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Abstract

The PreSPEC setup in combination with the high intensity primary beams available
at GSI provided unique opportunities for the key nuclear structure studies on exotic
nuclei. The experiment performed on the neutron deficient %4Sn aimed to deduce
the reduced transition probability of the first excited 2% state quantified by the B(E2;
0t — 27T) value. This result is the central point in the discussion of the evolution
of nuclear structure in proximity of the doubly magic nucleus '°°Sn. As '°Sn is not
yet accessible for such measurements, a series of experiments have been performed for
neutron-deficient Sn isotopes over the past few years. These data showed excessive ex-
perimental B(E2) strength compared to shell model calculations below neutron number
N=64 and they are therefore not excluding a constant or even increasing collectivity
below 1%6Sn. Hence, the measurement of the B(E2) value in the next even-even isotope
toward 1%98n, i.e. 104Sn, was a crucial step to verify the robustness of the shell gap
of 19Sn. Moreover, 1%48n is the heaviest isotope of the Sn isotopic chain for which
a shell model calculation without significant truncation of the valence space can be
performed and therefore with this experimental value the validity of Large Scale Shell
Model (LSSM) calculations could be tested. As a main result of the experiment a
B(E2) value corresponding to 0.10(4) e€?b? has been extracted for °4Sn. The experi-
mental value showed a very good agreement with the predicted one and, despite the
large error bar, it clearly established a downward trend of the B(E2) values of the Sn
isotopic chain toward A=100. This implied enhanced stability of the N = Z = 50 shell
closure against ph-excited quadrupole modes. However, an experiment of this kind is
very challenging for several reasons. First, °4Sn lies in proximity of the proton drip
line and has therefore a small production cross section, second, the high energy of the
beam causes a large background which by far dominates the v-ray spectra. To over-
come the last aspect, an investigation of the components of the background has been
performed taking advantage of the complexity of the PreSPEC experimental setup,
which provides over 1000 parameters for the detailed analysis of the events. In addi-
tion to the known radiation produced in atomic processes, evidences of interactions of
high energy protons, provoking a loss of the detection efficiency and a worsening of the
quality of the data, have been observed. However, from the new information obtained
on the background in the PreSPEC data, several improvements of the setup are sug-
gested in view of new challenging experiments in the future with HISPEC/DESPEC
at the FAIR facility.






Kurzfassung

An der GSI hat die Kombination von hochintensiven Primarstrahlen mit dem Pre-
SPEC Setup fiir hochprizise Gammaspektroskopie einzigartige Moglichkeiten fiir Ex-
perimente mit exotischen Atomkernen geboten. Das Experiment, das an dem neutro-
nenarmen Kern 194Sn durchgefithrt wurde, hatte zum Ziel die reduzierte I"Jbergangs—
wahrscheinlichkeit des ersten angeregten 2% Zustands - B(E2; 07 — 2%) - zu bes-
timmen. Dieser Wert spielt eine zentrale Rolle bei der Diskussion der Evolution der
Kernstruktor in der Nihe des doppelt magischen Kerns '°°Sn. Da '°°Sn nicht direkt
fiir solche Experimente verfiigbar ist, wurden in den vergangenen Jahren eine Reihe
von Experimenten mit immer neutronendrmeren Sn Isotopen durchgefiihrt. Die ex-
perimentell gefundenen B(E2) Werte fiir Sn Isotope mit weniger als N=64 Neutronen
stehen im Gegensatz zum Trend der von Schalenmodellrechnungen vorhergesagt wird.
Tatsachlich konnte anhand der experimentellen Daten konstante oder sogar ansteigende
Kollektivitit fiir Sn Isotope leichter als 1°°Sn bisher nicht ausgeschlossen werden. Da-
her war die Messung des B(E2) Wertes in 1%4Sn ein entscheidender Schritt, um die Ro-
bustheit des Schalenabschlusses in 1°°Sn zu verifizieren. Dariiberhinaus ist '°*Sn bisher
das schwerste Sn Isotop fiir das Schalenmodellrechnungen ohne signifikante Trunk-
ierung des Valenzraumes durchgefiihrt werden kénnen. Daher bietet die experimentelle
Messung eine einzigartige Moglichkeit Ergebnisse von LSSM-Rechnungen (Large Scale
Shell Model) mit experimentellen Daten zu vergleichen. Als wichtigstes Ergebnis des
Experiments konnte eine reduzierte Ubergangswahrscheinlichkeit von B(E2) = 0.10(4)
e2b? fiir 1%48n bestimmt werden. Dieser Wert ist in guter Ubereinstimmung mit dem
vorausgesagten Wert und deutet - trotz der relativ grossen Fehlerunsicherheit 7 auf
einen abnehmenden Trend der B(E2) Werte in den Sn Isotopen in Richtung A=100
hin. Daher konnte auf erhohte Stabilitat des N = Z = 50 Schalenabschlusses gegeniiber
Quadrupol Anregungsmoden geschlossen werden. Experimente dieser Art stellen aus
verschiedenen Griinden eine grosse Herausforderung dar. Einerseits ist '°4Sn nahe
der Protonen-Dripline und hat daher einen kleinen kleinen Produktionswirkungsquer-
schnitt. Desweiteren wird durch die, zur Produktion notige, hohe Strahlenergie Hin-
tergrundstrahlung erzeugt, die das gemessene Spektrum dominiert. Daher wurden
die einzelnen Komponenten des Hintergrundes untersucht, wobei die Komplexitat des

PreSPEC Setups mit iiber 1000 Parametern ausgenutzt wurde, die eine detailierte
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Analyse ermoglichten. Zusétzlich zu der bekannten Hintergrundstrahlung, die von
atomaren Prozessen ausgeht, konnten Hinweise auf Wechselwirkungen von hochener-
getischen Protenen identifiziert werden, die einen negativen Effekt auf die Effizienz der
Messung und die Qualitdt der gemessenen Spektren hatten. Ausgehend von diesen
neuen Erkenntnissen zur Herkunft der Hintergrundstrahlung konnten verschiedene
Verbesserungen des experimentellen Aufbaus, im Hinblick auf zukénftige Experimente
mit dem HISPEC/DESPEC-Setup an FAIR, gemacht werden.
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Chapter 1

Introduction

An open challenge for fundamental physics is to reach a comprehensive understanding
of the nuclear force that rules the evolution of the nuclear structure throughout the
Segré chart [1]. The complexity of this force can be deduced from the large diversity
of phenomena (as the various collective modes and shapes) that appears in different
nuclear systems. Models that aim to become general and reliable nuclear theories need

therefore to include constrains from different regions of the chart of nuclides.

The nuclear Shell Model (SM) is based on the prediction of groups of orbitals, named
shells, separated by energy gaps at the magic numbers (2, 8, 20, 28, 50, 82, ...) for
which corresponding shells are filled [2]. This approach allows to reduce the numerical
complexity inherent the nuclear system (many-body problem) in an advantageous way:
the particles in the filled shells are considered as non-interacting, thus only the valence
nucleons and a limited number of orbitals in which they can scatter are considered.
A weak point of the model is the derivation of the interaction between nucleons from
experimental data, which entails a strong dependency of the interaction on the mass
region considered for its derivation and on the availability of experimental information
in the same region. As a consequence, predictions become less reliable for radioactive
nuclei, often referred to as exotic since they are not present in the material forming our
world. Due to their low production cross sections, these nuclei cannot be easily accessed
by direct measurements and therefore very few experimental data provide benchmarks
for the theoretical models. Nuclei with unusual proton-to-neutron ratio, moreover, are
important as they can show enhanced or unpredicted features of the effective nuclear
force and thus provide crucial information for a qualitative and quantitative progress

of the nuclear structure models.



Chapter 1. Introduction

A radioactive nucleus of particular interest is the very neutron-deficient (J°Snzo. A
double shell closure, expected for the two-fold presence of the magic number 50, would
provide an inert core and thus a starting point for SM predictions in this region of
the nuclear chart. Moreover, as it lies on the N=Z line (i.e. it is self-conjugated), it
can show enhanced effects of the residual interaction between protons and neutrons
occupying identical orbitals. Furthermore, as 1°°Sn is close to the proton drip-line (the
limit of stability for proton emission, see Fig. 1.1), it is the heaviest nucleus in the
Segré chart which combines the aforementioned peculiarities. Hence, it represents a

cornerstone for nuclear structure studies.
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FIGURE 1.1. Chart of nuclei (also called Segré chart). 09Sn lies at the N=Z line

and, at the same time, at the limit of stability for proton-emission [3].

In the past decades, along with improvements of radioactive beams, the target of the
experiments could move toward more and more unstable nuclei, providing insights
on the structure of very exotic nuclei. Experimental investigations around '°°Sn, in
particular, aimed to verify whether the predicted shell closure is confirmed or it is
broken by strong residual correlations [4]. However, the very low intensity of the
radioactive beams and the presence of large background from reactions have been

an obstacle for the measurement of many relevant observables. Reactions in inverse
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Chapter 1. Introduction

kinematics of the one-particle (hole) neighbors are not feasible, at present and in
the forseeable future, due to the very low cross section for the production of this
isotopes. Consequently, spectroscopic factors are not obtainable and the single-particle
energy spectrum of 1°°Sn can be built only from the observation of excited states
of the neighboring nuclei and via extrapolations from more remote nuclei. Lifetime
measurements of low-lying excited states of the light tin isotopes are also not feasible
due to the presence of low-lying 67 isomers (> ns) that would hamper the measurement
of the underlying short-living (< ns) states. On the other hand, the presence of isomers
are in turn sources of important information. In the case of the 9°Sn region, in
particular, the observation of core-excited isomers and spin-gap isomers allows to study
the role of core excitations and p-n correlations, respectively [5]. Furthermore, studies
of the systematics of seniority isomers along an isotopic chain can be used as a signature
of the presence of a shell closure and the concomitant wave-function purity [6]. In
neutron-deficient nuclides, the shell structure can also be investigated through the a-
emission process. The probability of a-cluster formation, indeed, contains information
on the structure of the states connected by a-transitions and it is influenced by the
presence of shell closures. The observed increase of the a-decay energy in the trans-
tin decay chains has been considered a result of the strong binding of nucleons in the

vicinity of 1%°Sn and therefore a direct proof of the N=Z=50 shell closure [7].

Measurements which more closely approached '°°Sn and provided important infor-
mation on its structure have been carried out in the last years at GSI. The PreSPEC
project (2010-2014) combined radioactive beams provided by the SIS/FRS facility with
state-of-the-art -ray spectrometers (EUROBALL cluster array and AGATA) for in-
beam ~v-ray spectroscopy measurements on very unstable nuclei. The complexity of
the experiments (over 1000 parameters and up to 11 VME crates), necessary for the
full identification of each event, made them the most challenging experiment in nuclear
structure research. In addition, the large number of indispensable detectors present
along the beam line were sources of unwanted reactions which interfered with the ob-
servation of the physical process of interest. An accurate analysis of the data and a
good understanding of the background reactions have played therefore a fundamental
role for the extraction of the physics result. One of the recent important results has
been obtained from the measurement of the transition probability (or strength) of the
Gamow-Teller (GT) decay of 1°°Sn to °°In. This type of decay occurs between or-
bitals that have the same angular momenta but can have different spin. Its strength
is therefore entirely related to the initial and to the final state of the decay and it
provides indications of the purity of the states involved. Despite the low intensity of

the radioactive beam (0.75 %9Sn nuclei per hour), the large energy window for the
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[B-decay (~ 7.4 MeV), allowed to obtain significant results. The very large GT de-
cay strength measured, denominated super-allowed, gave indeed evidence of the purity
of the ground state in 1%°Sn and of the first excited state in '°°In [8]. This result
established the first direct proof of the robustness of the N=Z=>50 shell closure [8].
To directly investigate then the role of the quadrupole collectivity on the stability of
the shell closure, the observable of choice is the reduced transition probability for the
electromagnetic transition from the ground state (g.s.) to the first 27 state, the B(E2;
0t — 27) value (in the following abbreviated as B(E2)). This observable is indeed
directly related to the reduced matrix element for the E2 transition between the wave
function W; of the initial state J; and the wave function Wy of the final state (J¢) (in
this case the 07 and the 2% state, respectively), as it is defined as [9]:

B(E2; J; — Jy) = (W |E2|W)[* . (1.1)

2J; +1
B(E2) values are frequently expressed in units of e2fm* or e?b?, where e is the charge
of the electron. They can also be found in literature in terms of Weisskopf units
(W.u.), which give an estimate of the B(E2) with respect to the single-particle proton
transition. The relation between the mentioned scales is B(E2),.,. = 0.05940 A4/3
e?fm* for a decay transition. The B(E2) value, as described above, is related to the
transition probability of the opposite transition (i.e. the 2t — 0% decay) by a factor
5. As the B(E2) value in 1°°Sn is not at the moment accessible at the present facilities,
predictions are made taking into account the trend of the B(E2) values in the more
easily accessible tin isotopes. The central topic of this work is the measurement of the

B(E2) value in 1%4Sn, the closest isotope to 19°Sn reached so far.

