertex profiles ob-
tained from the MC simulations of >°Ar g.s. decay with Ty = 0 and 77, = 10 ps are
compared with corresponding experimental decay vertex distribution. One can clearly
see that the 7', ~ 0 simulation agrees with the experimental data. The simulation with
T’ /5 = 10 ps serves for illustration purpose. Therefore, the half-life of the *°Ar g.s. is
shorter than 10 ps, which can be treated as the upper limit. It is worth mentioning that
the T} /5 of *"Ar g.s. predicted by NUBASE2012 is less than 20 ns [135].

Intensity (counts)

0
Vertex position of *°Ar decay (mm)

Figure 7.3: Distributions of the z coordinate (along the beam direction) of 3°Ar —
S + p + p decay vertices with respect to the closest SSD. (a) The experimental ver-
tex distribution gated by large angles py > 60 mrad, which corresponds to short-lived
excited states in 3’Ar. (b) The data selected by using the gate 45 < py < 55 mrad
where the ground state of 3Ar is expected. The solid, dashed, and dotted curves show
the Monte Carlo simulations of the detector response to the 3°Ar 2p decays with the
half-life values of 0, 5 ps, and 10 ps, respectively. Figure taken from [126].

Theoretical calculations of the 3°Ar g.s. half-life were also performed by using the
above-mentioned direct decay model. The predicted 3CAr half-life is shown as a func-
tion of the total 2p-decay energy (o, by red-solid curves in Figure 7.4. For comparison,
the true 2p decay model [94] and the sequential emission model were also applied to
investigate the dependence of the *°Ar g.s. half-life on the assumed Q,,. The calculated
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7 Discussion of the Measured Decay Properties

“half-life range” is shown by the green-dotted and blue-dashed curves, respectively. In
the true 2p-decay calculations, the 1p-decay energy of the ?°Cl g.s. Q,(*°C1) is assumed
to be 1.8 MeV. In the sequential-emission model and direct decay model, s-wave 1p
emission via the 2°Cl g.s. at 1.8 & 0.1 MeV above the 1p threshold is assumed. In both
model predictions, the thick lines represent the result with Q,(*’Cl) = 1.8 MeV while
the two thin curves correspond to the @,,(*’Cl) extreme values of 1.7 MeV and 1.9 MeV.
One can see that the measured *’Ar g.s. energy range (i.e., Qq, = 2.457500 MeV, see
right-hatched box in Figure 7.4) is located in the transition region between true 2p decay
and sequential emission of protons. Based on the direct decay model calculations, the
estimated half-life of 3°Ar g.s. is within the range of 1078 to 10717 s, which is below the
T’ /5 upper limit of 107! s deduced from the measured decay vertex distribution. Such a
very short half-life is out of reach of the decay-in-flight technique (see left-hatched area
in Figure 7.4).
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Figure 7.4: Half-life predictions for the 3’ Ar ground state calculated with different decay
mechanisms. The true 2p-decay calculations shown by green-dotted curves are from
Ref. [94]. The half-life predictions by sequential-emission and direct decay model are
displayed by blue-dashed and red-solid curves, respectively. The right hatched bar and
vertical line show the Qy, = 2.457075 MeV range. The left hatched area indicates the
half-life range accessible by decay-in-flight technique. See text for details. Figure taken
from [124].
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7.2 Decay Mechanism of the *° Ar*(2") State

