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Summary

The evolution of the nuclear shell structure for nuclei with large neutron to proton ratios
is an open problem in contemporary nuclear physics research. The study of the regions
around exotic doubly-magic nuclei plays an important role in the understanding of how
shell structure evolves, and provides key input for theoretical calculations, which can

be then used over larger areas of the nuclear chart.

The present PhD work is focused on the study of the nuclear structure in the region
around '32Sn (Z=50 and N=82), the heaviest doubly-magic nucleus away from stability
within reach at current experimental facilities.

The nucleus !32Sn itself is of importance for the description of the exotic nuclear
region around N = 82 and to provide insight into particle-hole couplings for both protons
and neutrons. The nuclei with a valence particle or hole around '32Sn are relevant
for investigating the single-particle states in the region, and the matrix elements of
the electromagnetic transitions interconnecting them. These observables are the main
ingredients in large-scale shell-model calculations performed to understand the nuclear
structure in the region. In addition, the study of nuclei with a few nucleons outside
doubly-magic closed shells provides information about nucleon-nucleon correlations, and
the onset of quadrupole collectivity close to magic numbers.

The region is also known to play an important role in the astrophysical rapid neutron
capture process (r-process), which impacts elemental abundances in the solar system.
The strength of shell closures away from stability influences the r-process path while
the [-decay rates determine the relative abundances between the different elements.
Moreover, beta-delayed neutron emission provides a delayed flux of neutrons once the
initial neutron flux and temperature is turned off in the stellar environment. All these

properties have an influence on the final abundance patterns.
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In this PhD thesis we have investigated the nuclear structure of the tin isotopes
131G, 132Gn, 133Sn and '34Sn, populated in the 8 decay of 31~13%In. Low-energy
beams of radioactive indium ions were produced at the ISOLDE facility, at CERN, in
the framework of a systematic 3-decay investigation of exotic Sn isotopes around 32Sn.

The measurements were performed at the ISOLDE Decay Station (IDS). The de-
tector set-up consisted of 4 HPGe clover detectors, with outstanding energy resolution,
aimed at v-ray spectroscopy. Three scintillator detectors with excellent timing proper-
ties were also coupled to the set-up, including two LaBrs(Ce) crystals, as y-ray detectors,
and a thin plastic scintillator for the detection of S-particles. The purpose of the latter
was the measurement of lifetimes of excited levels by means of fast-timing methods. A
complete set of programs has been written to perform the data analysis and derive the
lifetime information of the levels under study. Additionally, a new methodology has
been implemented to account and correct for the contributions of Compton background

in the fast-timing measurements.

The excited structure of 132Sn was studied in detail. It was populated both in the
B decay of 132In but also in the 3-n decay of the '339In (9/2%) ground state and the
133my (1/27) isomer, thanks to the isomer selection capabilities of the ISOLDE resonant
ionization laser ion source (RILIS). A total of 17 new levels and 68 new 7-transitions
have been added in the level-scheme of 132Sn. A complete fast-timing investigation
of the excited levels in '32Sn has been performed, confirming and extending previous
results. An interpretation of the level structure is provided in terms of particle-hole
configurations arising from core breaking states both from the N = 82 and Z = 50

shells across the gap.

The '31Sn isotope has one neutron less than the ¥2Sn core. Low-lying single-hole
configurations, and high-lying core-breaking states coexist in it. The excited levels in
131G were populated in the S-decay of the three 3!In 3-decaying states, 13'9In (9/2%),
13Imlfy (1/27) and 13'™2In (21/27). The use of RILIS made it possible to disentangle
the decay schemes, since it was able to independently ionize !™!'In and '3'9In. The
level-scheme of '31Sn has been notably expanded in the work of this thesis, with the ad-
dition of 28 new ~-lines and 22 new excited levels. Thanks to the isomer selectivity, the
direct f-feeding contributions from each '3'In S-decaying state was determined sepa-

rately. The analysis led to an important revision of the logft values for the Gamow-Teller



and first forbidden transitions between single-hole states in the 3'In—'31Sn B-decay,
solving the discrepancy observed in previous studies. On the other hand, a large num-
ber of states located more than 2 MeV above the neutron separation energy that decay
via v-ray emission were observed. Our study indicates a strong correlation between
the ~-ray competition and the existence of lower lying levels with similar spin in °Sn.
The a short half-life of 18(4) ps was measured for the single-hole 332-keV (1/2%) state,
confirming the enhanced [-forbidden M1 character for the 332 keV v3s1/5 — v3ds/s
transition. Additionally, half-lives below the ns range for the high-spin levels populated

in 13121 decay have been measured for the first time.

Regarding the '33Sn and '3%Sn tin isotopes, we have focused our study on the life-
times of their excited levels. In 133Sn a half-life of 25(12) ps was measured for the
854-keV vp3 /9 single particle state. This short half-life is in agreement with previous
measurements, and also with the expected B(E2) transition rate for the single-particle
vpsja — Vf7/o transition. On the other hand, the half-lives of all three states in 134Gy
arising from the v f72/2 configuration have been measured. The result for the 2% state
confirms the B(E2) rate previously measured by Coulomb excitation. For the 47 state
we performed the first experimental measurement, yielding a half-life of 1.18(4) ns. A
half-life of 81.7(12) ns was derived for the 6 level, with higher precision than previous
measurements. In general the B(E2) reduced transition probabilities are systematically
lower than those measured for similar two nucleons systems in the ¥2Sn and 2°*Pb
regions. The available theoretical calculations do not fully reproduce the results, and

in particular underestimate the B(E2; 47 —27) transition rate.