In Chapter 2, after an introduction of the SM and Large Scale Shell Model (LSSM)
calculations, the nuclear structure of 1°°Sn inferable from the available direct and indi-
rect observations and from SM calculations is described. In particular, the discrepancy
of the measured B(E2) values of the tin isotopic chain with the SM predictions is pre-
sented, which calls into question the persistence of the number 50 as a magic number for
this unstable nucleus. The FRS and the PreSPEC fast-beam setup, which have been
used to perform the measurement of the B(E2) value in '°4Sn, are described in Chap-
ter 3. In Chapter 4, an overwiew of the experiment and of the data analysis performed
to suppress the background and to observe the expected peak in the v-ray spectra are
described. Moreover, the B(E2) value extracted for 1°4Sn has been compared with
state-of-the-art Large Scale Shell Model (LSSM) calculations and the interpretation of

the experimental result in relation to the debated N=Z=50 shell closure is reported.
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In Chapter 5, the analysis of the components of background in the 1°4Sn data and of

the impact on experiments at PreSPEC, or similar facilities, are discussed.






Chapter 2

Stability of the shell closure at
N=Z=50

1008y, predicted by the Shell Model to be the heaviest self-conjugated doubly-magic
nucleus, provides an important benchmark to test the validity of calculations in nuclei
far from the valley of stability on its neutron-deficient side. On the other hand, ex-
perimental information which would provide constraints for the model are very scarce
in this region. Meaningful conclusions on the shell structure in the °°Sn region have
been recently obtained with Large Scale Shell Model (LSSM) calculations [8], which
use state-of-the-art SM codes capable to treat efficiently large dimensions of the con-
figuration space [10, 11]. In the first part of this chapter, the basics of the Shell model
and of LSSM calculations are presented. Afterwords, the present status of the nuclear
structure of 1°°Sn derived from the available experimental evidences and from SM ex-
trapolations is described. Finally, the comparison of the experimental B(E2) values
in the Sn isotopic chain with the SM predictions is shown having a central role in the

debate on the robustness of the N=7=>50 shell closure against core excitation.

2.1 Introduction to Large Scale Shell Model calculations

The nucleus is a complex system of interacting particles whose description through a
microscopic approach becomes rapidly intractable as nucleons are added. For medium-
heavy-nuclei, methods that simplify the problem allowing, at the same time, the correct

reproduction of the low-lying states are required. In the Shell Model, a A-nucleons
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system is expressed as the sum of the kinetic energy of each nucleon (7;) and a two-

body nucleon-nucleon interaction (V'(7,7)) by the Hamiltonian

H= > T+ > V(ij) . (2.1)
=1 A

LA ij=1,...

Introducing then a one-body central potential U (r;), the last equation can be rewritten

as

H = [T+ U@+ Y [V(,5) = U(r)] = H*+ H™ | (2.2)
i=1,..A i,j=1,...A

In this way, the Hamiltonian is divided in two terms: H°, describing the independent
motion of the nucleons in a central potential, and H"®*, representing the residual inter-
action among the nucleons. To reduce then the dimension of the matrices describing
a nuclear system, the model space, i.e. the set of orbitals that the particles (holes)
can occupy, is separated in two parts: an inert core, chosen in correspondence of a
completely filled shell (closed shell), and the valence space, the group of orbitals above
the core where nucleons interact via a residual interaction. Consequently, the general

Hamiltonian (2.1) is transformed into an effective one

Heff\I/eff - Eeff\:[lef‘f (23)

adapted to the restricted basis (Weg). The residual interaction acting between the

nucleons outside the core is called effective interaction [10].

The valence space has to include all the orbitals relevant for a correct reproduction of
the structure of the nucleus, but, at the same time, its size has to be small enough so
that the dimension of the matrix is tractable. Especially in the case of medium- and
heavy-mass nuclei, the model space that can be treated by standard diagonalization
methods [12] is very often too small to reproduce the experimental data in the respec-
tive mass region. As a perfectly inert core does not exist in nature, p—h (particle-hole)
excitations across the shell gap can have an important role and the valence space has
to be extended to orbitals below the shell gap. Hence, the inert core considered in the
calculations is chosen at the shell closure below the one under study. In the case of
100Gn, the core assumed is 8Zr (Z=40, N=40), in order to allow proton or neutron p—h

excitations, or ?°Zr (Z=40, N=50), so that only proton p — h excitations take place.
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To perform calculations on such large valence spaces, LSSM codes, powerful computer
programs that employ algorithms to reduce either the dimension of the basis or the
complexity of the calculations, are used. More information on the different LSSM
codes are summarized in Refs. [10, 13]. The number of p — h excitations allowed in a
calculation are referred to as truncation scheme or truncation level and are indicated
by the letter ¢. This parameter is chosen in relation to the nucleus considered and the
highest value it can assume is determined by the present computational capabilities.
In order to include polarization effects of the core that are not considered in the cal-
culation due to the truncation of the valence space, a polarization charge (de), i.e. a

factor added to the real charge (e) of protons and neutrons, is used [9].

2.1.1 The effective residual interaction

The effective interaction is the residual interaction which acts between the nucleons in
the valence space. Thus, it has to include the effects from the underlying core and from
higher orbits. The three different approaches used to derive it are briefly described in
the following.

e Empirical. In a simple approach, single particle energies (¢;) are extracted from
the difference in binding energies (BE) of a nucleus with a closed shell (CS) and

a nucleus with one nucleon (hole) more (CS+1) in the orbital j:

€¢=BE(CS+1;1=j)—-BE(CS;g.s.) . (2.4)

Hence, it is then possible to obtain a two body matrix element considering a

CS=+2 nucleus as follow:

(j2J|V|j*J) = BE(CS £ 2;4%,1 =J) — BE(CS;g.5.) — 2¢; . (2.5)

Only diagonal TBME can be extracted in this way, which means that model
spaces with more than one orbit mixing are neglected [11]. Alternatively, with
an iterative procedure, single particle energies (generally abbreviated SPEs) and
two-body matriz elements (TBMESs) are considered as parameters and they are
adjusted with a least-squares fit until the calculated energy values reach a con-
vergence with the experimental one. With this method, as a drawback, the
interaction obtained has a strong dependence on the set of experimental data

used and on the mass region considered [11, 14].
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e Schematic. A simple form of the effective interaction can be constructed on
basic properties of the nuclear force. A well known example is the surface-delta
interaction. It is based on the short-range characteristic of the nuclear force and
on three assumptions: 1) the interaction takes place at the surface of the nucleus,
2) the two-body force is present only if the spatial positions of the nucleons are
overlapping, 3) the probability to find a particle at the surface is independent of
the shell-model orbit in which it moves. Despite its simplicity, it is successfull in
describing many nuclear properties [14]. Other types of schematic interactions
are the Skyrme [15, 16] and the Gogny [17, 18] interaction, which use relativistic
mean fields parameterized to fit experimental gross properties. They have been
successfully used to calculate masses, shapes, radii, level densities and single

particle energies [19].

e Realistic. The interaction is derived from the NN (nucleon-nucleon) potential,
obtained from free NN scattering experiments. The strong short-range repulsion
present in the bare NN interaction is removed applying the Briickner theory in the
form of G-matrix [13, 20]. As the interaction needs to be adapted to valence space
considered, a dependence on the mass region is included and a new interaction for
every new core nucleus has to be calculated. This problem has been solved with

Viow=k potential. It can be used

an alternative approach which resulted in the
to calculate core polarization TBME without A dependence, allowing the same
input interaction to be used in different nuclear regions [21]. Moreover, additional
corrections to the effective interaction, as couplings to orbits outside the valence

space, can be approximately accounted for via perturbative techniques [22].

It is important to point out that the validity of an effective interaction is restricted
to the valence space considered for its derivation. Moreover, what does not belong to
the model space, as transitions or decays involving orbitals outside the valence space,

cannot be calculated reliably [11].

2.1.2 The monopole interaction

The effective interaction can be divided in a monopole part (H,,), which rules the
evolution of the SPE, and a multipole one (Hjs), which is related to the development

of correlations:

H=H, +Hy . (2.6)
10
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H,, can be considered as the mean energy brought to the nucleus by the addition of

two interacting nucleons in the orbitals j and j' [3] and it is expressed as

220 + 1) I|VIig' )
>0 +1) ’

Vi = (2.7)
where J runs over all the possible couplings of j and j’ [23]. The SPEs for a closed
shell (ejCS ) can be extracted from the known one of a higher closed shell (ejcsl) with
the relation [24]:

AR YCRIEVIC S @9
]'/

The energy values obtained in this way are called effective single particle energies
(ESPE). This method gives excellent results near closed shells but it fails to reproduce
the evolution of the single particle energies from one closed shell to the next one [24].
This deficiency, attributed to a saturation of the monopole interaction in the center
of the shell, is solved fitting the monopole matrix elements to the evolution of the ex-
perimental SPEs between two closed shell. The phenomenological correction obtained
gives very good results in reproducing the SPEs but, on the other hand, it limits SM

calculations only to regions with enough experimental data [24].

2.2 Nuclear structure in 1%°Sn

Experimental data on the nuclear structure of °Sn are very scarce due to the very low
cross section for the production of this nucleus, as commented in the Introduction (the
available information are reported in Tab. 2.1). Only the relative position between the
two neutron single-particle states immediately above the N=>50 gap is known from the
measured transition between the g7 /5 and ds/ orbitals in 1018 [25]. All the other single
particle energy states that build the spectrum of °°Sn in Fig. 2.1 are extrapolated with
the empirical method described in Sec. 2.1.1 from the better known *°Zr (CS) and its
CS+1 (39Zr, 21Zr, 9I1ND), CS+£2 (?2Mo) and CS+1=41 (P°Nb, ¥2Nb) neighbors. Because
of the saturation of the monopole interaction in the middle of the shell, an effective
shell model fit for the full Z=N=28,50 shell is used to adjust the position of the 7
(89/2; P3/2) levels relative to the v (gg/, p1/2) orbitals [19, 26, 27].

11
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TABLE 2.1. Information on '°Sn from Refs. [28, 29].

Lifetime (s) 1.16(20)
mass excess (keV) -57280(300)
binding energy/A (keV) 8253(3)
BT decay energy (keV) 7030(240)

n separation energy (keV) | 17410(590)
p separation energy (keV) 3200(360)
Q. (keV) 4140

In absence of sufficient experimental data, predictions for 1°°Sn are compared to the
case of the analogue %5Ni, a self-conjugated doubly magic (N=Z=28) nucleus which is
easier to observe experimentally. As %SNi lies one full major shell lower then °°Sn,
the level schemes differ only by one angular momentum unit (except for the additional
2515 in the '°Sn). Moreover, both nuclei are characterized by a spin-orbit (SO) open
shell (i.e. orbitals with the same angular momentum but different spin orientation
are lying in two different major shells), as it can be noticed looking at the position of
f5/2 and f7,5 in %Ni and of g; /2 and gg/p in 100Gy, This condition entails that spin-
flip transitions, together with the E2 Aj = Al = 2 stretched transitions (between f7/o
and pz/o in %Ni and between g s2 and ds /3 in 1008n) can occur across the shell gap,
reducing in this way the rigidity of the core. In %6Ni, indeed, despite the presence of a
large shell gap (6.4 MeV), an enhanced transition probability from the core is observed.
Comparison with LSSM calculations established that only 50-60% of the ground state is
composed by the closed shell configuration [30]. It is therefore possible to speak about
a softness of the N=7=28 shell closure. Consequently, due to the strong resemblance
of the SPE structures, the possibility of a large transition probability across the gap,
and therefore of a weakness of the shell closure, arises also for '°°Sn. For '9°Sn, in
addition, stretched E3 transitions between p;/5 and g7/, are plausible. On the other
hand, indirect evidences suggest a robust shell closure in 1%°Sn, at variance with what
is observed in °°Ni. The measured enhanced energy in the o decay in the '%Xe —
105Te — 1018 [7] and 9Xe — 196Te — 1028n chains [31], is explained as an effect
of the N=Z=50 shell closure. Furthermore, while the GT decay strength in the 0Ni
decay is widely fragmented [32], in °°Sn mainly one state is populated: most of the
decay strength is concentrated in the 07 — 1% (7 g4 /12, v g7/2) transition. This result,
besides giving indications of a subtle difference in the single particle energy structure

between the two nuclei, infers the purity of the ground state for °°Sn, proving a robust

12
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N=Z=50 shell closure [8]. Moreover, this scenario is in agreement with what is observed
in the case of the heavier doubly-magic *2Sn and 2°8Pb, where large shell gaps (= 4,5
MeV [33, 34]) are linked to robust shell closures [35, 36]. Whether 1°°Sn resembles the

behavior of these heavier nuclei or the lighter 6Ni, is to be experimentally determined.
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FIGURE 2.1. Single-particle energy spectra in °Ni and °°Sn [30]. The levels are
shown relative to the middle of the gap (Ay) which accounts for Coulomb shift (AE.)
between proton and neutrons. Experimental values for 6Ni are compared to updated

extrapolations for 1°°Sn [19].
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2.3 The B(E2) values in the tin isotopic chain

In order to investigate the role of the core polarization for E2 transitions, the B(E2)
value is a sensitive tool as it provides direct information on the wave functions of the
states connected by these transitions (see Eq. 1.1). The measurement of the B(E2)
value in '%°Sn is not possible at the present facilities but, in the past years, many
experiments investigated the experimentally reachable Sn isotopes in order to observe
the trend along the tin chain toward '°°Sn. The tin isotopes are forming the longest
chain of semi-magic nuclei (Z=50) and they are therefore particularly suitable for sys-
tematic studies. Moreover, the energy values of the first 27 states are almost constant
along the whole chain, in line with predictions of the generalized seniority scheme [37].
Following the same model, the reduced transition probabilities for the 27 — 07 transi-
tion was therefore expected to form a parabola, symmetric with respect to the middle
of the shell.
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FIGURE 2.2. Experimental B(E2) values of the even-mass Sn isotopes, compared
to SM predictions. The data were measured at REX-ISOLDE [38, 39], MSU [40],
TUAC [41], GSI [42-44], ORNL [45, 46].