7.2 Decay Mechanism of the 3°Ar*(2") State

In the previous section, we have demonstrated that the 3 Ar g.s. corresponds to peak “B”
in Figure 6.1(b). Now let us explore the decay mechanism of peak “C” (Q2, = 29703
MeV), which is the lowest excited state of 3°Ar observed in the present work. The
angular f:sg_, distribution obtained by gating the S + p + p coincidences with py in
peak “C” is shown in Figure 6.4(c). There are three bumps in the spectrum and two
of them match the g.s. and the first e.s. of 2Cl, which are located at 1.8 MeV and 2.3
MeV above than the 1p threshold, respectively, see Figure 6.5. This indicates that the
30Ar e.s. at 2.9 MeV may decay by two branches of sequential emission protons via
the above-mentioned two 2°Cl states. Corresponding Monte Carlo simulations under
the above hypothesis were performed. The simulated 2sg |, spectra are compared to the
experimental distribution shown in Figure 7.5(a). The calculation reproduces the data
well. Therefore, peak “C” in Figure 6.1(b) can be attributed to the decay of the 3°Ar 2.9
MeV state to the 28S g.s. via the g.s. and the first e.s. of ??Cl. The spin-parity of this
state is assumed to be 27 like in its mirror nucleus **Mg [126].
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Figure 7.5: Angular 6:sg_, distributions related to the decays of **Ar*(2") state. (a) The
data (black dots with statistical uncertainties) are selected from the ?8S + p + p coin-
cidences by using the py gate “C”, 62.5 < py < 67.0 mrad. Simulations of sequential
decays °Ar*(2+) — 2°CI*(3/2") — S and *Ar*(2*) — 2°CI*(1/27) — 23S are
shown by dashed curve and dotted curve, respectively. The solid curve displays the sum
fit. (b) The experimental f2sg_, spectrum (black dots with statistical uncertainties) ob-
tained by gating the 3°Ar 2p decay events within peak “A”, 38.5 < py < 48.0 mrad. The
solid curve shows the 2sg ,, distribution obtained from the simulation of a sequential 2p
decay °Ar*(2%) — 2°CI*(3/2") — 28S*(2%). See text for details.

Concerning peak “A”, we assume that it also originates from the decay of 3°Ar e.s. at
2.9 MeV. Specifically, the 2.9 MeV e.s. of 3°Ar decays to the 2.3 MeV e.s. in ?Cl
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7 Discussion of the Measured Decay Properties

which is followed by the 1p emission of 2.3 MeV e.s. of 2°ClI to the known 2% state
of 28S at 1.51 MeV above the ground state. These two successive transitions provide a
reasonable explanation of the low-energy peak (0.6 MeV) and the high-energy peak (0.8
MeV) in the angular 02sg_, distribution related to peak “A” (see Figure 6.4(a)). According
to this assumption, we performed Monte Carlo simulations of the detector response
to the sequential 2p decay *°Ar*(2%) — 2C1*(3/2") — 28S*(2*). In Figure 7.5(b),
the simulated 62sg., spectrum is compared to the experimental data. One can see the
simulation agrees with the data. Therefore, the ()5, = 1.4 MeV derived from peak “A”
can be explained by the energy difference between the 2.9 MeV e.s. of 3’ Ar and the 1.51
MeV e.s. of 2S. The decay energies of 0.6 MeV and 0.8 MeV shown by the two peaks
in Figure 6.4(a) are also quantitatively interpreted by the sequential emission of protons
from 3°Ar*(27) state via ?°Cl e.s. at 2.3 MeV. Unfortunately, the present experiment
didn’t detect the ~-ray which should be emitted by the de-excitation of %S e.s. at 1.51
MeV. Therefore, a future experiment which can measure the 2*S+p+p-++ coincidences
with ()2, = 1.4 MeV and E, = 1.51 MeV may test this tentative assignment [126].

7.2.1 Indication on Fine Structure in 2p Decay of *°Ar*(2") State

As seen in the previous subsection, both peak “A” and peak “C” come from the decay of
the 27 state of 3°Ar at 2.9 MeV. The decay scenario of the 2.9 MeV state in 3°Ar can be
seen in Figure 6.5. One may notice that it decays via two branches: 1p decay to the 2°Cl
g.s. and to the first e.s. of ?°Cl. In the same situation, the first e.s of 2?Cl also has two
decay channels. It can decay either to the g.s. or to the first e.s. of 28S by 1p emission.
The observation of two decay branches into the g.s. and first e.s. of 2S from the decay
of 3°Ar*(27) state via intermediate states of >Cl represents the first hint of the so-called
fine structure in 2p decay [126], which is in analogy to the fine structure effect observed
in 1p radioactivity [9]. As mentioned above, detection of a 2®S + p + p + v coincidence
is critical to verify the fine structure in the 2p decay of the state of 3°Ar*(27).