As a result from our investigation the half-lives for the indium [S-decaying states
have also been measured. In this PhD thesis, we report new or more precise values for
the half-lives of the '3?In g.s. and for the three 3-decaying states of *!'In. The S-delayed
neutron emission probabilities have also been deduced from the gamma intensities. In-
dependent P,, values for the three 3!'In 3-decaying states have been derived, separately
for the first time in this work, yielding P, ['319In]=2.4(6)%, P,['319In]=1.2(6)% and
P, [131™2In]=8.9(8)%. In the B-decay of !3%In a value of P,,=12(2)% has been obtained.
For the decay of 1339In, P,,—90(3)% is obtained, while for '*3™In, a P,,—93(3)% has been

measured. These results need further confirmation by direct neutron measurements.
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In conclusion, the results obtained in this PhD thesis provide a huge amount of
new experimental information on the structure of Sn isotopes around the double Z=50,
N=82 shell closure. The structure of 13'Sn, 132Sn, 33Sn and !3*Sn has been investi-
gated. Results regarding the decay of ¥?In and !*3In were summarized in two articles,

published in Physical Review C.
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Resumen

La evolucién de la estructura de capas en nicleos exéticos con exceso de neutrones es
un tema de investigacién de actualidad en fisica nuclear. El estudio de ntcleos situados
en las regiones alrededor de los niicleos doblemente mégicos resulta de vital importancia
para comprender la evolucién de la estructura de capas a medida que nos alejamos del
valle de estabilidad. Es ademaéas importante para poder realizar calculos tedricos que

puedan extenderse a regiones amplias e inexploradas de la tabla de ntucleos.

Esta tesis doctoral se centra en el estudio de la region alrededor de '32Sn (Z=50 y
N=82), el nucleo exdtico doblemente magico més pesado al alcance de las instalaciones
experimentales actuales. El propio nticleo '32Sn es de gran importancia para entender la
estructura nuclear alrededor de N= 82. Sus estados excitados proporcionan informacion
acerca de las posibles excitaciones, tanto de neutrones como por protones, del core, que
surgen del acoplamiento entre una particula y un hueco. Los ntcleos con una particula
de valencia (o hueco) alrededor de '32Sn son relevantes para investigar los estados de
particula independiente asi como las probabilidades reducidas de transicién entre ellos.
Estos nticleos proporcionan observables que son los ingredientes fundamentales en cél-
culos de modelo de capas a gran escala, que son de gran utilidad para comprender la
estructura nuclear de los nicleos en la regién, y otros todavia mas exdticos. Los nu-
cleos con unos pocos nucleones (o huecos) acoplados a un doblemente magico proveen
informacioén directa sobre correlaciones nucleén-nucleén y sobre la aparicién de efectos
cuadrupolares colectivos en el entorno de los niimeros magicos.

Esta regiéon posee también importancia en el ambito de la astrofisica nuclear. Esto
se debe a su papel en el proceso astrofisico de captura rapida de neutrones (proceso r),
el cual influye notablemente en las abundancias de los distintos elementos en el sistema

solar. La robustez de los cierres de capas lejos de la estabilidad repercute en el recor-
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rido del proceso r, mientras que las vidas medias de desintegraciéon 5 determinan las
abundancias relativas entre los diferentes elementos. Ademas la desintegracion S con
emision retardada de neutrones es responsable del flujo de neutrones una vez que el
flujo de neutrones inicial y la temperatura se desactivan en el entorno estelar, por lo

que influyen en los patrones de abundancia finales.

En este trabajo de tesis se ha estudiado experimentalmente la estructura nuclear de
los is6topos de estafio 31Sn, 132Sn, 133Sn y 134Sn poblados en la desintegracion 3 de
is6topos de indio. El experimento se realizo en las instalaciénes de ISOLDE en el CERN,
que proporciond los haces de iones radiactivos de indio a baja energia. Este experimento
se llevo a cabo en el contexto de una investigacion global de is6topos exoticos de Sn
alrededor del ¥2Sn.

Las medidas experimentales se llevaron a cabo en la IDS, la estacién de desinte-
gracion de ISOLDE. Entre los detectores de radiacién empleados en el experimento se
incluian 4 detectores cuadruples de HPGe para espectroscopia v de alta resolucién. El
sistema experimental incorporaba también dos detectores v basados en cristales cen-
telladores de LaBr3(Ce) y un pléstico centellador delgado como detector 3. Los tres
detectores de centelleo se caracterizaban por su excelente respuesta temporal, con el
objetivo de realizar medidas de vidas medias de estados excitados nucleares por medio
de la técnica de coincidencias ultrarrapidas. En el transcurso de esta tesis se han desar-
rollado una serie de herramientas y programas con el objeto de llevar a cabo el analisis
de datos. Ademaés, se ha implementado una nueva metodologia para estimar y corregir

la contribucién de fondo Compton a las medidas de tiempos.

La estructura del 32Sn se ha estudiado en detalle. Sus estados excitados se poblaron
tanto en la desintegracion B de 132In como en la desintegracion B-n del 33In. El uso
de RILIS permiti6 separar la desintegracion beta del estado fundamental (9/27) de la
del isémero (1/27) del 3In. En el esquema de niveles del *2Sn se han afiadido un
total de 17 niveles y 68 nuevas transiciones y. También se ha realizado una investigacion
completa de las vidas medias de los niveles excitados del 132Sn, confirmando y ampliando
los resultados anteriores. Se ha interpretado la estructura del nicleo en funcién de
configuraciones particula hueco que surgen de la ruptura de las capas cerradas tanto de

la N = 82 de los neutrones como de la Z = 50 de los protones.
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El is6topo '31Sn tiene un neutrén menos que el nicleo 132Sn, lo que da lugar a con-
figuraciones de particula independiente con un solo hueco en N = 82, junto a estados a
més alta energia que provienen de la ruptura del core. En este trabajo los niveles exci-
tados en '®1Sn se poblaron en la desintegracion 3 de tres estados diferentes del 1Sn,
el estado fundamental 319In (9/2%), y los isémeros 131™1n (1/27) y 131m21y (21/27T).
El uso de RILIS nos ha permitido desenmaranar los esquemas de desintegracién, ya que
fue posible la ionizacion independiente de 31™1In y 13191n gracias a RILIS. El esquema
de niveles de '¥1Sn se ha ampliado notablemente en esta tesis afiadiendo 28 transiciones
~v v 22 nuevos niveles excitados. Con la seleccion isomérica fue posible identificar la
alimentaciéon 8 desde cada uno de los estados. Nuestro anélisis supone una importante
revision de los valores logft de las transiciones Gamow-Teller y primeras prohibidas
entre los estados de particula independiente en la desintegracion 8 ¥'In — 31Sn, re-
solviendo asi las inconsistencias de estudios previos. Por otro lado se ha observado un
gran nimero de estados ubicados més de 2 MeV por encima de la energia de separacion
de neutrones que se desintegran por emisiéon de radiacién electromagnética. Nuestro
estudio indica que existe una fuerte correlacion entre la emision de rayos v desde estos
estados no ligados para emisién de neutrones y la existencia de niveles de mas baja en-
ergia en '39Sn con valores similares de espin. Para el estado de particula independiente
(1/2%) a 332 keV (hueco de neutrones) se midi6 una vida media muy corta de 18(4),
confirmando el caracter de transicion M1 prohibida en [ para la transicion v3sy/; —
v3ds /o de 332 keV. Ademés se han medido por primera vez vidas medias por debajo del