The experimental results and the adopted B(E2) values for the Sn isotopes shown in
Fig. 2.2 are listed in Tab. 2.2. In the mid-shell, the results from lifetime measurements
performed in GSI with the Doppler Shifted Attenuation (DSA) method (red empty
squares) deviate from the adopted values (black circles) and the previous results for
12,1148y obtained with the Coulomb excitation technique. In particular, a lower col-
lectivity in the middle of the neutron shell, with a shallow minimum at N=66, can

be observed [44]. This behavior can be explained as a consequence of the filling of
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the s;/o neutron orbit: as this orbit can easily contribute to the first 27 state only
coupling to the ds/o, a reduction of the collectivity of this state can be expected [44].
The validity of these results, however, has been called into question by newer values,
not yet published but presented in Ref. [47], which confirmed the previously measured

values.

The adopted values for the neutron-reach isotopes are in a good agreement with the
behavior predicted by the generalized seniority scheme. Nevertheless, a sudden increase
from 16Sn to 4Sn and an almost constant trend down to '°°Sn, that deviates from
the SM predictions, are clearly observed. This situation can be interpreted as a higher
then expected quadrupole collectivity that persists toward '°°Sn and thus as a weak
N=Z=50 shell closure, in analogy with the case of 5Ni. In support of this hypothesis, a
similar asymmetry in the trend of B(E2) values toward the light doubly magic nucleus
is observed also for the light Ni isotopes [30]. However, the large uncertainties on the
values for the unstable °6=1198n hamper the derivation of an unequivocal conclusion
for the light Sn region. The measurements on these isotopes reported in Fig. 2.2 have
been performed at two different facilities, at the REX-ISOLDE facility [48] and at the
NSCL (MSU) [49] employing the safe Coulomb excitation and the intermediate-energy
Coulomb excitation technique, respectively. It can be noticed that the experiments at
the REX-ISOLDE facility have visibly smaller error and that the B(E2) obtained for
1068 is significantly lower then the one obtained at NSCL, indicating a reduction with
respect to the constant trend observed in '08=114Sn [39]. All the values are anyway
in disegreament with the theorical predictions and many effects have been considered
to explain this discrepancy. In particular, observing that the inclusion of excitations
from the Z=50 core in the valence space gives a significant increase of the predicted
values [42], it is assumed that most of the missing E2 transition strength is due to
proton core excitations. Moreover, considering the tensor interaction acting between
J = 1 £ 1 orbitals [50], protons from the Ogg/, orbital are less bound as less neutrons
occupy the Ogy/ orbital, i.e. in light tin isotopes, and can more easily contribute to E2
excitations. However, more precise results are needed to determine to which extent the
predicted values in 196=1198n deviate from the experimental data and to give better
constraints to the models. Likewise, experiments in lighter nuclei would shed a light

on the behavior of the B(E2) values approaching '°°Sn.
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TABLE 2.2. B(E2) values of the Sn isotopes shown in Fig. 2.2.

A | B(E2; 07 — 27) (e’b?)

0.195(39)
106

0.240(58)

0.222(19)
108 0.230(39)

0.230(57)

0.220(22)
110

0.238(24)

0.240(14)
112 0.242(8)

0.200(12)

0.24(5
114 (5)

0.183(12)

0.209(6)
116

0.170(10)

0.209(8)
118

0.183(9)

0.2020(40)
120

0.191(10)

0.1920(40)
122

0.164(10)

0.148(15)
124

0.1660(40)
126 0.127(8)
128 0.080(5)
130 0.023(5)
132 0.11(3)
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The PreSPEC fast-beam setup

PreSPEC nuclear structure experiments at GSI are performed with relativistic beams
(at energies up to 1 GeV/u for Uranium) delivered by the UNIversal Linear ACceler-
ator system (UNILAC) coupled with the synchrotron SIS-18. Radioactive ion beams
are obtained from the stable ones via fragmentation or in-flight fission on a target
positioned at the entrance of the FRagment Separator (FRS) [51]. The latter provides
separation, tracking and identification of the secondary beams and serves to focus the
isotopes of interest on a secondary target. The high energy of the secondary beams (in
the range of 100-400 MeV /A at the secondary target) allows for a clear separation and
an event-by-event identification of very rare reaction products, not similarly accessible
in other facilities, allowing exclusive in-beam ~-ray spectroscopy. Studies of low lying
collective states via relativistic Coulomb excitation as well as of higher spin states via
fragmentation reactions can be performed then at the secondary target to obtain new

insights in the nuclear structure of radioactive nuclei.

Within the Rare Isotope INvestigations at GSI (RISING) project [52], a collaborative
European experiment run from 2003 to 2009, nuclear structure studies on unstable
isotopes were performed combining the FRS and high-resolution Ge-detectors array.
PreSPEC is the successor of RISING and it is the preparatory phase of the future
High-resolution In-flight SPECtroscopy (HISPEC) project. The latter is a part of
FAIR (Facility for Antiproton and Ion Research), the facility of new generation at the
moment under construction at the GSI site. During the PreSPEC campaign some of
the detectors present in the FRS and their electronics have been replaced in order to
be able to accept higher ion rates. At present, 107 pps (particles per second) at the
intermediate focal plane of FRS and 10° pps at the final one are the detection counting

rates limits. Moreover, in view of HISPEC, the first prototype of LYCCA (Lund York
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Cologne Calorimeter) [53] has been tested and used. LYCCA is a a flexible array of
detectors which provides event-by-event information on the position, the charge and
the mass of the ejectiles after the secondary target. The most important new feature
that distinguish LYCCA from CATE (CAlorimeter TElescope), the detector used for
second reaction product identification at RISING, is the possibility to discriminate the

masses of the ions via ToF (time of flight) measurements.

During the fast-beam RISING campaign (2003-2005) and the first part of the Pre-
SPEC phase (2010-2011), the y-rays emitted in reactions at the secondary target were
detected with 15 detectors of the EUROBALL cluster array, placed in three rings at
forward angles. In the second part of the PreSPEC phase (2012-2014), 16 to 22 crystals
of AGATA (Advance GAmma Tracking Array), a new generation of position-sensitive

high-purity germanium, were employed in a much more compact geometry [54].

As complementary ~y-ray detectors, the PreSPEC setup includes the HECTOR array,
composed of eight large volume BaF5 scintillators, and from 2012 the HECTOR+ array,
composed of eight large volume LaBrs scintillators [55]. HECTOR and HECTOR +
were positioned at 35 cm from the secondary target, at a polar angle of 90° with respect
to the beam direction or at backward angles. These detectors have been included in
the setup because of their good ~-ray efficiency also at very high energies (2% at 1
MeV and 1% at 10 MeV) and excellent time resolution.

3.1 Radioactive beams at FRS

The FRS is a magnetic spectrometer designed to separate the unstable isotopes pro-
duced at relativistic energies at GSI. The following description of the device focuses
mainly on the aspects that are relevant for spectroscopy experiments. A full description

can be found in [51].

3.1.1 Production mechanism

At the FRS, exotic beams are produced via fragmentation reaction or in-flight fission
of high energy stable beams extracted from SIS-18. The reaction is chosen according
to the area of interest in the nuclear chart. Medium-mass neutron-rich nuclei can be
best produced via fission of relativistic heavy primary beams (?**U) on a ?Be or 2%*Pb
target. Proton-rich nuclei as well as light and heavy neutron-rich nuclei are produced

via fragmentation of the primary beam, usually on a *Be target.
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FiGURE 3.1. Cross section for the production of Sn isotopes via fragmentation of
129Xe and ?4Xe on a 27Al target, and via fission of 238U on a 2“®Pb target [56].

In Fig. 3.1 the production cross section for Sn isotopes via fragmentation and projectile
fission are presented. In this case, the products of the two mentioned type of reactions

are covering different ranges of mass number.

Dependently on the reaction used, the transmission of fragments through the FRS is
considerably different. In a fragmentation reaction, the momentum of the projectile is
transfered to the products, that are therefore maintaining the same direction. Hence,
the transmission of the isotopes can reach values of about 50% for spectroscopy mea-
surements. In the case of fission, the energy released in the reaction causes an extra
momentum vector transfer to the two products and influences their direction. The

transmission is therefore limited to a small fraction of the total yield.
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3.1.2 Separation method

In the primary target (in the following also called production target) the isotope of
interest is unavoidably produced together with often strongly populated contaminants.
The separation of these isotopes in the FRS is realized via the so called Bp-AE-Bp
method.

One of the basic principles exploited by this method is the proportionality relationship
between the magnetic rigidity (Bp) of the nucleus and its mass over charge ratio (A/q).
It can be deduced considering the Lorentz force acting on a particle with velocity v,

mass m and charge ¢ moving in a homogeneous magnetic field B

— —
FLorentz =q- ? x B (31)

and taking into account that in FRS @ and B are perpendicular to each other and

therefore the Lorentz force acts like a centripetal force:

N

- muv
‘FLorentz’ = T ) (32)

with p being the bending radius of the trajectory. The combination of these last two

expressions gives

Bp =

P
L. (3.3)

where p= muv is the momentum of the ion. The magnetic rigidity Bp is therefore specific
for an ion with a certain mass over charge ratio and velocity. At relativistic energies
the ion is fully stripped, i.e. ¢=Ze, and the momentum transforms as p = ByAuc
(being B = v/¢, c the speed of light, v the Lorentz factor and « the atomic mass unit).

The formula of the magnetic rigidity results

Au
Bp = — 4
p = Byc 7o (3.4)

with explicit proportional relation with the mass over charge ratio.

The building blocks of the FRS are four large magnetic dipoles and the respective
four focal planes. The bending radius of the dipoles is kept fixed at p=11.25 m and
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FI1GURE 3.2. Schematic drawing of the FRS. The trajectory of ions with a specific

A/q and with the achromatic setting of FRS are drawn in red. The slits are repre-

sented in green and the focal planes are indicated by the letter F and consecutive
numbers.

the B fields are chosen such that ions with a certain magnetic rigidity have a central
trajectory. At the intermediate focal plane, i.e. after the first two dipoles, the ions with
a specific value of A /q are distributed on the x axis (horizontal and perpendicular to the
beam direction) according to their momentum. To minimize the momentum spread,
a wedge-shaped degrader is inserted there to let nuclei with different energies pass
through different thickness of matter. In this way, the wanted species can be further
separated by Bp and focused in space to the final focal plane by the last two dipoles.
The selection of the ions is performed also via slits inserted perpendicular to the beam
direction. They are present at each focal plane and their position can be adjusted in
order to block the passage of specific parts of the secondary beam which cannot be
separated out by other means. Multiple sets of quadrupole magnets are present to
provide horizontal and vertical focusing of the ions at each focal plane. The FRS is

equipped also with sextupole magnets and steerers for higher order corrections.

3.1.3 FRS detectors

As described in the previous paragraph, the secondary beam passing through the FRS
is composed of a cocktail of isotopes and the one of interest can represent only a small
fraction of all the ions. Hence, it is fundamental to identify the mass and the proton

number of the nuclei arriving to the last focal point in order to be able to select them.

The Z of the ions is obtained from energy loss measurements in the MUItiple Sampling
Ionization Chamber (MUSIC). The main part of this detector is a gas cell filled of pure
CF4 gas at room temperature and pressure. The cloud of electrons created by the ion

passing through the chamber is collected by eight anodes and is proportional to the
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FicUure 3.3. Photograph of the Finger detector in use from 2010 to 2012. The
area of the detector was divided in 15 strips to allow good detection efficiency at high
rates [58].

energy loss by the ion in the gas. The latter quantity is related to the proton number

7Z of the ion via the expression

dE

- =22(p) (35)

that can be deduced from the Bethe-Bloch formula [57]. The term f(/) is a function

of the velocity obtained as explained in Par. 4.2.1.

The A/q value is extracted from ToF measurements, performed with plastic scintilla-

tors (BC420) positioned at the intermediate and at the final focal plane.