7.3 Sequential Emission of Protons from Higher Excited States of
30 Ar

Concerning *°Ar states above peak “C”, we inspected the 6:sg ., distribution resulting
from the decays of such states by imposing the respective arc py gates on the 3°Ar 2p-
decay events. In Figure 6.4(d1), the 02s5, spectrum derived from peak “D1” exhibits a
triple-peak structure, while the middle peak and the right-most peak match the 1.8 MeV
and 2.9 MeV states observed in 2°Cl, respectively. Therefore, a natural interpretation for
the experimental f2sg_, spectrum is the sequential proton emission of *°Ar state “D1” via
the above-mentioned two 2?Cl states. To test such an explanation, MC simulations were
performed and the resulting 62sg_,, spectra were compared with the data displayed in Fig-
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7.3 Sequential Emission of Protons from Higher Excited States of °Ar

ure 7.6(a). There the dashed and dotted curves represent the simulations of the detector
response to the 2p decay of the 3.9 MeV 3°Ar state via the 2°Cl resonances at 1.8 MeV
and 2.9 MeV, respectively. The weighted sum of these two components is shown by the
solid curve and the contributions of the 1.8 MeV and 2.9 MeV components are 60% and
40%, respectively. One can see that simulations with our hypothesis reproduce the data
rather well. In a similar manner, we carefully analyzed the 2®S-p angular correlations
from peak “D2” shown in Figure 6.1. It was found that this 3°Ar state decays by sequen-
tial 2p emission via 2°Cl states at 2.3 MeV and 2.9 MeV, respectively. Corresponding
MC simulations are shown in Figure 7.6(b) and they reproduce data well.

=
[ee]

16 | (@ “D1" (67.0<p <72.0 mrad) 35 [ (b) “D2 " (72.0<p <81.5 mrad)
[ <] E <]
gur 2°¢
512 - Soas
810l 8. s
\;10 L <20 e
% 8 - % F
@ + 215
g 6 o
S 4k s100
ran S A 51
ol L. I T S L o A S L R O RS o
20 30 40 50 60 70 30 40 50 60 70 80
Bzsg ,, (Mrad) Bzss ,, (Mrad)

Figure 7.6: Angular f:sg_, distributions derived from the decays of 3 Ar excited state at
3.9 MeV and at 4.2 MeV above the 2p threshold. (a) The data (black dots with statistical
uncertainties) are selected from the ®S + p + p coincidences by using the p, gate “D1”
at 67.0 < py < 72.0 mrad. The solid curve displays the simulation of the sequential 2p
decay of the °Ar state at 3.9 MeV via the ?°Cl resonance at 1.8 MeV (dashed curve)
and the 2.9 MeV state (dotted curve). (b) The 2p decays selected by the py gate “D2”,
72.0 < pp < 81.5 mrad. The solid curve is the simulation of the sequential 2p decay
of 3°Ar state at 4.2 MeV state via the 2.3 MeV (dashed curve) and the 2.9 MeV (dotted
curve) levels in 2°CI.

Regarding other observed excited states of °Ar, namely, peak “E”, peak “F1”, peak
“F2”, and peak “G” shown in Figure 6.1, it is tentatively suggested that all these e.s. de-
cay by sequential emission of protons via intermediate resonances of 2°Cl. Correspond-
ing MC simulations of the detector response to the 2p decays from these states were
performed. Figure 7.7 shows a comparison between the simulated 62sg_,, spectra and the
respective experimental distributions. One can see that all simulations generally agree
with the data.
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Figure 7.7: Angular 2sg_, distributions derived from the decays of several excited states
in 3°Ar. (a) The 2p decays selected by the py gate “E”, 81.5 < py < 93.5 mrad. The
simulation of the sequential 2p emission of the *’Ar e.s at 5.6 MeV via the 3.5 MeV
(dashed curve) and the 2.9 MeV (dotted curve) states in 2°Cl is depicted by the solid
curve. (b) The 2p decay of e.s. in >°Ar selected by the py gate “F17, 93.5 < pp < 108.0
mrad. The dashed and dotted curves are the f2sg_, distributions obtained by simulations
of 2p emission of the 3°Ar state at 7.9 MeV via two 2*Cl states at 3.9 MeV and 2.9 MeV,
respectively. The solid curve represents the sum fit. (c) The data obtained by imposing
the pg gate “F2”, 108.0 < py < 117.5 mrad. The solid curve displays the 0255, spectrum
obtained from the simulation of sequential ejection of two protons from the 9.4 MeV
30Ar e.s. via the 2°Cl resonance at 3.5 MeV. (d) The 2p decays selected by the pg gate
“G”, 120.0 < pg < 132.0 mrad. The solid curve shows the simulation of sequential 2p
emission of the °Ar e.s. at 12.6 MeV via the ?°Cl states at 3.5 MeV (dashed curve) and
5.3 MeV (dotted curve), respectively.
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8 Summary