rango de ns para los niveles de alto espin poblados en la desintegracion del 13172,

En cuanto a los is6topos 23Sn y 134Sn, esta tesis se centra en el estudio de las vidas
de sus estados excitados. En el !33Sn se ha medido una vida media de 25(12) ps para
el estado de particula independiente vpz/, de 854 keV. Esta corta vida media esté de
acuerdo con las medidas publicadas asi como con la probabilidad reducida de transicién
B(E2) esperada para la transicion vps/e — vf7/o entre estados con un sélo neutron

desapareado.

Por otro lado, se han medido las vidas medias de los tres estados de la configuracion
v f72 /o €n el 134Sn. El resultado para el estado 2% confirma la probabilidad reducida de
transicion B(E2) medida previamente por excitacion coulombiana. Para el estado 4

hemos realizado la primera medida experimental del periodo de semidesintegracion, que
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da como resultado 1.18(4) ns. También se ha obtenido un valor de 81.7(12) ns para
el nivel 67, de mayor precisién que anteriores medidas. En general las probabilidades
reducidas de transicion B(E2) son sisteméaticamente menores que las que se han medido
para sistemas de dos nucleones similares en las regiones del '32Sn y el 2°8Pb. Los
calculos tedricos disponibles no reproducen plenamente los resultados y, en particular,

subestiman la probabilidad transicion de B(E2; 4T —2%).

Es también de senalar que en esta tesis se han medido las vidas medias de los
estados de is6topos de indio que sufren desintegraciéon 3, con valores méas precisos o
nuevos de las vidas medias del estado fundamental del 32In y de los tres estados '3'In.
Por otra parte, también se ha estimado la probabilidad de emisién de neutrones a
partir de las intensidades . Se han encontrado valores P, para los tres estados que
sufren desintegracién 8 del !In, por primera vez de manera separada, resultando en
P, [1391In]=2.4(6)%, P,[39In]=1.2(6)% y P,[**1™2In]=8.9(8)%. En la desintegracién
B del 32In se ha obtenido un valor P,—12(2)%. En el caso del '*39In el resultado
es P,=90(3)% mientras que para el isomero 33™In se ha medido P,=93(3)%. Estos
resultados tendran que ser confirmados con medidas directas con espectroscopia de

neutrones.

En conclusion, los resultados obtenidos en esta tesis proporcionan informacion nueva
sobre la estructura de los isdtopos de Sn en torno al doble cierre de capas Z=50y N=82.
Se ha investigado la estructura nuclear del ®'Sn, 132Sn, 133Sn y 134Sn. Los resultados
sobre la desintegracion de 32In e 33In fueron recogidos en dos articulos que ya han

sido publicados en Physical Review C.
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Introduction

More than a century after its discovery by Rutherford [Rutll] the atomic nucleus re-
mains one of most remarkable and challenging physical systems. It provides a unique
playground for the competition of three of the interactions of Nature, the electromag-
netic, the weak and the strong force. A wide range of quantum phenomena related to
single particle and to many-body behaviour compete in the nucleus, leading to pairing
effects, collective excitations, deformation, particle emission and other features.

The interaction between the nucleons, the fermions that constitute the nucleus, and
its impact on nuclear properties still remains a challenge. In particular the evolution of
nuclear structure far off the valley of stability, and its link to the fundamental nucleon-
nucleon interaction, is one of the fundamental questions in nuclear physics.

Not long after the discovery of the atomic nucleus, a shell structure, mirroring
the one established for atomic electrons, was proposed for the nucleus. Based on the
isotonic nuclear abundances and on nuclear binding energies, K. Guggenheimer [Gug34a),
Gug34b] and W. Elsasser [Els33| [Els34a) [Els34b], respectively, realised that protons
and neutrons organize themselves in such a way that there is extra binding energy
for nuclei with fixed numbers of protons or neutrons, the so-called magic numbers.
Although Elsasser tried to formulate an single-particle model where each nucleon moves
independently from the rest in a global potential, the correct explanation of the magic
numbers did not succeed until the shell model was proposed in 1949 by Goeppert Mayer
[May49] and Haxel, Jensen and Suess [HJS49]. The key ingredient to reproduce the
known 2, 8, 20, 28, 50, 82, 126 magic numbers, arising from the shell gaps, was the

addition of a spin-orbit term in the potential.
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In spite of the success of the shell-model it is now recognized that the magic numbers
are not universal, and that far from the valley of stability the known magic numbers
disappear and new ones take over. One of the present challenges in modern nuclear-
structure studies is the understanding of the evolution of the shell structure for large
neutron over proton ratios. The regions around exotic doubly-magic nuclei, with closed
neutron and proton shells, play here an important role.

Many efforts are being devoted worldwide to experimental and theoretical research
in the regions around the doubly magic “®Ni, 1998n, 132Sn and 2°8Pb. Experimental
progress has been prominent in some of these areas of the nuclear chart, thanks to
the advances of radioactive beam facilities and complementary techniques, which in-
clude high-energy and low-energy reactions, mass measurements, hyperfine interactions
methods, and beta-decay spectroscopy, to name a few.