A new ToF segmented plastic scintillator, called Finger, was added at the intermediate
focal plane to sustain high ion counting rates. The prototype in use from 2010 to 2012
was made of 15 strips (Bicron BC-420, 14 mm width) and read out by 16 fast PMTs
(see a photograph of the detector in Fig. 3.3). From 2014 a new version of the detector,
made of 52 strips (4.5 mm width) and read out by 54 PMTs, replaced the prototype
and allowed rates higher then 3 - 10° s~!'. As shown in the plots of Fig. 3.4, at high
beam intensity the standard scintillator failed to separate the A/q value of different
ion species, while with the Finger detector good efficiency and A/q resolution are
obtained [58].
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FIGURE 3.4. Identification plots of the ions in FRS with high ion rates (10° s™1):
the A/q value, deduced from ToF measurements, is plotted versus the proton number
Z, obtained from the MUSIC. In the figure on the left the ToF was obtained using
the Finger detector, while in the figure on the right a standard scintillator was used
at the intermediate focal plane. Sufficient A/q resolution of the Finger detector in

contrast to the standard scintillator is evident from this comparison.

Time Projection Chambers (TPCs) were used as position sensitive detectors. Two of
them were present at the intermediate focal plane and two at the final one to reconstruct

the trajectory of the particle.

More information on the detectors used at FRS can be found in the Ref. [59].

3.2 Isotope identification after the secondary reaction:

LYCCA

For performing fast-beam experiments it is required to identify and to track the path
of the ions after the secondary target in order to reconstruct the reaction that has
occurred in the secondary target. LYCCA has been designed to provide unique iden-
tification and tracking of nuclear reaction products by their mass A and charge Z
through event-by-event time-of-flight, energy loss and total energy measurements. Dur-
ing the PreSPEC-EUROBALL campaign the first prototype LYCCA-0 has been used.
A schematic drawing of the setup is shown in Fig. 3.5. The identification of the proton
number Z of the nucleus is obtained from the energy loss (AE) and residual energy

(E) measurements via the well established AE-E method (described in Chapter 4).
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F1cURE 3.5. Schematic drawing of the LYCCA setup. For more details on the use
of each detector see the text.

FIGURE 3.6. Representation of one module of the LYCCA AE-E wall telescope.
The DSSSD detector, divided in 32 strips, is placed in front of an array of 9 (3 x 3)
CsI(T1) scintillators.

This information is provided by the LYCCA AE-E wall telescope, divided in 4 x 3
modules and positioned about 3.1 m downstream from the target. Each module of
the telescope is composed of a Double Sided Silicon Strip Detector (DSSSD), which
provides the energy loss signal, backed by 3 x 3 crystals of Caesium Iodide scintilla-
tors (CsI(T1)), providing the residual energy information (see Fig. 3.6). Each DSSSD,
made of silicon wafers 303 pum thick, is square shaped and has an active area of 58.5
mm?. Each of its fronts, p-side and n-side, is subdivided into 32 strips in orthogonal
direction, providing the x and y position. The telescope array covers an angle relative
to the beam direction (in the following called 6) of about £3.0°, the relevant ones for

Coulomb excitation experiments at 100 MeV [60].

To achieve the mass separation (up to A ~ 100), a high-precision time-of-flight (ToF)
system was integrated. It is composed by a ToF Start detector, placed before the
secondary target, and a ToF Stop detector, positioned before the LYCCA wall tele-
scope. They consist of large-area plastic-scintillator detectors: a circular membrane of

Saint-Gobain BC-420, with 2 mm thickness and 27 cm diameter, read out by 32 photo
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multipliers tube (PMTs). The in-beam test of this equipment showed an intrinsic
timing resolution of At < 50 ps FWHM [61].

Due to the relativistic energy of the beam, the emitted y-rays are largely affected by the
Doppler Shift effect (details will be described in the next section). The position of the
ion at the target is therefore needed to perform an accurate Doppler Shift correction.

This information is obtained with a DSSSD positioned 1 cm before the target.

3.3 The EUROBALL cluster array and AGATA

Gamma-ray spectroscopy experiments within the PreSPEC project are based on large
arrays of High-Purity Germanium (HPGe) detectors. In the first phase of the cam-
paign, from 2010 to 2011, the EUROBALL cluster array has been used, replaced from
2012 by the advanced AGATA setup, with a number of crystals varying between 16
and 22.

The arrangement of the detectors, in both PreSPEC campaigns, took into account the
two main relativistic effects occurring when the y-rays are emitted in-flight, the Lorentz
forward boost of the v-ray intensity distribution and the energy Doppler Shift. The
former can be defined as the forward focusing of ~-ray distribution in the laboratory
frame. To take advantage of it, both arrays have been positioned at small angles
relatively to the beam direction. It is therefore expected that the first ring of crystals,
i.e. the one at smallest 6 angles, registers a higher number of counts. The latter refers
to the difference between the value of y-ray energy seen by the detectors and the one
in the reference frame of the source. This difference is related to the velocity of the
source and the angle of emission of the radiation. The accuracy in the correction of
the energy shift therefore increases when the solid angle coverage of the single detector
unit is reduced (see Fig. 3.7), i.e. increasing the distance of the detector from the

target or reducing the detector size.

3.3.1 The EUROBALL cluster array

The EUROBALL cluster array consisted of 105 crystals (15 clusters) of HPGe detec-
tors. A common cryostat contained 7 encapsulated crystals, arranged as shown in the

inset of Fig. 3.7. The clusters were arranged in three rings, with average angles of 16°,
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33° and 36° and at a distance from the target of ~ 700 mm. A ~-ray energy resolution
of ~1.24% (FWHM) was obtained, with photopeak efficiency of 2.81% at  ~0.5 [60].
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FiGUrE 3.7. Doppler broadening of the energy of the y-rays as a function of the
angle of emission, considering the opening angle of ~ 3° of the EUROBALL crystals.
The red line indicates approximately the largest observation angle of the EUROBALL
crystals. In the inset a photograph of a cluster detector consisting of seven crystals

is shown.

For HPGe detectors, the standard way to process both time and energy information is
to use an analog circuit, generally consisting in shaping amplifiers followed by ADCs
and TDCs modules. To extract the energy information from the EUROBALL clusters,
instead, a fully digital approach has been chosen: the signal out of the pre-amplifiers
were immediately digitalized by Digital Gamma Finder (DGF) modules [62]. With a
fast algorithm, called Moving Window Deconvolution (MWD) the real effective charge
was calculated and the energy deposited by the radiation was obtained. The choice to
digitize the signal after the pre-amplifiers allowed to treat pile-up events and to sustain
higher rates. On the other hand, the time resolution given by the DGF is lower then
the one from the analog electronics. Therefore, an analogue standard TFA - CFD -

TDC circuit has been used to extract the time signals.
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FIGURE 3.8. Photograph of the PreSPEC setup. The beam comes from the lower
left side.

3.3.2 AGATA

AGATA is the new generation European «-ray detector array, based on highly-segmented
HPGe detectors (see Fig. 3.9). The measurement and the analysis of the waveforms
that arise on a segment during the charge collection enables the identification of po-
sition, time and energy of each interaction of the -rays within the detector volume.
These information allows to reconstruct the path in the crystals, making use of track-
ing algorithms, and to determine the full energy of the original v-ray. The result of the
application of these advanced techniques is high energy resolution and efficiency [63].
More details about AGATA at GSI can be found on the website [64]. In comparison to
the EUROBALL cluster array, the higher granularity allowed to place the crystals much
closer to the secondary target, down to 8 mm distance, for higher angular coverage
and therefore higher total detection efficiency of AGATA with respect to EUROBALL.
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||

FicUure 3.10. Short traces from an AGATA crystal, superimposed using different
colors. The height of the trace is proportional to the energy deposited by the radiation.
The white trace, at variance with the others, shows a saturation of the energy range.

FiGURE 3.9. Drawing of an AGATA crystal. Each crystal is electrically divided in

36 segments, six azimuthal and six axial, plus a central contact, named core.

In the AGATA setup, in addition to the digitalization of the energy signals, also the
time information is fully digitized. Moreover, the data-acquisition system is able to
supply and store, together with the energy and time information, short traces of the
digitized leading edge of each pulse. These feature is necessary to perform the pulse-
shape analysis but it can be also usefull for further analysis purposes. The detailed
analysis of not properly processed events can indeed provide an explanation for part
of the background and for a possible loss of efficiency. An example of those traces is

shown in Fig. 3.10.

3.4 Atomic and nuclear background

In fast beam experiments, a large amount of background radiation affects the y-ray
energy spectra, hampering the association of y-rays from reactions with a very low
cross section. Atomic processes are mainly occurring due to the interaction of the fast

beam with the matter at the final focal plane. They can be distinguished as:
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e the capture of target electrons by the projectile (radiative electron capture (REC)),
o~ 77 Zy;

e emission of primary bremsstrahlung (PB) from target electrons scattering off the

projectile, o ~ Zg A

e emission of secondary electron bremsstrahlung (SEC) from a target electron

ejected and then rescattered in the target material, o ~ ZI% - 72

e emission of K and L. X-rays from atoms of the target.

The cross section for the electron capture and bremsstrahlung processes has been in-
dicated with o and Z,, and Z; are the proton number of the projectile and the target,
respectively. From these relations, it follows that the production of atomic background
therefore becomes more dominant using heavy projectiles and targets as it is shown
in Fig. 3.11, where the y-ray energy versus the cross section for production of atomic
background is plotted for the case of '32Sn beam on a 2°®Pb target, considering dif-
ferent beam energies. The atomic background therefore puts a limit on the energy of
the secondary beams and a minimum on the y-ray energy registered for the reaction.
In addition, the detection of the prompt bremsstrahlung reduces the detection effi-
ciency. This is true especially for the EUROBALL array, since the electronics cannot
process more then one hit per event for each crystal, while with AGATA, due to the

segmentation of the crystals, the detection of background is less problematic.
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FIGURE 3.11. Angle-integrated cross section as a function of y-ray energy for the

atomic background from 32Sn on a 2°8Pb target at different beam energies.

In addition to atomic processes, because of the high energy of the beam, nuclear
reactions are also contributing to the background. A total vy-ray energy spectrum
from a PreSPEC experiment is presented in Fig. 3.12, where the typical smooth and
high background profile can be noticed. The v-ray peaks on top of it are related to
unwanted nuclear reactions of the beam along the FRS or at the production target.

The following background sources can contribute [65]:

e inclastic scattering of fast neutrons on Aluminium (>”Al(n,n’)), of which the

beam pipe and the reaction chamber are made of;
e quasi-free proton scattering (*”Al(p,2p)?°Mg);

e activation of the surrounding materials and of the germanium crystals (Ge(n,n’))

from scattering with fast neutrons.
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FIGURE 3.12. ~-ray energy spectrum of a EUROBALL cluster from an in-beam
experiment at PreSPEC. The peaks on top of the smooth background are coming

from nuclear reactions of the beam impinging on the surrounding material.

A detailed analysis of the components of the nuclear background and the impact on

the analysis of the data is presented in Chapter 5.
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Chapter 4

Experimental details and data
analysis of the B(E2) value

measurement in 1%4Sn

Over the past few years, a series of experiments have been performed on neutron-
deficient Sn isotopes in order to investigate the evolution of nuclear structure in prox-
imity of the doubly magic nucleus '°°Sn. The data showed excessive experimental
B(E2) strength compared to shell model calculations below neutron number N=64,
not excluding a constant or even increasing collectivity below °6Sn and bringing into
question the N=Z7Z=50 shell closure (as described in Chapter 2). Hence, the measure-
ment of the B(E2) value in the next even-even isotope towards '°°Sn, i. e. 14Sn, was
a crucial step to verify the robustness of the shell closure in °°Sn. Moreover, it is
unclear at present whether the deviations between shell model calculations and exper-
iments are due to truncation imposed by computational limits or due to deficiencies
in the effective interactions. However, in the case of 1°4Sn, shell model calculations
without significant truncation of the valence space are possible due the smaller and
more tractable model space. The comparison between the predicted value and the
experimental result for 1%4Sn is therefore an important test of the validity of Large
Scale Shell Model (LSSM) calculations.

The B(E2) value in '*4Sn has been measured for the first time in GSI in 2010 with a
Coulomb excitation experiment performed within the PreSPEC fast-beam campaign.
104G was produced via nuclear fragmentation of a *4Xe beam at 793 MeV /u imping-

ing on a 4 g/cm? thick “Be target. To separate the products, two degraders of 2.0
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g/cm? and 2.4 g/cm? thickness, at the first and at the intermediate focal plane of the
FRS were used, respectively. At the final focal plane the isotopes were focused onto
a 386 mg/cm? thick 7Au target, in oder to use the Coulomb excitation technique.
The population of the first excited 27 state and the measurement of its decay strength
for the very neutron-deficient Sn isotopes cannot be achieved via fusion-evaporation
reaction, as done for heavier isotopes, due to the presence of low lying 67 isomers.
The feeding of these long living states (life time >2 ns) would, indeed, hamper the
observation of the decay of the short living (<ns) first 2% state. Coulomb excitation,
instead, populates the first excited state directly from the ground state, avoiding the
problem of feeding higher states, and it is therefore the method of choice. To be able to
neglect experimental details, as particle-y angular correlations, feeding contributions
from higher-lying states and possible systematic errors, the B(E2) value of 1%*Sn has
been deduced relatively to the one of the stable ''2Sn, measured in very similar exper-
imental conditions. It was produced from '?*Xe primary beam at 700 MeV /u and it
was separated via a 3 g/cm? thick degrader at the intermediate focal plane. As 1'2Sn
is the lightest stable Sn isotope, it guarantees minimum structural changes compared

to 148n and therefore is the best possible choice of the calibration measurement.