As a recently-discovered exotic nuclear-decay mode, two-proton radioactivity provides
a novel and powerful tool for nuclear structure studies beyond the proton drip-line. In
order to search the previously-unknown nuclide 3°Ar, which is a 2p-radioactivity candi-
date, an experiment based on the tracking technique was performed at the FRS of GSI
Darmstadt. The main contents of the present thesis are based on the data analysis of
this experiment. The main achievements are the identification of new proton-unbound
nuclei *°Ar and ?°ClI and the investigation of their decay properties.

In the experiment, the high-energy 2°Ar beam was used to produce the secondary 3! Ar
beam. Then the 3! Ar fragments were selected and transported by the first half of the
FRS, which was operated in an achromatic ion-optic mode with an Al wedge degrader
placed at the first focal plane of the FRS. At the middle focal plane F2, the 3'Ar beam
bombarded the secondary ?Be target. Then the 3°Ar nuclei were produced via one-
neutron knockout reactions in the secondary target and their in-flight 2p decay products
were tracked by a silicon strip detector array. The second half of the FRS was tuned to
transmit the desired 2p decay daughter nuclei (i.e., 2®S) down to the final focal plane
F4. Particle identification for the heavy ions was achieved by combining the magnetic
rigidity, time-of-flight and energy loss measurements.

Silicon strip detectors, which are responsible for the measurement of the trajectories of
the decay fragments, play a key role in the tracking technique. In order to achieve the
best-possible accuracy of position and angle measurements by SSDs, several calibration
and alignment procedures were performed. First, the performance of SSDs was studied
with cosmic rays. Based on the data taken from the calibration runs, the pedestal of every
strip was determined. Second, following the general procedure of pedestal subtraction,
gain correction, dead and noisy strips (strips give no signal or noisy signal) treatment,
and common-mode noise subtraction, the signals recorded by the SSDs during the ex-
periment were analyzed event by event. The clusters generated by the incident 3! Ar and
288 ions were identified, and the detector responses to their hits were calibrated. Third,
an offset alignment and a tilt correction were performed to correct the possible mis-
alignment of SSDs. After the calibration and alignment, the protons were identified by
registering their impact positions in several SSD’s and requiring a “straight-line” tra-
jectory. Then the identification of a 2p decay event was performed by searching the
triple coincidence HI + p + p. The 2p-decay vertices were reconstructed and the angles
between the decay products were measured.
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8 Summary

In order to check the overall performance of the experiment and to determine the angu-
lar and half-life resolutions as well as the detection efficiency, decays of the previously-
known sd-shell 2p emitter ?Mg were remeasured. Through the analysis of the '"Ne-
proton angular correlations which reflect the energy correlations, the ground-state and
several known excited states of 1’Mg were observed. A quantitative interpretation of
the measured '"Ne-proton angular correlations was conducted by comparing data with
Monte Carlo simulations of the detector response to the measured decays. The 2p ra-
dioactivity of 1"Mg ground state and the sequential 2p emission of several known *Mg
excited states were confirmed. The decay energies of these known Mg states deduced
from the present work are consistent with previous data. Moreover, the evidence on a
new '“Mg excited state at 8.970% MeV above the 2p threshold was found. The corre-
sponding '"Ne-proton angular correlations can be tentatively explained by sequential
emission of protons via two unknown '®Na resonances at 2.579% MeV and 4.01}2 MeV
above the 1p threshold, respectively. The decay schemes concerning the ?Mg and '*Na
were updated.