The present PhD thesis concentrates on the region around the doubly-magic nucleus
132G (Z=50 and N=82), the heaviest doubly-magic nucleus away from stability within
reach at current experimental facilities. The nuclides of interest were populated in the
B decay of In isotopes, ranging from 3!In to 13°In.

The structure of 1329n is in itself important to describe the exotic nuclear region
around N = 82 and to provide insight into particle-hole couplings for both protons and
neutrons. Nuclei with a valence particle or hole around it, such as '3'Sn and 3Sn,
are relevant for the investigation single-particle states and electromagnetic transitions
between them. These observables are the main ingredients in large-scale shell-model
calculations performed to understand the nuclear structure in the region. The study
of nuclei with a few nucleons outside doubly-magic closed shells, as for example 34Sn,
provides direct information about the nucleon-nucleon correlations and the onset of

quadrupole collectivity in the vicinity of closed shells.

1.1 The nuclear shell model

The shell-model is one of the cornerstones of nuclear structure, since it provides a way
to deal with the many-body problem. In terms of a many-body interaction W, that in
first instance can be assumed to be only 2-body —and thus is written W (i, j)— a nuclear

system with A fermions is described by the Schrédinger equation
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A

B2 A
Hipy = z;mAiJrZW(i,j) Va4 = Ea (1.1)
1= 1<

Higher order terms can be included in W (i, j), in fact the three-body term is thought
to play a major role in nuclear structure far from the valley of stability.

The central hypothesis of the nuclear shell model is the idea that the whole of the
nucleons create a mean field in which each nucleon moves independently, and therefore
the interaction can be described by a one-body potential that we can represent as U (7).

This leads to the expression

A 12 A
Ha = |3 (54 V) + S 0VG.3) ~ UG | va = [Ho + Viva = B
i=1 i<j

(1.2)
where the Hamiltonian now contains a one-body term Hy and a residual interaction
V. In the extreme single-particle shell model, the residual interaction is neglected,
whereas as soon as we depart from stability the (two-body) residual interaction plays
a prominent role. Based on the saturation and short-range properties of the nuclear
force it is customary to use a Woods-Saxon or harmonic oscillator potential for U (7).
Figure[I.]]illustrates the orbitals built using the single-particle Hamiltonian Hy with the
harmonic oscillator potential (left), a Woods-Saxon potential (centre), and a Woods-
Saxon potential plus a spin-orbit term (right). Only the latter is able to reproduce the
known shell gaps leading to the nuclear magic numbers close to stability.

The independent particle approximation is limited to the vicinity of closed shells
and the two-body interaction takes over once we move away from them. As discussed
above, the magic numbers are known not to persist far from stability since the nuclear
force introduces strong rearrangements of the nucleons.

When dealing with shell-model calculations of nuclei some knowledge of the nucleon-
nucleon interaction is required. Since it is not feasible to deal with the full many-
body problem, a truncated space containing an inert core and several valence orbitals
for neutrons and protons is typically used. Starting from the free nucleon-nucleon
interaction an effective interaction is derived using perturbation theory, and including
the known (quasi-)symmetries and the exclusion principle. This procedure fails to

reproduce saturation properties of nuclei and spin-orbit magic numbers [May48]. The
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Figure 1.1: Single-particle shell model. (Left) Energy levels calculated using the
Wood-Saxon Potential. (Right) Energy levels after including the spin-orbit term. This
figure was taken from [Kra88]

restriction of the interaction to a two-body term is most likely at the origin of this
problem and the addition of a three-body term has been proposed to better agree with
experimental data [FM57].

A way to overcome the deficiency of the two-body effective interaction is to de-
compose the nuclear Hamiltonian in multipole terms. The monopole part represents
the spherical mean field, and gives rise to the single particle energies and the global
saturation properties. Moreover, it can be adjusted to experimental data to solve the
shortcomings of the two-body force. In the case of a two-body interaction, the monopole
component of the residual interaction V' can be written as an average of the interaction
over all possible magnetic substates of two nucleons in the orbits defined for angular

momentum j and j’, as follows:

o @I+ ) GFV 1),
Jji’ =

S 27 1) (1.3)
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with J the total angular momentum of the 2-body state (which can span all the allowed
values). The above expression can be defined for two equal nucleons, neutrons (n) or
protons (p), and for neutron-proton (np) pairs, leading to three potential components
in the monopole Hamiltonian. Defining as € and €] the single-particle energies for
neutrons and protons in a state 7 or j, respectively, and using the number operators
N X to count the number of particles, the monopole Hamiltonian can be written in the

followmg way:
Hopon = Z e/ N/ + Z NT + > VNN +

Z VW : 4_/5— 5@'@'/) Z V]TN (1]\::5 djj') (1.4)
i<d! i J<s’ Z
In case many-body interactions need to be considered, then higher order terms in N/,
NT have to be added.

The multipole decomposition provides the procedure within the shell-model frame-
work to account for the effect on a given nucleon in an orbital by the rest of the nucleons.
The effective single-particle energy (ESPE), defined as the opposite of the nucleon sep-
aration energy for the given orbital, depends linearly on the occupation number and

takes account of the energy shift due to the interaction. This can be written as

X = +ZZV’<X (1.5)

where e}C (A) refers to the single-particle energy of a given core with A nucleons and the
sum indexes run over all valence orbitals above that core. The difference g — ei-‘(A)
is usually defined as the monopole drift, and characterizes shell evolution in exotic
regions of the nuclear chart. It can be sufficiently strong to drive the disappearance
of the know magic numbers and the emergence of new ones. In the context of this
thesis, the ESPEs of the single neutron-hole states and single neutron-particle states
are particularly relevant for 'Sn and !33Sn, respectively.

The monopole part of the nuclear interaction can be decomposed in central, spin-
orbit and tensor components. It is not straight-forward to identify the contribution of
each of them to the shell evolution in exotic nuclear structure, but it seems that the

central part of the interaction is driving the overall behaviour of the ESPEs, while the

tensor part is affecting the splitting of ESPEs between spin-orbit partners |[OSFT05],
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because it acts with opposite sign for spin-orbit partners. This impacts especially the
shell gaps that are defined by spin-orbit orbit partners, such as the Z=50 and N=82
ones, relevant for the ¥2Sn region.