As described in the previous chapter, a fast beam experiment on such a rare isotope is
very challenging due to the small production cross section and the large bremsstrahlung
background, caused by the high energy beam, which by far dominates the gamma-ray
spectra. For the full identification of the gamma-rays originating from the 2 state
in 1°48n, the PreSPEC experimental setup, which provided with identification and
tracking detectors over 1000 parameters, has been used. The standard FRS detectors
were employed, except for the scintillator at the intermediate focal plane that was
replaced in the analysis with the Finger detector, as mentioned in Par. 3.1.3. The
isotopes after the target were detected by LYCCA-0, the first implementation of the
LYCCA setup. To detect the v-rays, the full EUROBALL cluster array was employed.
Nevertheless, seven crystals have been excluded in the data analysis because of missing

or inadequate distribution of counts in their TDC time.

4.1 Relativistic Coulomb excitation

Coulomb excitation is an inelastic scattering process that involves solely electromag-

netic interaction between the nuclei. At relativistic energies it can be considered as
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a one-step process that populates a low spin state of a nucleus or excites the Giant
Dipole Resonance (GDR), according to the energy of the projectile. In the case of even-
even nuclei, the production of the first 27 state dominates at beam energies below 100

MeV /u, while the GDR occurs mainly above it (see Fig. 4.1) [60].

700 : |

Pb excitation e

600
500_
400
300

200

cross section [mb]

100

100 150 200 250
Epearn/A; [MeV/ul

FIGURE 4.1. Beam energy versus Coulomb excitation cross sections for the first
excited 2+ and 3~ states and the giant dipole resonance (GDR), for a 13¢Xe beam
incident on a Pb target. A minimum impact parameter of 16 fm is assumed in the

calculation [60].

One of the principal advantages of using the Coulomb excitation technique at relativis-
tic energies is the possibility to use thick scattering targets, which can compensate for
low production cross section facilitating experiments on rare isotopes. On the other
hand, beam energies above the Coulomb barrier allow nuclear reactions to occur and
contribute to the radiation yield. In order to exclude these reactions and have pure
Coulomb interaction, the distance of closest approach between two ions has to exceed
the sum of their radii plus several fm: at beam energies as in the experiment here
described, a safe distance has been calculated to correspond to about 5 fm between
the surfaces of the two nuclei [60] (see Fig. 4.2), which corresponds to scattering angles

of the ions of £+ 3°.
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FIGURE 4.2. Schematic drawing of the Coulomb excitation reaction.

4.2 Analysis of the data

Performing in-beam spectroscopy experiments with high energy radioactive beams,
the peak associated to the transition of interest cannot be observed without a detailed
and tedious selection of the data. In the analysis of the data presented here, precise
conditions on the information given by each detector of the setup have been applied
in an iterative way, until the peak associated to the 2+ — 0% transition in the y-ray
energy spectra of both nuclei has been observed and the peak-to-background ratio
optimized. In the following paragraphs, the calibration procedures performed on the
FRS detectors before the analysis on the y-ray spectra are described. Afterwards, the
techniques used to perform the principal selections of the data are also presented. Due
to the scarce statistics in the y-ray energy spectra produced from the data on °4Sn,
the selections explained in Par. 4.2.6 and 4.2.7 have been determined using the '2Sn
data. The final Doppler corrected ~y-ray energy spectra have been obtained applying

identical gating conditions to both sets of data.

4.2.1 Calibration of the MUSIC

The energy loss of an ion passing through a material, as shown in the equation (3.5),
depends on the ion’s atomic number Z and velocity. It is therefore needed to calibrate
the response of the MUSIC detectors in a range of velocities that includes the one
expected for the fragments during the B(E2) measurement. Different values of 3 of
the primary beam, that is similar to the one of the fragments, were obtained inserting
matter of different thickness in the FRS. These values of 3 were then plotted versus
the corresponding energy loss registered in the MUSIC, as shown in Fig. 4.3, and the

data points were fitted with a second order polynomial function:
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AFE = ao+a15+a262 , (4.1)

The terms ag, a; and ag are the coefficients of the polynomial.

Hence, using the relation (3.5) and assuming that the ions are fully stripped (q=Z), the
proton number of the fragments (Z¢) can be deduced from the known proton number

of the primary beam (Z,) with the relation

AE
e =72 . 4.2
f p\/ao+a15+a262 ( )

The Z values obtained after the calibration of the music MUSIC using the '*4Sn ex-

perimental data are shown in Fig. 4.4.
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FIGURE 4.3. [ values of the Xe beam versus the energy loss in the MUSIC. The

data are fitted with a polynomial function of second order.
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FIGURE 4.4. Z values obtained after calibrating the energy loss signals in the MUSIC
detector for the dependency of the energy loss in the gas with the velocity of the

fragments, for the '°#Sn measurements.

4.2.2 Calibration of the ToF

The ToF calibration is performed using the standard plastic scintillator at the inter-
mediate focal plane and it is further used for the Finger detector calibration by means

of an offset.

The ToF of the ions was measured in the second half of FRS and the quantity obtained

can be expressed as

TOFy, =ty +dt —t5 (4.3)

where t,, is the time from the scintillator at the intermediate focal plane, ¢7 is the time
from the scintillator at the final focal plane and dt is the delay applied to t,,. The
delay was needed since the plastic at the end of FRS is the one used to trigger the
data acquisition system. From the previous equation, the following relation between
TOF,, and the velocity of the fragments 3 could be deduced (all the steps can be found
in [66]):
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TOF,, -3 = AT — %ﬂ . (4.4)

The term d is the distance between the two scintillators, ¢ is the speed of light and
AT is an offset related to the value of 3. The offset has been determined considering
the velocity of the primary beam at different energies, similarly to the method used to

calibrate the MUSIC, as shown in Fig. 4.5.
The relation between TOF,, - # and [ has been fitted writing equation (4.4) as
TOF,,-B=a¢+ a1 . (4.5)

Hence the values of AT and —% in eq. (4.4) have been obtained from the coefficients

ag and a1, respectively.
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F1GURE 4.5. Plot of § versus TOF,, - 3 used to calibrate the ToF in relation to the
velocity of the fragments. The range spanned by the three points, obtained using the
primary beam at different energies, includes the expected energy of the fragments.

The function used for the fit was a polynomial of first order.

Moreover, since the light produced in the scintillators was collected at the sides by
two PMTs, their signals has a time difference related to the position of the ion pass-

ing through the scintillator area. It has therefore been necessary to correct for this
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dependency for the accurate extraction of the ToF. In Fig. 4.6 the position of the ion
determined from the TPCs is shown versus the time difference from the two PMTs
(At). The relation between the two values is obtained performing a fit of the data

with the following polynomial function of second order:

X =ag+ a1 At + agAtQ . (4.6)

Hence, the coefficients ag, a1 and ao, are used to correct the time signals.
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FIGURE 4.6. Position of the ion from the TPC versus the time difference of the two
PMTs signals of the scintillator at the final focal plane.

4.2.3 A/q correction for position dependency

The A/q value can be uniquely deduced from equation (3.4) as the magnetic rigidity
and the velocity 3 of the fragments is known. Nevertheless, the momentum spread of
each species at the final focal plane results in a dependency of A/q on the position, as
in the plot on the left of Fig. 4.7, which entails a broader distribution of A/q values.
This effect has been corrected for in order to improve the separation of the isotopes in

the identification plots presented in the following paragraphs.
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FIGURE 4.7. A/q versus the position of the ions from a TPC at the final focal plane,
for the 194Sn measurement. On the left it is possible to observe a dependency of A /q
on the position, while on the right the same plot is shown with a correction of this

dependency applied.

4.2.4 Isotope selection

For a clear identification of the wanted transition, it was fundamental to exclude from
the analysis the isotopes different from the one of interest that passed through the
FRS and could react in the target. 1%4Sn, 19°Sn, 193In and '°*In have been identified
with the two-dimensional plot of Fig. 4.8. A selection was performed applying in a
sequential way a condition on the Z values (as in Fig. 4.9) and a graphical cut on the

A /q versus the position plot (Fig. 4.10).
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FIGURE 4.8. A/q distribution deduced from ToF measurement versus Z of the ions
obtained from the MUSIC, for the '9*Sn measurement. The values of A/q have been

corrected for the dependency on the x position at the final focal plane (see Par. 4.2.3).
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FIGURE 4.9. Spectrum of the values of Z obtained from the MUSIC detector. The

events between the two red lines are the ones selected for the analysis of 1°4Sn.
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FIGURE 4.10. A/q from ToF measurement versus the position on the x axis of the
ions at the final focal plane from the TPC, after a restriction on the nuclei with Z=50

has been applied to the data.

A selection of the isotope of interest had to be performed also after the secondary target
to exclude products of proton knock-out or fragmentation reactions. It is possible to
distinguish the Z of the nuclides after the target via the AE-E plot obtained from the
LYCCA wall array (see Fig. 4.11). The selections of the events, also in this case, have
been performed applying a graphical cut.
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FIGURE 4.11. Total energy deposited by the ions in the CsI(T1) crystals of the

LYCCA wall telescope versus the energy loss from the DSSSD detectors for the events

selected as '°4Sn in the FRS. The graphical cut, shown with a black line, selects the
ions that had the same Z before and after the target.

4.2.5 Determination of the velocity of the ions after the target

Due to the high velocity of the ions after the secondary target (about 0.5 ¢), the
detected ~-rays were shifted in energy by the Doppler effect (see Sec. 3.3). The value
of the energy emitted at rest (E,9) have been deduced from the detected value (F£)

with the formula

B = By (;}/—C)J/Z;);% | o

where v is the velocity of the ion and 6., is the angle between the emitted radiation and
the trajectory of the ion. The velocity of the ions could not be obtained from the ToF
measurement after the secondary target and it has been therefore extracted employing
an indirect method. This was based on the consideration that the counts in the ~y-
ray energy spectrum were clustering around the proper energy (the one related to the
2%t — 0% transition) when the Doppler shift correction was done with the right value
of 3, while they would have progressively smeared when moving away from it. The
Doppler correction has been therefore performed for several values of 3 (see Fig. 4.12).
The event-by-event 3 values obtained from ToF measurements in the FRS have been

decreased by 0.1 % at each step, so that the information on the velocity spread before
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the target was kept. A value has then been chosen by looking in which v ray energy
spectrum the peak associated to the transition of interest was having the best peak-to

background ratio

800 1000 1200 1400 1600 1800 2000 2200
E [keV]

FIGURE 4.12. Doppler corrected ~-ray energy spectra (x axis) performed for twenty
different values of 3 (y axis). The latter were obtained decreasing of 0.1 % at each
step the event-by-event value measured in FRS. The final spectrum has been chosen

by looking at the projections on the x axis [67].

4.2.6 ~-time range selection

The radiation originating from the decay of the first 27 state of 194Sn was expected to
lie in the prompt peak of the Ge-time spectrum since it had a life time of few ps. It
is possible to observe in Fig. 4.13 that the peak associated to the prompt radiation is
broad and has a high number of counts. This tells that the atomic background and the
radiation from unwanted reactions in the target are also contributing to it and they
are hiding the one of interest. In order to reduce as much as possible the background,
the time spectrum has been plotted versus a Doppler corrected energy spectrum (once
the value of 5 has been determined). The time window for which the transition peak
of interest was visible best above the background was chosen. A narrow time range of

about 15 ns has been then used in the analysis to select the data.
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FIGURE 4.13. Time spectrum from the Germanium detectors (the scale is inverted).

The borders of the chosen time range are shown by the two red lines (about 15 ns).

4.2.7 Scattering angle range selection

The scattering angle of the ions at the secondary target has been calculated using
the position information from the TPCs at the final focal plane and the DSSSDs of
LYCCA.

For experiments using beam energies of about 100 MeV /u and a '97Au target, as in
the measurement for 1%4Sn and for ''2Sn, the largest scattering angle to consider in
order to reduce the contribution of nuclear reactions has been calculated to be ~3°,
as explained in Sec. 4.1. Nevertheless, the range of angles selected in the analysis has
been chosen looking at the Doppler corrected energy spectra for different ranges of
scattering angle (Fig. 4.14). This procedure allowed to exclude with more accuracy
the angles at which the background was dominating and to select the range where the
wanted transition could be observed. A final narrow range of 15 - 40 mrad (0.9° - 2.3°)

was determined.
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FIGURE 4.14. Examples of y-ray energy spectra produced gating on different ranges
of the scattering angle for the '12Sn experimental data. Below 15 mrad the contri-
bution from elastic scattering is covering the peak corresponding to the 21+ — 0T

transition.