After the successful proof, the previously-unknown nuclei *° Ar and 2Cl were identified
by tracking the 28S+p 4 p and 28S 4 p coincidences, respectively. Several states of these
2p-unbound nuclei were observed. By analyzing the 2*S-proton angular correlations, the
energies of the observed states in °Ar and 2°Cl were deduced relative to the 2p and the
1p thresholds, respectively. The assigned ground state and first excited state of 2°Cl
were found at 1.8751 MeV and 2.3707 MeV above the 1p threshold, respectively. It
was found that the *°Ar ground state is located at 2.4515%5 MeV above the 2p threshold.
Due to a strong Thomas-Ehrman shift, the lowest states in *°Ar and 2°Cl point to a
violation of isobaric mirror symmetry in the structure of these unbound nuclei. Detailed
theoretical calculations of the correlations between 2p decay products followed by the
Monte Carlo simulations of the detector response to the 2p decay were performed in
order to investigate the decay mechanism of the °Ar ground state. It was found that the
decay mechanism of the 3’ Ar ground state is in a transition region between simultaneous
2p decay and sequential emission of protons. Such an interplay between the true three-
body and the sequential two-body decay mechanisms is the first-time observation in the
decay of a nuclear ground state. The theoretical investigations of transition dynamics of
30 Ar ground state demonstrated a surprisingly strong sensitivity of the decay correlation
patterns to the variation of general 2p-decay parameters, namely, the 2p decay energy
of the 3°Ar ground state, the 1p decay energy of the 2?Cl ground state, and the 1p decay
width of the 2°Cl ground state. The first excited state of °Ar was found to be at 2.9703
MeV above the 2p threshold. Its decay was interpreted by two branches of sequential
emission of protons into both ground state and first excited state of 2®S via the lowest
states of 2Cl. This is the first hint on so-called fine structure in the 2p emission. By
comparing the experimental 2S-proton angular correlations with those resulting from
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the Monte Carlo simulations of the detector response, other observed °Ar excited states
were tentatively assigned to decay by sequential emission of protons via intermediate
resonances in 2°Cl. On the basis of the obtained results, the decay schemes of the
observed states in °Ar and ?°Cl were constructed.
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9 Outlook

The present thesis reports the analysis of an experiment which was conducted at the
FRS of GSI. Two proton-unbound nuclei 3’ Ar and 2°CI were observed by tracking their
in-flight decay products. It is also worth mentioning that the implantation-decay method
was also applied in the experiment. The 3-delayed 3p-decay of the exotic nucleus 3! Ar
was observed with the OTPC. A combination of both in-flight decay technique and
implantation decay method in the same experiment is a promising achievement in the
studies of the proton-rich exotic nuclei. New opportunities, to be realized especially
at the future Superconducting FRagment Separator (Super-FRS) of the Facility for An-
tiproton and Ion Research (FAIR), are outlined here.

Super-FRS characteristics: Energy buncher / E
& = &, =40 ® mm mrad =
spectrometer 5
¢ = +/- 40 mrad " W
- ¢, = +- 20 mrad &
Important beam parameters: Y S
- all elements from H through U Aplp = +/- 2.5% .
- intensity up to ~ 10'? ions/sec. .
- beam energies up to 1.5 GeV/u BPrmax =20 Tm rd
- slow (DC-type) extraction Rion = 1,500 // I;::‘—(I:E;ergy

Main separator

R =
S = Rl
Ry 3 ~e o .
<< v, z.z By o\ High-Energy

3 «, Branch
0“ / ®
8 - .
3 Super-FRS separator-spectrometer Storage-Ring

# Production . ;
taret experimental areas comprise: Branch
g secondary/tertiary targets

. degrader stations
50m

ancillary detectors

& S
< >

Figure 9.1: Layout of the Super-FRS together with its three separator branches: the
Low-Energy Branch, the High-Energy Branch, and the Storage-Ring Branch. The
spectrometer-energy-buncher system is also shown. The main characteristics and im-
portant beam parameters of the Super-FRS are listed in the boxes. ¢, and €, denote
transverse beam emittances. ¢, and ¢, are angular acceptance. Ap/p is the momen-
tum acceptance. Bpy,ax 1s the maximum magnetic rigidity. R;,,, represents the resolving
power. Figure taken from [136].