Finally, it should be mentioned that the multipole component of the Hamiltonian
takes into account all the correlations between the valence nucleons. These include the
important pairing interaction and quadrupole collective effects. Thus, the multipole is
responsible for particle-hole excitations across shell gaps, which is important for the
structure of '32Sn. The depletion of a shell gap due to monopole drifts can make
multipole effects dominant if the correlation energy is sufficiently low. In some regions
of the nuclear chart intruder deformed configurations at low energy take over in the
ground state. The competition between the monopole component, which pushes the
nucleus to be spherical, and the multipole component, which drives it into a deformed
shape is a common feature in nuclear structure far off stability and its disentanglement

is not an easy task.

1.2 Shell structure in the '3?Sn region

As discussed above, the areas of the nuclear chart around doubly-magic nuclei with
extreme neutron to proton ratios play a relevant role in the understanding of nuclear
structure of exotic nuclei. In these areas the nucleon-nucleon interaction can be investi-
gated, and then used to improve models in order to describe nuclear properties far from
the valley of stability.

The heaviest doubly-magic nucleus away from stability that can be reached at
present experimentally is '32Sn, with Z—=50 and N—82, see Figure . In the con-
text of the shell model, the spin-orbit force drives the proton mgg/, orbital from the
4hw harmonic oscillator shell down towards the 3w shell, and creates the Z = 50 shell
gap. The situations is similar for the neutrons, with the spin-orbit splitting makes the
N = 82 magic number by pushing the vhy; /5 orbital down to the 4hw shell. No evidence
has been found of the disappearance of the Z = 50 and N = 82 shell closures, although
the quenching of the N —82 shell below '32Sn has been discussed to explain the r-process
A~130 peak (see below). Collective effects have also been discussed for neutron-rich Sn

isotopes with just a few nucleons above 1329n.
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Figure 1.2: Region of nuclei around the doubly magic '32Sn.

Neutron single-particle states in the region can be understood by investigating the
structure of 133Sn, while single-hole states are relevant for ESPEs in 3'Sn. The reduced
probabilities for the electromagnetic transitions between them also provide important
information on the structure. Particle-hole couplings for both protons and neutrons
across the Z = 50 and N = 82 shell gaps can be obtained from the spectroscopic
investigation of 132Sn itself.

The single-particle states in the region are represented in Figure following the
procedure described in and and employing binding energies from
[WAKF17] and the excitation spectra from 31Sn, 1338n, 133Sh and '3'In.

The information on the single-proton states above Z = 50, the 7 g7 /9, d5/2, d3/2, 81,2
and hyy /o orbits, is obtained from the known experimental information on excited states
in 133Sb. Above the g7/2 ground state, the ds/ and hyy o single-particle states have
been known for long [BHRT3, [SLK*78| from the energies of 962 keV and 2791 keV of
excited sates populated in the 8 decay of 133Sn. The 7ds /2 single-proton state has been
later identified at 2440 keV in another S-decay study [SVFM¥98|. The single-particle
7Sy state remains experimentally unidentified. In [ACCT97] it is fixed to 2800 keV
to reproduce the experimental 2150-keV energy of the 1/2% state in 37Cs, which has a
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Figure 1.3: Experimental single-particle and single-hole energies for neutrons
(v) and protons (7) in the doubly-magic nucleus '32Sn. Following [GLMP0T7] the
energy origin is set in the center of the shell gap (Ar) in order to remove Coulomb energy
differences AE¢. Binding energies are taken from [WAK™17|. The absolute single-particle

energies are given in MeV.

dominant single-particle nature.

The single-hole proton states can be obtained from the structure of 3!In. All the
relevant single-proton hole states have been experimentally established, relative to the
Tgg/2, With the 7p; /5 state initially located at 363(37) keV [FZS88] (recently confirmed
at 365(8) keV |[T.JGT16]), and the pg/, at 1353 keV [TJG™14]. More recently the 7 f5 o
proton-hole orbital has been found at 2910(50) keV |[V.JAT20).

The single-particle orbits above the N = 82 shell gap have been taken from low-
lying states in 133Sn: the vf7/2 ground state and the vpsjp, vpi/a, vhys and vfs5/)
states at 854, 1367, 1561 and 2005 keV excitation energy [HBHT96, HBH™' 00, [JAB™ 10!
JNAT11, IASB™14, [VIDT17]. The purity of the identified single-neutron states was
demonstrated by the large spectroscopic factors measured in *2Sn(d,p)'33Sn neutron
transfer [JABT10]. Some of the single-particle levels have been investigated in the

context of the experiment which is the basis of this PhD [PKEFT19|. The only single-
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particle state that has not been experimentally identified to date is the viy3/; one.
Although a tentative assignment at 2792 keV was made in [ASBT14], it is not sufficiently
firm, and the proposed energy of 2669(70) keV m is based on systematics and

excitation energies of neighbouring nuclei.

Figure 1.4: Proton and neutron configurations in nuclei around *?Sn. We
address 3'Sn, '¥2Sn, ¥3Sn and '3*Sn in this work.

Regarding the one-neutron hole nucleus '3'Sn, the v dj /25 8172, ds /2 and gr/9 states

have been populated in the S-decay of '3'In [DGHS0, FB84, [FGM™04al, [DSAT19],
248Cm fission [BDZT01], ¥°Sn(d,p)'®'Sn direct neutron transfer reactions [KAAT12],

and '328n(d,t)'3'Sn neutron pick-up reactions [OPAT18|. Their energies have been pre-
cisely determined by v spectroscopy to be 333 keV (sy/3), 1655 keV (d5/2) and 2433 keV
(g7/2) with respect to the d3/, ground state. The position of the vhy/, state was
suggested at 65 keV [FGM¥04al, but has never been confirmed by ~ coincidences.