4.3 Extraction of the result and discussion

After selecting the data via the aforementioned methods and performing Doppler shift
correction of the 7-ray energies, the final spectra presented in Fig. 4.15 have been
obtained. The peak associated to the transition from the first 27 state to the ground
state are visible at 1257 keV and 1260 keV for ''2Sn and '%4Sn, respectively.
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FIGURE 4.15. Doppler corrected energy spectra for 1*2Sn (upper panel), and for
1048n (lower panel). The peak associated to the 2% — 07 transition is indicated by

the arrow. The dashed line indicates the estimated background level.

It can be observed that the width of the peaks is different in the two cases. The larger
FWHM in the case of ''?Sn is explained considering that the life time of its 2% state
is shorter and the decay can occur more often inside the target. This entails a larger
spread in velocity of the ions, and therefore a broader distribution of counts in the
peak due to a less accurate Doppler correction. This hypothesis has been confirmed

simulating the energy straggling in the target for the two different cases (see Fig. 4.16).

In the following paragraphs, the extraction of the photon yields from the identified
peaks and how it leads to the estimation of the B(E2) value is described. Furthermore

the result is compared to predictions from LSSM calculations.
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FIGURE 4.16. Simulated peak shape for the 2+ — 0T transition for '2Sn (up)

and 194Sn (down) considering the energy straggling in the target. The FWHM is

36 keV and 22 keV respectively. The simulation has been performed considering a

fixed incoming velocity and only one angle for the Germanium detector (courtesy of
P. Boutachkov).

4.3.1 Estimation of the background level

To determine the photon-yield, the background level was extracted considering the
average number of counts in regions on the left and on the right of the peaks. In the
following, B refers to the region which included the peak, A the one on the left and
C the one on the right. The counts associated to the photon-yield (B,,) were then

evaluated as
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wp

B a+0), (4.8)

where w4, wp and we are the widths of region A, B and C respectively. The statistical
error associated to By, was obtained with the error propagation method [68] using the

formula

wa + wo

a%h:¢3+<“%)1A+0). (4.9)

The width of the A and C regions was chosen considering several aspects. The shape
of the background was similar for both spectra but the level was significantly higher in
the 112Sn case. This resulted from the higher instantaneous rate in the measurement of
this nucleus, which increased the random coincidence probability. Moreover, the profile
of the background is not a simple smooth decreasing exponential curve. Spurious peaks
are present on the right of the peak associated to the 2+ — 07 transition in '2Sn. The
origin from other reactions in the target was excluded as their presence is not stable

in respects to slight changes in the analysis.

4.3.2 Extraction of the B(E2) value

The reduced transition probability for the 27 — 0T transition is proportional to the

cross section for Coulomb excitation of the 2% state (0 g2) through the relation [69, 70]

og2 = f(bmin) X B(E2) , (4.10)

where the proportionality factor f(bm:n) takes into account the dependence on the
impact parameter. Hence, the reduced transition probability for 1%4Sn was deduced

relatively to the one for ''?Sn as

0.104 f(b112 )
B(E2)104 = B(E2)112 X b2 X mn.
ops  f(bpin)

(4.11)

The Coulomb excitation cross section is then determined with an experimental ap-
proach from the number of incoming particles (IVp), the number of atoms in the target
per unit area (N;) and the number of the detected y-rays originated in the 2 — 0

transition. The latter can be expressed as the ratio between the photon-yield from
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the 2t — 0T transition (NV,) and the detection efficiency (¢). The Coulomb excitation

cross section for the 2% state then results

Ny

Opy = ——— . 4.12

P27 N, x N (4.12)
The term e was assumed to have the same value in the two measurements, since the
energies of the excited 2% states in 1%4Sn and '2Sn are very close (1260 keV and 1257
keV, respectively). A similar consideration was made for NV; since the same target was
used in the two measurements. Hence, the B(E2) value for '%4Sn was obtained from

the formula:

104 N112

B(E2)101 = B(E2)112 X w775 % 7701 X 0-96. (4.13)
v p

The factor 0.96 originates in the correction for different impact parameters for 1041128n

ions as calculated with the code DWEIKO [71]. The terms Nyl,04 and N;m indicate the
incoming flux of '°4Sn and ''2Sn particles, respectively, determined from FRS iden-
tification plots. N}YO4 and N}Yu are the corresponding photon-yields, which have been
extracted from the peak integrals in the y-ray energy spectra, once the contributions

from the background was estimated.

4.3.3 Result and comparison with LSSM calculations

The final Doppler corrected energy spectra and the estimated background level are
shown in Fig. 4.15. The photon-yield for the 2+ — 0T transition was determined as
16(5) counts and 95(24) counts for 1°4Sn and '!2Sn, respectively. A reference value
of B(E2) = 0.242(8) e?b? for 112Sn as measured in a sub-barrier Coulomb excitation
experiment was used [41]. The final B(E2) value extracted for 1%4Sn is B(E2; 0F —
27) = 0.10(4) *b? (or B(E2) = 6.9(30) W.u.) [72], which corresponds to a lifetime
of the first 2% state 7=1.3(4) ps. This new B(E2) value is three standard deviations
smaller than the average of the 1°6=114Sn values and two standard deviations smaller
than the 1°°Sn data [40] (see Fig. 4.17). It therefore clearly establishes a decreasing
trend for the B(E2) values towards '°°Sn, despite the large uncertainty from the low

statistics in the spectra.

Subsequently to the experiment presented in this work, new measurements of the B(E2)

value in 14Sn were carried out in two different laboratories. At RIKEN (Japan), the
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availability of high intensity radioactive beams allowed to extract the E2 transition
strength as B(E2) = 0.173(28) e?b? from the determination of an absolute cross sec-
tion [73]. A measurement performed at MSU (USA), moreover, provided the result
B(E2) = 0.180(37) e?b?, normalized to the B(E2) value of 192Cd (measured during the
same experiment) [74]. These further results are presented in Fig. 4.17 and summerized
in Tab. 4.1. Tt can be noticed that they are located higher then the result obtained at
GSI. However, all the measurements are in agreement within one sigma of the average
value. All the results at present available for '°4Sn are consistent with the conclusion
obtained from the GSI value: the persistence of a higher B(E2) value toward '®°Sn is

ruled out, while a decrease toward lighter tins is evident.
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FIGURE 4.17. Experimental B(E2;0" — 2%) values for 1947114Sn. The average of
the B(E2) values in 1%6-114Sn weighted on the respective uncertainties, is indicated
by the yellow band (see references in the caption of Fig. 2.2) [72]. For '°4Sn, the
results obtained from measurements performed in GSI, RIKEN [73] and MSU [74]
and the average of the three values, weighted on the respective uncertainties, are

reported.
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TABLE 4.1. Results for the B(E2) value measurements performed on '°Sn at the

different laboratories and the average of the three values, weighted on the respective

uncertainties.
Laboratory | B(E2) (e’b?)
GSI 0.10(4)
RIKEN 0.173(28)
MSU 0.180(37)
mean value 0.16(2)

The new results have been compared with predictions from LSSM calculations (intro-
duced in Sec. 2.1). A calculation, performed for the N=104-132 Sn isotopes, considered
a 27r core and the full gds (Og7/2, 1ds /2, 0gg/2, 1ds/2, 2s1/2) valence space (dashed-
blue line). The effective interaction was derived from a realistic CD-Bonn potential
and adapted to the model space by many-body perturbation theory techniques. For
both protons and neutrons, a canonical polarization charge ( de= 0.5¢) was used. A
truncation t; = 4 has been applied, which is at the limit of the current computational
capabilities for N > 56 Sn isotopes. For the very light 100=196Sn  instead, calculations
with more degrees of freedom are possible: the limit of ¢ for '°°Sn is 6 and this value
decreases as valence neutrons are added. In order to consistently compare the predic-
tion for these light nuclei, the truncation level was set to t, = 4 and t, = 2 (full red
line). In this case, a 8°Zr core was considered and the residual interaction has been
normalized on account of this. The full gds space for both protons and neutrons was
included. As in the previously described calculations, a canonical polarization charge
was used. The local minimum of the predicted B(E2) values in '°2Sn is related to the
assumption of a strong shell closure: assuming a relatively scarce configuration mix-
ing, the presence of two neutrons in the 1ds/, orbital induces the blocking of the E2
excitations. A similar local minimum of the E2 excitation strength is indeed observed

in the neighboring semi-magic even-even isotope of the doubly magic 32Sn.

In 1%4Sn and '%6Sn, where the two calculations are overlapping, the moderate enhance-
ment of the B(E2) values due to the inclusion of the two neutrons degrees of freedom
can be observed. It can therefore be deduced that neutrons are contributing to the
E2 excitation strength but most of the E2 strength is due to the protons. Despite this
small difference in the overlapping predictions, both calculations predict a downward

trend of the B(E2) values toward °°Sn. The result for 1%4Sn presented in this work
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is in very good agreement with the predicted values from these calculations and it
therefore establishes a strong reduction of E2 excitations toward the N=7Z=50 core in
the vicinity of 1°9Sn, confirming the presence of a robust shell closure. However, a
correct SM prediction of the experimental B(E2) values in 96=114Sn is still missing.
At the moment, a better reproduction of the experimental B(E2) values in the light
tin isotopes has been obtained considering an isovector-dependent neutron effective
charge, proposed already in the nuclear structure book of Bohr and Mottelson [75]. In
Fig. 4.18, the B(E2) values have been calculated considering an isovector-dependent
neutron effective charge normalized at N=66 and using SPE states from fit on the
available values of excited states in the tin isotopes [76, 77]. The curve obtained is
asymmetric and provides a relatively good reproduction of the experimental B(E2)
values in light tin isotopes (even if the values at '2-114Sn are not yet reproduced). In
order to explain the enhancement of the experimental values and the need of a larger
neutron effective charge to reproduce them, several effects that are not included in
the calculations due to the truncation scheme have been considered. 2p — 1h proton
excitations which drive to prolate core deformation were noticed in the Sb (Z=51)
isotopic chain down to N=56 [78, 79]. This observation could suggest the necessity of
an increased interplay of proton p — h configurations, beyond the present truncation
level [74]. Moreover, the presence of protons and neutrons occupying the same orbital,
due to the proximity of the N=Z line, induces an increase of the a-correlation energy.
The formation of a-clusters have been used, for instance, to describe the low-lying
spectrum of %8Ni in terms of 4p — 2h proton excitations. Taking into account the
similarities in the nuclear structure of *Ni and '°°Sn, a-clusters from 2p — 2h proton
excitations can therefore be assumed to play an important role also in the light Sn
isotopes and to influence their B(E2) values [40]. However, more indications of the
presence and of the impact of a-correlations have to be found to further proceed on
this subject. Other experimental evidences, as the low 27 and 47 states in 19Xe [80],
suggested the presence of an increased collectivity at the N=Z=>50 shell closure due to
the airsing of a strong isoscalar pn interaction. Nevertheless, the theoretical work in
Ref. [81] attributed the rotational-like features in the light Xe isotope as an expected
effect of the six neutrons and four protons outside the '°°Sn core, which does not entail

a breaking of the shell closure.
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FIGURE 4.18. The B(E2) values calculated considering an isovector-dependent neu-

tron effective charge, normalized at N=66, and SPE states fitted on the excited states

in the tin isotopes [76, 77] are represented by a thick black line (picture modified from

Ref. [77]). The thin black line and the experimental B(E2) values are described in
the caption of Fig. 2.2.

In conclusion, an increase of p — h excitations in the light tin isotopes is observed
from the measured enhancement of the B(E2) values with respect to the SM predic-
tions. The use of a larger neutron polarization charge helps to reproduce these values,
indicating that more proton correlations across the shell gap have to be included in
the calculations. Whether this is required due to the present truncation limit, to the
formation of a-clusters or from other collective phenomena related to the vicinity to
the N=Z line, is to be clarified. Nevertheless, the new result presented in this Chapter
shows that the larger then expected collectivity at the shell gap in light tin isotopes is

recovered already at 1%4Sn, proving the presence of a stiff shell closure in 1°°Sn.
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Chapter 5

Analysis of the background
observed with PreSPEC

Relativistic rare isotope beams allow spectacular results, however during their iden-
tification the large amount of background radiation co-produced is a great challenge
for the analysis process. Even after a detailed analysis and the application of strict
conditions, a large component of the background can remain in the y-ray energy spec-
tra and often hamper the observation of the searched for transition. Moreover, the
loss in ~-ray detection efficiency that it involves goes beyond the background sources
described in Chapter 3. Hence, a dedicated and detailed analysis has been performed
in order to better disentangle several components of the background that affects y-ray
energy spectra, and understand their nature and origin, i.e. in which reaction they are
produced and whether they are real physical phenomena or failure in the electronics de-
tector response. The final aim is to figure out which modifications of the experimental
setup or specific conditions in the data analysis can reduce the presence of background
events in the ~-ray energy spectra and, therefore, facilitate the achievement of new

physics results in fast beam experiments on very rare nuclei.