The results of the present work were obtained with relatively small number of decay
events. The limited statistics has posed a challenge to the data analysis. An improved

97



9 Qutlook

statistics may help to further reduce the experimental uncertainties. Moreover, a com-
bined detection of both particles and ~y-rays emitted by the precursor may provide more
information on the decay channels. These options will be addressed in the future EX-
PERT project. “EXPERT” stands for “EXotic Particle Emission and Radioactivity by
Tracking” aimed at studies of nuclear landscape beyond the proton and neutron drip-
lines. It intends to push nuclear structure researches up to the limits of nuclear exis-
tence [137]. EXPERT is a program proposed to be conducted with the Super-FRS at
FAIR.

FAIR is a world-unique facility which is currently under construction at Darmstadt,
Germany. After completion of FAIR, this new facility will provide high-intensity ra-
dioactive ion beams ranging from hydrogen up to uranium over a large energy range.
As one of the main setups of FAIR, the Super-FRS will be a powerful fragment sepa-
rator and high-resolution spectrometer. It can be employed to produce exotic nuclides
via projectile fragmentation, fission, and two-step reactions. The isotopes of interest
can be separated in flight within several hundred nanoseconds and they can be trans-
ported to the large-scale detector systems which will be located at the exits of the differ-
ent separator branches. Main features of the Super-FRS are summarized in Figure 9.1.
These challenging performance parameters are achieved with a multi-stage magnetic
system, comprising intermediate degrader stations. Specialized detector systems will be
installed at different focal planes of the Super-FRS in order to achieve the full parti-
cle identification event-by-event. These detectors can also be used advantageously for
high-resolution momentum measurements [136].

The excellent features provided by the Super-FRS are well suited for the EXPERT
project. In the future EXPERT experiment, the Super-FRS will be used as a radioactive
ion beam separator in its first half and a high-resolution spectrometer in its second half
set for registering secondary-reaction fragments. The EXPERT instrumentation will be
placed at different focal planes at the Super-FRS. Figure 9.2 shows the main detectors
and experimental scenarios proposed by the EXPERT program. The important detectors
are: radiation-hard silicon strip detectors (radiation-hard SSDs) for tracking of the sec-
ondary beam impinging on the secondary target, silicon micro-strip tracking detectors
(uSi tracking) for determining the trajectories of in-flight products coming from decays,
the NeuRad (Neutron Radioactivity) detector for measuring the angular correlations of
neutrons with a charged fragment, the GADAST (GAmma-ray Detectors Around Sec-
ondary Target) array for the measurement of v rays and light particles emitted instan-
taneously after secondary reaction, the OTPC (Optical Time Projection Chamber) for
radioactivity studies by employing the implantation decay method. Moreover, the theo-
retical/simulation framework will be also developed [137].
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Figure 9.2: Schematic drawing of the proposed EXPERT experiments. The experimen-
tal scenario illustrated by the arrows suggests a population of two-proton (green color)
or two-neutron (orange) precursor by one-nucleon knockout reaction. Figure based
on [137].

Combining the Super-FRS together with the standard focal-plane detectors and the
above-mentioned EXPERT detectors, the radioactive in-flight decays and continuum
spectroscopy can be investigated. The phenomena of multi-nucleon radioactivity, res-
onance decays in continuum, (3-delayed exotic decays and exotic excitation modes can
be probed via observations of particle emission, including 2p, 4p, 6p, n, 2n, 4n, 6n
channels. Several EXPERT flagship cases, e.g., search for 2p radioactivity of 2°S and
studying the 2°Si properties to search for 6p emission, have been considered. The pro-
posed EXPERT setup covers two important lifetime ranges: of 100 ns - 1 s and of 1 ps -
100 ns by applying the implantation-decay and decay-in-flight techniques, respectively.
For the short-lived systems, the resonance properties and information about continuum
can be retrieved from the angular correlations between the decay products [137]. On
the basis of the solid results achieved in the previous S271 and the present S388 exper-
iment, the proposed EXPERT program will advance our understanding on the structure
of nuclei along and beyond the drip-lines.
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