These single particle states are the main ingredients for the description of neutron-

rich nuclei around '32Sn, and specifically those investigated in this PhD Thesis. The
coupling of valence nucleons (or holes) to the doubly-magic core accounts for the low-
lying states in nuclei surrounding '32Sn, see Figure In addition, excitations from
the N = 82 and Z = 50 doubly-magic core are observed. In particular, the excited
levels in '32Sn can only be built at very high-energies as core-breaking states, leading

to particle-hole (p-h) configurations where a proton or a neutron is promoted across the
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shell gap. In the surrounding nuclei, such as the tin isotopes 3!'Sn and '33Sn, high-
energy core-excitations built of valence nucleons coupled to the core-excited levels in
the 132Sn core are expected. In the case of 13Sn, the coupling of two neutrons to the

core leads to a rich variety of states.

1.2.1 Theoretical calculations in the !32Sn region

Nuclei near the doubly-magic '3?Sn has triggered a considerable amount of theoretical ef-
forts to understand nuclear structure in this exotic region. Shell model calculations have
proven to be successful in the interpretation of the experimental information obtained
about excited levels in these nuclei. The single-particle energies described above are one
of the basic ingredients in shell model calculations. As already mentioned, the excited
levels in the Sn nuclei around '3?Sn, can be grouped in two kinds: valence-nucleon
excitations and core-breaking configurations. For each kind, different interactions have
proven to be better suited for the theoretical description.

A microscopic approach dealing with valence-nucleon excitations is described in
[CCGT09], where a realistic effective interaction derived from the CD-Bonn nucleon-
nucleon charge-dependent potential is used. The interaction was derived by fitting the
proton-proton and proton-neutron data below 350 MeV that were available worldwide in
2000. This type of interactions have proven to be very successful to reproduce the low-
energy states and the coupling of particles to the closed 132Sn core. Several applications
in the region [CCGI13al, [CCGI13b| successfully describe the evolution of single-neutron
and single-proton states outside the doubly-magic 132Sn when nucleons, or pairs of
nucleons, are added. Transition strengths pose a challenge to the description or nuclear
states and are able to test details of the wave functions in this calculations. Reduced
transition probabilities between single particle states will be discussed in this thesis for
1318, 13380 and 34Sn.

On the other hand, the description of core-excited configurations within the shell
model presents some challenges mainly arising from the computational power required,
which makes that the configuration space needs to be truncated to make calculations
viable [UKK™00, FBD"01,ZBD"96]. An example of this approach is given in [GCGT09|
where calculations for core-excited states in 32Sn and also '32In are presented. In this
case the orbitals mgg /o, Tp1/2, Tg7/2 and mds/y, both above and below the Z = 50
gap are included for protons (see Figure while the vsy o, vdga, vhi1/2, and v f7/9,

10
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vgr/2 neutron orbitals are employed for neutrons, thus allowing for excitations across
N = 82. For the neutrons, though, only one-particle one-hole excitations are allowed.
An empirical nucleon-nucleon interaction is employed by scaling the two-body matrix
elements from the 2°8Pb in order to reproduce the positions of the known multiplets
in 1328n (see Chapter [5). The model was extended in Ref. [TJG¥16] to include the
missing 7dy /o orbital, and the ds/, g7/2 and p3/o neutron orbitals. These orbitals are
of importance for the description of core-excited states both in #!Sn and !32Sn, as will
be discussed later in this thesis. Further information is achieved by the measurement
of reduced transition strengths.

Another approach, used with the aim of reproducing both valence-nucleon excita-
tions and core-breaking states, consists in calculations employing an extended pairing-
plus-quadrupole model with the addition of monopole corrections (EPQQM) [JHT 11,
WSJT13|. This technique uses a schematic spatial interaction in a multipole expan-
sion, where the two-body matrix elements are calculated numerically, and it is rather
successful in the region. A larger model space can be used, with the proton f5/2, p3/2,
P1/2: 992, gr/2 and dsz, and neutron gr/o, ds/a, S1/2, 112, d3j2, f7/2 and p3/p orbits
included above the "®Ni core. The model is able to reproduce the energy spectra of

nuclei both above and below 132Sn.

1.3 The astrophysical r-process

Nuclei in the 132Sn region are also known to play an important role in the astrophysical
rapid neutron capture process (r-process), which impacts elemental abundances in the
solar system. The production of heavy elements (A > 60) is mostly driven by neutron
capture processes, which take place in stellar scenarios where the isotopes are immersed
within a dense neutron flux. The elements beyond °°Fe are produced by a successive
chain of neutron capture reactions and 8 decays. Depending on the strength of the
neutron flux, we can distinguish between two different types of scenarios: the slow
s-process and the rapid r-process.

The s-process occurs in scenarios with a weak neutron flux and is the responsible
for the production of about half of the heavy elements. The seed neutrons are mainly
produced by 3C(a,n) and ??Ne(a,n) reactions taking place during the stellar phases

of carbon and helium burning. The time scale required for a nucleus to capture a
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Figure 1.5: Abundances of elements due to teh s-process and r-process. Image taken

from [GLMPOQ7].

neutron is relatively long, longer than the S-decay mean lives, and hence the produced
isotopes usually disintegrate by 8-decay before capturing another neutron. This is way
the s-process takes next to the valley of stability of the nuclear chart.