In the following paragraphs, the main evidences obtained from the analysis of the
background performed on the data from the '°4Sn experiment (EUROBALL phase)
are presented. The investigation started classifying the different type of hits registered
in the detectors according to different parameters provided by the cluster array (energy,
time, crystal and cluster multiplicity, position of the crystal). Each class of events has
been then characterized by means of the information provided by all the other detectors
available in the setup. Afterwords, an evaluation of the impact of the background

events in the observation of the transition of interest has been performed. Data from
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an AGATA experiment conducted in 2012 analyzing the signal traces have been also

used for a comparison of the observed effects with Euroball data.

To provide a clear understanding of the analysis described in the following sections,
it is important to define few terms, as well as some specifications of the setup. In
experiments with the PreSPEC setup, an event is considered to occur every time
a particle passes through the scintillator at the final focal plane and a ~y-ray (with
energy > 100 keV) is registered in at least one crystal. All the signals registered in
coincidence, within a fixed time interval, to this triggering signal are acquired by the
data-acquisition system and associated to the same event. Obviously, more then one
hit in the germanium detectors can be registered for each event. In the case of the
Euroball cluster array, each crystal can produce only one signal per event, even if it was
hit more then once. In the following, the number of crystals which provided a signal
within one cluster is called cluster multiplicity), while the number of crystals with a
hit among the full array is referred to as array multiplicity. The number of events that
have at least one time signal in the germanium detectors has been considered as the

total number of events.

5.1 Background analysis with Euroball data

Looking at the correlation of the time versus energy values of the hits recorded in the
Euroball Cluster array (see Fig. 5.1), it is possible to distinguish different groups of hits.
A large number of hits have very low (below 80 keV) or very high energy (above 6800
keV). Moreover, hits which are recorded with a time signal but no energy information (
missing energy hits, which have energy value equal to -1, the number used to initialize
the variable in the analysis code) have also been noticed to be often present. In order
to investigate the characteristics and the origin of the events producing these hits with
unusual energy values, a classification according to four time ranges and four energy
ranges (Tab. 5.1 and Tab. 5.2, respectively) has been employed. In the distribution of
the time signals of the germanium detectors, several peaks arise and the time ranges
have been chosen in relation to them, as shown in Fig. 5.2. The peak in the time range
B is the one generated by the prompt vy-rays produced by the interaction of the beam
in the target area, since they are related to the expected energy values. Moreover,
few hits have a time preceding the prompt ones (time range A) and a large number of
hits form two delayed peaks (time range C and D). The presence of hits with unusual
energy values in the different time ranges is shown in Tab. 5.3. It can be noticed that

the hits in overflow or which have very low energy values are concentrated mainly in
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the delayed time intervals (C and D). The missing energy hits, instead, are largely
present in all the time intervals and they are 99% of the hits in the time peak before

the prompt one (A).
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FicUre 5.1. Time versus energy values of the hits in a crystal of the Euroball

Cluster array (the time axis is reversed, i.e. the earliest events are on the right) and

the projections on the x (time) and y (energy) axis. The time ranges A, B, C and D
are defined in Tab. 5.1.
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TABLE 5.1. Classification of hits according to the time registered in the array. In
the third column, the occurrence of events with at least one of these hits is given in

percent with respect to the total number of events.

Range [ns] %
A > 760 40
B 700 - 760 | 79
C 645 - 700 | 60
D < 645 16

TABLE 5.2. Classification of hits according to the energy registered in the array. In
the third column, the occurrence of events with at least one of these hits is given in

percent with respect to the total number of events.

Range [keV] %
good energy 80 - 6800 81
low energy 0-80 22
overflow 6800 - 8000 | 34
missing energy -1 Y

TABLE 5.3. Percent of events with at least one hit within the specific energy range
and the different time intervals, among the total number of events with at least a hit

in the same time range.

Time range | overflow (%) | low energy (%) | missing energy (%)
A - - 99
B 2 2 32
C 30 18 41
D 39 18 42
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FIGURE 5.2. Crystal time spectra for the different energy ranges (from top to down:
good, low, overflow and missing energy values). The vertical lines show the boundaries

of the time ranges considered. The x axis is, as in the previous spectra, reversed.
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Part of the 7-rays in the time range C (first delayed peak), observed selecting good
energy values (80 - 6800 keV), have a time difference of ~ 40 ns, with respect to the
time range B (prompt peak) (see Fig. 5.3). This time interval has been calculated to
correspond to the sum of the time needed for the reaction products after the secondary
target to reach the LYCCA AE-E wall telescope plus the time required by the ~-rays
produced there to travel back to the Euroball detectors. These hits are therefore due to
radiation produced by the implantation of the ions of the beam in the LYCCA AE-E
wall telescope, similarly to what observed with the RISING setup [52]. Nevertheless,
these ~-rays represent only a small part of the hits registered in the time range C.
The origin of the rest of the hits in this time range has been therefore studied in more

details.
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FIGURE 5.3. Time spectrum of the crystals selecting the hits with energy values

between 80 and 6800 keV. The time axis is, as in the previous spectra, reversed.

In Fig. 5.4, the cluster multiplicity for the different time intervals is compared: while in
A and B the cluster multiplicity is mainly one, in C and in D the average multiplicity
is higher. In C, the distribution exhibits a peak at multiplicity one and at six, and
considerable contribution at intermediate values. The events with multiplicity six
present, most of the time, either hits in overflows, with no energy or with low energy.
Moreover, rarely different types of hits are mixed in the same event. In the time range
D, the cluster multiplicity is equal, in most of the cases, to one or two, even the average

values are relatively high.
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FIGURE 5.4. Cluster multiplicity for hits in time range A (black line), B (red line),
in C (green line) and in D (blue line), normalized at the values for multiplicity one.
No energy condition has been applied. It can be observed that in the first two cases,
the cluster multiplicity is mainly one. In the time range C, instead, in addition to
the peak at multiplicity one, a peak at multiplicity six is also present. In the time
range D, the cluster multiplicity is mainly one and two but higher multiplicities are

also present in a considerable amount.

It is noteworthy that cluster multiplicity seven is never occurring if any of the described
time ranges is selected. When the cluster multiplicity is six in the time range C, the
seventh crystals of the same cluster has been found to have always a hit in the time
range A and no energy information. For multiplicity six in time range D, the situation
is similar except that the seventh hit can be also in the time range B. It has been
therefore deduced that these hits with no energy information associated to them and
separated in time from the other six hits present in the same cluster correspond to
the interaction of high energy particles in the germanium detectors that saturate the
electronics of the crystal involved. It is indeed expected that the energy deposited in
the crystal is far above the range of the preamplifier in use, which, as a consequence,
does not provide any energy signal. Since the power of all the crystals in a cluster is
provided by the same cable, it is expected that the saturation of the electronics of a
crystal alters the voltages applied to all the other detectors in the same cluster. The
overflow or the very low energy can be therefore explained as badly shaped signals
in the crystals surrounding the saturated one that the DGF system is not able to

interpret. Furthermore, the relation between interaction time and signal generation is
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also expected to differ from the one for non-saturated signals. The time information
provided by the CFD modules in these cases are therefore not directly comparable with
the one for y-rays. As it has been estimated in this work that in more than 30% of the
total number of events at least one full cluster is involved, a more detailed investigation

has followed.

As described in Chapter 3, the 15 clusters of the Euroball array are arranged in three
rings (see also Fig. 5.5). Because of the Lorentz boost effect (see Sec. 3.3, the 7-rays
emitted by the beam are mainly concentrated in the inner ring. Nevertheless, the
background radiation beam-related is also expected to hit predominantly the crystals
closer to the beam line. The analysis of the distribution of the hits with respect to the
position of the crystal has revealed that hits in the time ranges A, B and C, are mostly
concentrated in the inner ring and less in the outer ones (see Fig. 5.6), confirming the

relation with the beam.

FIGURE 5.5. Scheme representing the arrangement of the 15 clusters of the Euroball
array. The crystals are numbered from 0 to 6, anticlockwise, and 6 is always the central
one. In this scheme, the number in the central crystal refers to the cluster number.
The crystals drawn in black are not considered due to bad or missing response of the

detectors.
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FIGURE 5.6. Hit pattern of the Euroball array when signals in time range C are
selected. The clusters with a higher numbers of counts (0, 1, 6, 7, 8) are the ones

forming the inner ring. The hit pattern for signals in time range A and B is similar.

Most of the hits in the time range D, instead, are manly distributed in the upper part

of the array: in cluster 6 and 7 of the inner ring and 2 and 11 of the outer ones (see

Fig. 5.7).
ZE;
D[l 1 2 3 4 5 6 7

Crystal number

Cluster number
Y
(=] N S

-3

3

B

FicUre 5.7. Hit pattern of the Euroball array when signals in time range D are
selected. The clusters with a higher numbers of counts (1, 6, 7, 11, 12) are in an

horizontal band in the upper part of the array (see scheme in Fig. 5.5).

The correlation between the position of the crystal which had a hit and the position
of the beam at the final focal plane has then been considered. In Fig. 5.8, the events
with a cluster saturated (array multiplicity equal to six in C) is compared to the case
of events with low multiplicity in the time range B. In the latter case, no correlation

has been seen between crystal and beam position. In the former case, a clean left-right
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correlation of the crystal and beam position is observed. This behavior confirms, once
more, that the particles responsible of the saturation come with the beam and have a
straight trajectory. For the events with hits in the time range D, a similar correlation

has not been observed.
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FIGURE 5.8. Position of the ions at the final focal plane of FRS from the TPC
detector (scale reversed) versus the cluster number of the inner ring which registered
a hit in coincidence. In the upper plot, the events with cluster multiplicity equal
to six in the first delayed time peak (C) are selected, while in the lower plot events
that produce low cluster multiplicity in the prompt time peak (B) are chosen. Only
in the first case, a correlation between the position of the beam and the hit in the

germanium detectors is noticeable.

The distribution of the energy loss in the MUSIC detector, which is related to the
charge of the ion passing through (as described in Sec. 3.1.3), has been observed not
to change significantly for the events that saturate the germanium detectors. This
result can be explained considering that the MUSIC was set up and calibrated to
detect medium-mass ions (Sn ions, in the case of the data used in this work). It is

therefore plausible that it does not produce a signal in coincidence of a high-energy
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light particle or that the signal generated is swamped by the bigger signal of the heavy
ion. Alternatively, it is possible that the light particles are produced downstream with
respect to the MUSIC, in the slits, plastic scintillators or in the target. Furthermore,
Fig. 5.9 shows that the distribution of the energy loss (AE) of the ions in the target
DSSSD, detected in coincidence with events with cluster multiplicity equal to six, is
similar to the ones associated to low multiplicity. In the case of high array multiplicity,
instead, the ions have a broad distribution of energy loss, which suggest their origin in
fragmentation reactions of the secondary beam. One can conclude that the events that
provoke saturation of the clusters are not related to the fragmentation of the beam
in the target. In contrast, after neglecting the saturated cluster, the rest of event is

relevant for further analysis.
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FIGURE 5.9. Energy loss (AE) in the target DSSSD selecting events with cluster

multiplicity one and two in the time range B (black line), equal to six in the time

range C (red line) and array multiplicity higher then six (blue line) in the time range
C. All the distributions have been normalized at AE = 1200 keV.

The relation between events with low AE (<1000 keV) or cluster multiplicity equal to
six and the number of counts in different ranges of the x position registered by the TPC
(see Fig. 5.10) have been also considered. The strong increase of number of counts in
the sides, as reported in Tab. 5.4, demonstrates that both type of events occur mainly

when the beam is not at the central position at the final focal plane.

67



Chapter 5. Analysis of the background observed with PreSPEC

— 100
£
80
= 60
> 60— -
40 50
20 —40
0 :
c - =30
200 i
-40 S —20
-60 AT
C o o 10
80— . .
= | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 0

_10_q—...|...|...|...|...|..

00 -80 -60 -40 -20 0 20 40 60 80 100

X [mm]

F1GURE 5.10. X position versus y position of the hit in the TPC at the final focal

plane. The area has been divided in three regions (a, b, ¢), in order to verify the

variation of the number of counts in the lateral region with respect to the center,

applying different analysis conditions. For this picture, the condition on energy loss
in the target DSSSD lower then 1000 keV has been applied.

TABLE 5.4. Fraction of counts on the sides (a and c¢) and on the center (b) at the
TPC at the final focal plane, when the different conditions listed are applied. It can
be notice that, when a signal is registered in both target and wall DSSSD, the hits
in the TPC are more concentrated in the center. Requiring cluster multiplicity six
in the time range C and/or low energy loss in target DSSSD, instead, the number of

counts on each side exceed the number of counts in the center.

Conditions a (%) | b(%) | c(%)
hit in target & wall DSSSD 28 49 23
cluster multiplicity = 6 34 36 30
AE < 1000 37 24 39
cluster multiplicity = 6 & AE < 1000 39 26 35

Finally, the profiles of the ~-ray energy spectra with different time and multiplicity
conditions have been examined. In Fig. 5.11 it can be observed that, when the hits in

the prompt time peak (B) with low multiplicity are selected, the background lines are
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almost suppressed (except for the 511 keV transition caused by the positron-electron
annihilation). In the case of high multiplicity in the first delayed time peak (C), instead,
the background transitions associated to interaction of neutrons with the germanium

or with the material surrounding the beam line (presented in Sec. 3.4) are pronounced.
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FIGURE 5.11. ~-ray energy spectra selecting the events with array multiplicity equal
to one or two in the time range B (red line) and the events with array multiplicity
higher then six in the time range C (blue line). In the first case, only the 511 keV
transition (the energy released by the positron-electron annihilation) is pronounced
above the smooth exponential background. In the second case, the 596 keV and the

834 keV neutron lines are clearly visible.