The second neutron capture process is the r-process, responsible for the abundances
of the other half of the heavy elements. It takes place in scenarios with high neutron
densities. Neutron capture reactions occur much faster than 3 decays. Isotopes are also
submerged in a high density vy-ray flux, so that the isotopes continue capturing neu-
trons until they achieve equilibrium with photo-disintegration reactions (n,y)=/(vy,n).
Neglecting the 8-decay contributions, such equilibrium can be described with Equation
[CTT91], where Y(Z, A) denotes the abundances of the respective éX isotopes,
(on)za and n, the neutron-capture cross-section and neutron flux respectively, and

Ay (Z, A +1) is the photodesintegration rate.

dY (Z, A)

S = M (Z A DY (2, A+1) — nalon) 2aY (Z, A+ 1) (1.6)

This equilibrium condition can be written as a function of the temperature 7" and
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1.3 The astrophysical r-process
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Figure 1.6: r-process path and solar r abundances. Most of the r-process path take
place in region of the nuclear chart where the information about masses and lifetimes are
very scarce. It can be noticed how the neutron magic numbers induce a halt in the neutron
capture processes, changing the course of the r-process path. Figure taken from [GLMP07]

the neutron separation energies S,, of the involved isotopes:

Y(Z,A+1) 202 \*? (A+1\*?G(Z,A+1) [Sn(Z,A+1)
Y(Z,A) ”(mukT) ( A ) 2G(Z, A) [ kT ] (L.7)
The nucleus with the maximum abundance for each isotope chain can be derived
from equation These nuclei are known as the waiting points, since the neutron
captures are halted at them, hence they need to wait until they 8 decay to resume
capturing neutrons. The r-process path is made up by the ensemble of waiting point
nuclei. A key parameter that determines the r-process path for a given set of n, and
T conditions is the neutron separation energy S,,. On the other hand, the S-decay
half-lives of the isotopes on the r-process path determine its dynamical time evolution.
In Figure it is depicted the r-process path of waiting point isotopes in the
Segré chart, along with the solar abundance of the elements produced by the r-process
[GLMPQT]. It can be noticed that the r-process path changes abruptly when neutron
magic numbers are reached. This is due to the small neutron separation energies for
nuclei with one extra neutron above neutron magic numbers, which induce a halt in

the neutron capture processes. To continue the path to higher neutron numbers, the
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isotopes previously need to undergo several 5 decays. Magic number nuclei are charac-
terized by longer half-lives than the rest and they play a key role determining the time
scale of the r-process. Moreover, these magic number nuclei regions become bottlenecks
where the matter is accumulated, which results in the peaks observed in the r-process
abundance distributions.

Experimental information on several nuclear properties is of paramount importance
in abundance calculations [MWS5]. Nuclear masses and neutron separation energies are
the most crucial, since thy constrain the boundaries of the r-process path, determining
the relative isotopic abundances. The [-decay rates, are the next most important
data, since they determine the relative abundances between different elements. Another
process that plays an relevant role is S-delayed neutron emission, which provides a
delayed flux of neutrons once the neutron flux and temperature is turned off in the
stellar environment [MWS5|, That is why they have an influence on the final abundance
patterns.

The abundance peak for A=130 has its origin in the N=82 shell closure. How the
shell gap evolves as we go deeper into the neutron-rich region has a big impact on mass
abundance distributions [PKT97], and the quenching of the N=82 shell below 32Sn
has been advocated. In addition recent sensitivity studies [SMA] conclude that the P,
values and S-decay rates for In and Sn isotopes on the neutron-rich side region of 132Sn
have a sizeable impact on final abundances. Beta-decay half-lives and neutron emission
probabilities have been measured in this thesis for the Sn isotopes under study.

Finally, it is also worth mentioning that the identification of the nucleosynthesis
site for neutron-rich nuclei around N = 82 has been recently reported [BKWMP16,
CBV 17|, associated to a kilonova [MMPD™10]. The robustness of the N = 82 neu-
tron shell is one of the important parameters that affects the modelling of r-process
nucleosynthesis and plays a role in the description of the light curves arising from com-
pact object mergers. The shell structure in this region is also necessary to understand

the role of fission in the r-process [MPMZ™07].

1.4 Motivation of this work

The present PhD thesis addresses the structure of the doubly-magic '3?Sn itself, the

one-neutron-hole and one-neutron-particle nuclei '3'Sn and '33Sn, and the '3*Sn tin
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isotope, with a neutron pair coupled to the 32Sn core. The main goals of our study are
described below.
Investigation of ¥2Sn

We propose to study the excited structure of '¥?Sn to obtain direct information
about the particle-hole couplings for both proton and neutron configurations. The
coupling of single particle and single hole configurations (Figure leads to multiplets
of excited states with in principle low admixture of other configurations. Some of them
have not yet been identified, and they will provide information on the nuclear two-body
matrix elements to first order. The excited levels ¥2Sn will be populated in the 3 decay
of 132In (77). This information will be complemented with the study of the 3 decay of
1331n, where we will profit from the isomer selectivity capabilities of the ISOLDE RILIS
to study separately the decay of 1339In (9/2%) and !33™In (1/27). The spectroscopic
information will be completed with an extensive fast-timing study of the excited levels
in 1328n.

We also aim to obtain a new a more precise measurements for the half-life and
P, values of the '32In $-decay. Besides, the isomer selectivity will allow us to derive
separately the P, values for the 1339In and '33™In decays.

Investigation of 3!Sn

The '3'Sn isotope has one neutron less than the ¥2Sn core. Low-lying single-hole
configurations, and high-lying core-breaking states coexist in this nucleus. We aim
at investigating the excited states in !3'Sn from the S-decay of 3'In. We will take
advantage of the In isomer selectivity attained at ISOLDE to disentangle the decay
schemes of the three (-decaying states in In. This feature will also make it possible
to disentangle the contribution of each isomer to beta-feeding of states in 3!Sn. This
information will help to understand the discrepancy observed in previous 8-decay studies
for the log(ft) values of first-forbidden transitions [FGM™04al.

We will try to confirm the position of the vhyy/y single-hole state, using the ex-
pected expansion of the level-scheme, and to identify core breaking states and their
corresponding states in 32Sn.

Another interesting feature in '3'Sn is the presence of levels at very high energies
above the neutron separation energy which decay by ~ emission. Taking advantage of

the isomer selectivity we aim at a better understanding of their nature. To complete
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this investigation, lifetimes of the excited levels will be studied using the fast-timing
method, providing for the first time access to subnanosecond lifetimes in '3'Sn.