5.2 Information on the background events from AGATA

An overflow in the ~-ray energy spectra due to the saturation of the electronics is
visible also in the data recorded in PreSPEC-AGATA experiments (see Fig. 5.12).
The segmentation of the crystals and the advanced features of AGATA, introduced in
Par. 3.3.2, open new possibilities to study the background radiation observed with the
PreSPEC data. In Fig. 5.13 it is shown, as an example, two traces from the core signal
of an AGATA crystal. The trace with a standard shape (on the left) has an exponential
decay, while a very different shape (on the right) corresponds to a saturated signal. It

is therefore evident that the latter cannot be properly processed by the preamplifier, as
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it has been supposed in the case of the Euroball setup, and it can induce the presence

of overflows, missing energies or unusual energy values in the data.
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FIGURE 5.12. ~-ray energy spectrum of an AGATA crystal, from an experiment of
the PreSPEC fast-beam campaign. The broad peak at very high energies is caused
by the saturation of the preamplifier.

~

FiGUure 5.13. Core preamplifier signals of an AGATA crystal. The trace on the

left has the typical shape, with an exponential decay, while the trace on the right

saturates the range of the preamplifier. The energy range, in this case, was 22 MeV.

The distribution of signals in overflow in the AGATA crystals has been observed (see
Fig. 5.14) and compared with the distribution of regular hits (Fig. 5.15). In both cases,

as with the Euroball setup, the hits are concentrated at small angles and present a
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radial distribution. Nevertheless, the number of overflows decreases more rapidly,

moving to larger angles, then the standard hits.

FIGURE 5.14. Distribution of the overflows in AGATA, normalized to a central

crystal.

Fi1GURE 5.15. Distribution of the regular energy signals in AGATA, normalized to

a central crystal.

Moreover, in a previous study of the occurrence of the traces saturating an AGATA
crystal, it has been observed that all the segments through out the full depth of the

detector are saturated [82]. Hence, it has been concluded that the phenomena of
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saturation are compatible with the impact of protons at energy higher then 200 MeV.
Nevertheless, due to the availability of more parameters, a more complex analysis of
the AGATA data is required for a direct comparison of the evidences obtained from

the Euroball data presented in the previous sections.

5.3 Impact of the background for PreSPEC experiments

The adequacy of the standard analysis procedures has been evaluated in relation to
the characteristics of the background phenomena presented in the previous sections.
Since the unwanted hits provoked by the saturation of the electronics are mainly in
time ranges different then the prompt one, the application in the data analysis of a
narrow time gate, as performed for the extraction of the B(E2) value in %Sn (see
Sec. 4.2.6), could at first be considered sufficient to discard them all. Nevertheless, the
presence of bad hits in an event has been observed to entail a higher array multiplicity
also of the good ones in the same event. A higher multiplicity, in turn, can hamper
the application of commonly used analysis conditions: in the analysis of Coulomb
excitation experiments (see, for example, Ref. [42]), events with array multiplicity of
hits, with energy > 500 keV, equal to one are usually selected in order to reduce
contributions from other reactions. Fig. 5.16 shows the array multiplicity of hits in the
time range B with energy > 500 keV, in the case of cluster multiplicity equal to six in
the time range C and at least a hit with energy between 1000 keV and 3000 keV (the
energy range of the y-rays of interest). Instead of a peak at multiplicity one, as for the
general case presented in Fig. 5.4, the multiplicity is very often two or higher. In other
words, in coincidence with the hit of the high energy particles, a higher multiplicity
is present also in the time range considered for the analysis. For the °4Sn analysis,
indeed, this condition could not be applied for the final spectra since it was lowering

the statistics without improving the peak-to-background ratio.

The higher multiplicity, moreover, interferes with the application of the add-back pro-
cedure, the technique used to recover y-rays that underwent Compton scattering in one
cluster detector. Standard add-back algorithms, indeed, use the cluster multiplicity as
one of the parameters the select the hits in neighboring crystals. Two examples of hit
distribution in the Euroball array in the case of high multiplicity in the time range C,
in coincidence with high multiplicity in the time range B, are displayed in Fig. 5.17,
showing that the two types of signals can be in different region of the array (figure on

the left) as well as in the same cluster (figure on the right).
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FIGURE 5.16. Array multiplicity of hits with energy higher then 500 keV in the

prompt time range. A selection on the events with cluster multiplicity equal to six in

the time range C and with at least a hit with energy between 1000 keV and 3000 keV
in the time range B is applied.
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FIGURE 5.17. Examples of possible hit patterns in the Euroball array when multi-
plicity six in the time range C (pink crystals) occurs in coincidence with multiplicity
higher then one in the time range B (yellow crystals). The case of prompt hits well
separated from the saturated crystals is shown on the left. An example of an event

with the prompt hits in the vicinity of the saturated crystals is on the right.

The multiplicity pattern for hits in the good energy range, after they are processed by
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the add-back procedure, is shown in Fig. 5.18. In this plot (82 % of the total number
of events), the events with array multiplicity equal to one are only 35 %, which means
29 % with respect to the total number of events. Only one third of the available
data is therefore usefull for analysis purposes. If the energy range is then restricted
to 1000-3000 keV, where the Doppler shifted y-rays are expected to be, the number of
events with multiplicity one is only 22 % with respect to the total number of events
(see Fig. 5.19). Certainly this is only a rough estimation as the data analysis is usually
optimized by means of many other conditions in a order to maximize the extraction
of usefull data. Nevertheless, it provides indications that the structure of the data is

dominated in large part by useless hits.
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FIGURE 5.18.  Array multiplicity of all the hits in the good energy range after
add-back.
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FIGURE 5.19.  Array multiplicity of all the hits between 1000 - 3000 keV after
add-back.

Moreover, the frequent occurrence of events that blinds part of the array can cause
a severe reduction of the detection efficiency. In Tab. 5.5, the average presence, per
event, of the different type of hits in one crystal of the Euroball Cluster array, if at least
one hit with bad energy value occurred, is presented. The three rings are considered
separately as the intensity of the beam varies with the # angle due to the Lorentz
boost. In Tab. 5.6, the same numbers for events with only good hits in the array are
shown. From these results, it can be observed that the presence of bad hits reduces the
detection efficiencies of the middle and outer rings. The increased detection of good
hits in the inner ring, instead, can be related to the increased multiplicity observed in
Fig. 5.17, which is also a drawback, as already discussed, since it hinders the application

of standard conditions in the analysis.
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TABLE 5.5. Average presence of the different hit types in the three rings of the

Euroball array, per crystal and per event, when at least one bad hit is present (58 %

of the total number of events).

Energy range | inner ring (%) | middle ring (%) | outer ring (%)
low 2.1 0.3 0.2
high 4.6 0.4 0.5
missing 10.5 2.1 1.2
good 4 0.6 0.5

TABLE 5.6. Average presence of the hits with good energy values in the three rings
of the Euroball array, per crystal and per event, when no bad hits are present (42 %

of the total number of events).

Energy range middle ring (%) | outer ring (%)

good 3 1.3 14

inner ring (%)

Assuming that the background hits are dominating over the ~-rays of interest, the
former reduce the number of crystals available for the detection of the latter. A loss
in detection efficiency has been therefore calculated considering the array multiplicity
patterns. Since the probability of detecting one ~-ray in an array of N detectors with

efficiency €ging is [83]

€0 = N‘fsing s (5'1)

the probability of detecting one ~y-ray, when a given multiplicity N, of background

hits is present, can be expressed as

€red = €sing(N - Nmult) . (5'2)

Considering then the number of events (n,) for each multiplicity value (i= 1,2, ...,N"%%),

av

av.) results:

the average reduced efficiency (e
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= = T (53)

The efficiency of the full Euroball Cluster array and the efficiency scaled for the number

of crystals working properly during the experiment are reported in Tab. 5.7.

TABLE 5.7. Calculated efficiencies of the three rings (positioned at 700 mm distance
from the target) of the full Euroball Cluster array, for y-rays of energy equal to 1.3

MeV, and the efficiencies scaled considering only the available crystals.

Ring | efficiency full array [84] | efficiency with available crystals
inner 0.010 0.0092
middle 0.0091 0.0083
outer 0.0089 0.0084
total 0.0281 0.0258

Considering the array multiplicity in each ring for the events with at least a bad hit
(58 % of the total number of events) shown in Fig. 5.20, the average reduced efficiency,
for this part of the events, has been calculated as €*,=0.0216 (see Tab. 5.8). If for the
rest of the events (42 % of the total number of events) the total efficiency (0.0258 %)
is assumed, the average reduced efficiency for all the events is €7,=0.0234. The loss of
efficiency is therefore 9.5 %, with respect to the total efficiency. In Fig. 5.21, the array
multiplicity in each ring, as in the previous figure, considering events with only good

hits are presented.

TABLE 5.8. Reduced efficiency for the detection of one ~-ray in the three rings of
the Euroball cluster array when the number of crystals is decreased in relation to the

multiplicity of bad hits.

av
red

inner | 0.0068
middle | 0.0074
outer | 0.0073

Tot | 0,0216

Ring €
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FIGURE 5.20. Array multiplicity for the events with at least a bad hit (58 % of the
total number of events) (from top to bottom: for the inner, the middle and the outer

ring).
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Taking then into account that the hits in the photopeak of the nuclear reaction of
interest are only a negligible percentage of the total number of counts in the so called
(in this chapter) good energy range of the 7-ray spectrum, the good hits also can be
counted as background hits (produced in the processes described in Sec. 3.4) which
reduce the detection efficiency of the array. The array multiplicity for the three rings
considering both good and bad hits are shown in Fig. 5.22. The reduced efficiency
obtained considering these multiplicity values are reported in Tab. 5.9. From these
numbers, the total efficiency of 0.0258 is decreased to 0.0226, which corresponds to a
loss of 13% of the efficiency.

TABLE 5.9. Reduced efficiency for the detection of one v-ray in the three rings of
the Euroball cluster array when the number of crystals is decreased in relation to the

multiplicity of all the hits.

av
red

inner | 0.0075
middle | 0.0076
outer | 0.0075

Tot 0.0226

Ring €
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FIGURE 5.22. Array multiplicity of all the hits in the event (from top to bottom:

for the inner, the middle and the outer ring).
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5.4 Summary and conclusions

The signals produced in the germanium detectors of Euroball Cluster array by either
~-rays or high energy particles have been separated in four time ranges and four energy
ranges. Hence, from the analysis of the correlations between the hits in the germanium
detectors and the signals registered in other detectors in the same events, the following

components of the background have been distinguished:

1. atomic background and radiation from the interaction of the beam with the
surrounding material, as described in Sec. 3.4, with
e cnergy signals in the good range,
e time signals in range B (prompt, see Tab. 5.1),

e low cluster multiplicity;
2. ~-rays emitted by the ions implanted in the Lycca dE-E telescope, with

e cnergy signals in the good range,
e time signals in range C (first delayed peak),
e low cluster multiplicity;
3. high energy protons, produced in the final focal plane or in the target area,
mainly when the beam ions are off the central trajectory, with
e energy signals in overflow, in the low range or without energy signals
e time signals in range C and A (peak before the prompt),

e cluster multiplicity mainly one and six;
4. high-energy particles, whose origin could not be clarified, with

e energy signals in overflow, in the low range or without energy signals
e time signals in range D (second delayed peak), B and A,

e cluster multiplicity higher then one considerably present.

This last component of the background, at variance with all the other classes of events,
is characterized by a particular distribution of the hits in the upper part of the Euroball
Cluster array. However, with the information provided by the Euroball cluster array,

its nature could not be clearly established.

The impact of the background radiation has been estimated as:
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e ~ 9.5 % loss in efficiency, due to the interaction of high energy protons (p. 77),
e ~ 13 % loss in efficiency, considering all the background components (p. 80),
e ~ 78 % of data not usefull for the extraction of the aimed physics result (p. 74,

75).

However,the estimates of loss of efficiency represent only a minimum value, as only few
parameters are included. In particular, the dead-time of the DGF modules processing
the hits has also to be taken into account. This parameter is rate-dependent and it

can severely decrease the detection efficiency at high rates.
The conclusions of the analysis described in this chapter give support to the imple-
mentation of some devices in the future experimental setups at FAIR:

e an high energy threshold that prevent high energy particles to trigger the DAQ,

in order to reduce the dead time of the system,

e a fast-reset modules, to decrease the time needed by the front-end electronics to

recover from the saturation state,
e a shield between the identification and tracking detectors and the target area.
A detailed analysis of the background events with AGATA data will provide, through

the tracking of the incoming particles, a better understanding of the sources of all the

background events.
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Phys. Rev. Lett. 113, 132501, 2014
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