We aim to measure several properties about the three ¥!'In S-decaying states. Tak-
ing advantage of the improved yields and the isomer selectivity, we will try to derive
new and more precise measurements for their half-lives P, values separately for each

13Ty B-decaying state.
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1.4 Motivation of this work

Investigation of '33Sn

The '33Sn isotope, with one neutron coupled to the '®2Sn core, shows low-lying
levels built on neutron single-particle configurations, while core-breaking states appear
at higher excitation energies. In our experiment the 133Sn excited levels were populated
in the 8 decay of 33In and in the B-n decay of 3*In. The new results derived from
the ~-spectroscopy study of '33In decay have been published in [PKE¥19]. For this
isotope, in this PhD thesis we will focus only on the lifetime measurements. We aim at
obtaining a new measurement for the lifetime of the 854-keV vps/ single-particle state
using the fast-timing method, from the analysis of the 34In -n decay. It will provide
information about the single particle transitions in the region, and allow to compare to
other indium isotopes and to other regions of the nuclear chart, specifically around the
doubly-magic 2°®Pb. Other lifetimes in this nucleus will be explored.
Investigation of 34Sn

The two-neutron ¥4Sn nucleus will be investigated from the S-decay of 34In and
the f-n decay of 3°In. In this PhD thesis we will focus only in lifetime measurements
of the lowest-lying states in 134Sn, which are assumed to arise from a dominant v f72 /2
configuration. With this aim, a complete measurement of the lifetimes of the 27, 4T
and 67 states will be performed. The measurement will allow the comparison to similar
two-nucleon heavier tin isotopes to be made, and to interpret the results with the help

of existing shell-model calculations.

The thesis is organized as follows. Chapter [2| gathers the basic information about 3,
B-n and «y decay. Chapter [3describes the experimental methods used in the thesis, while
chapter [] deals specifically with fast-timing methods and the analysis tools developed.
The results for 132Sn, 131Sn, 133Sn and !3*Sn are presented in Chapters , @ and

respectively. Finally, conclusions are drawn in Chapter [8.5
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Radioactive decay processes

Exotic nuclei located outside from the stability are commonly unstable. These nuclei
need to undergo a series of radioactive decays, where radioactive particles are emitted,
until they reach an stable state. The study of the emitted radiation provides a lot
of information about these nuclei. Nuclei with large N/Z ratio commonly decay by
emission of 8~ particles with short-lifetimes. Following to the g-decay the daughter
nuclei may end up in an excited state. The de-excitation of these nuclei is usually done
by emitting v-rays. In some cases the nucleus can emit a neutron just after the 5-decay.
This process is called S-delayed neutron emission and its very common for nuclei with
a large neutron excess. In this chapter it will be discussed the theoretical fundamentals

of these radioactive decay processes.

2.1 Beta decay

The § decay is one of the most common decay process that may occur to exotic nuclei
outside of the stability. These processes are caused by the nuclear weak interaction,
which induce the conversion of a nucleon inside the nucleus to the other kind, emitting
a [-particle and a neutrino in the process. When a neutron is transformed into a proton,
it is called negative B-decay (8~) and the emitted S-particle is an electron. Conversely,
when a proton is transformed into a neutron it is called positive S-decay (81) being in
this case a positron the emitted 5 particle. There exist a third possibility that compete

with the 87 decay known as the electron capture process (¢). In this case instead of
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Figure 2.1: Energy distribution of the electrons emitted during the g-decay of
1321

emitting a positron, an electron from the inner atomic shell is captured by the nucleus.

The B-decay of the atomic nucleus, is one of the earlier discovered radioactive decays.
Nevertheless, the understanding of this process took a long time. One of the bigger
puzzles was the continuous energy spectrum of the 8 particles, see Figure To solve
this problem, Pauli proposed in 1931 the existence of a second particle emitted in the
decay process that share the released energy with the § particle. This particle was called
the neutrino (ve) for the 37 and € processes, or antineutrino (v,) in the S~. Therefore,
the different S5-decay processes that may occur to a nucleus can be represented by the

following equations

8- ?XN —>é+1 XN_1+Ve+e (2.1)
Bt XN —7 1 Xnj1+ve+et (2.2)
€ éXN +e —>§71 XnN+1+ve (2.3)

A key magnitude that determines whether a 8-decay process is energetically allowed
is the ()3, which corresponds to the difference between the initial and final nuclear
masses, including the emitted particles. The 3 decay is only possible when the Qg

value is positive. By neglecting the mass of the neutrinos, the energy balance for the
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2.1 Beta decay

different types of B-decay process can be derived using the following equations:

Qs = m(ZXN) —m(Z7 Xy 1) (2.4)
Qpr = m(7Xn)e* - m(?—lewl)c? — 2mec? (2.5)
Qce = m(éXN) - m(éle]/V+1) - By (2.6)

where m(4Xy) corresponds to the tabulated atomic mass of the [WAKF17] and m, to
the electron mass. In the electron capture decay the binding energy of the captured
electron, By, needs to be taken into account. This Qg also corresponds to the total
energy with which the g-particle and neutrino are emitted Qg = T, 4+ E,. This rela-
tionship between the Qg and the energies of the 3 particle and the neutrino is derived
assuming that the daughter nuclei is much more heavier compared with them. The
momentum conservation leads to a negligible contribution of the nucleus recoil.

The energy spectrum of the 5 particle goes from 0, when all the energy is received by
the neutrino, to the maximum defined by @3, when all the energy is taken by the 3.In
Figure the B-energy spectrum for the the '3?In decay is shown. In this example,
the (-energy spectrum end at Egecqy ~9.4 MeV, before reaching Qg —=14.14(6) MeV
maximum. That is because the ()g is defined by the energy difference between the
ground states. However, the g.s. to g.s. transition is not allowed in 32In decay due to
the large spin difference. The maximun energy is thus defined by the energy difference
with lowest lying excited state x that can be populated. The total released energy,

Ejecay,corresponds to the Qg minus the excitation energy of E, populated level.

Edecay = Qbeta - E, (27)

The fact that the energy spectrum does not reach the Qg value, indicates that the
/3 transition between the ground states of ¥?In and '32Sn is not possible. This feature
suggest that there is an strong influence of the final state that is populated during the
[B-decay process. A successful theory for the S-decay was developed by Fermi in 1934
[Kra88|, based on the neutrino hypothesis proposed by Pauli. In its theory Fermi made
the assumption that the interaction that causes the S transition is weak in comparison
with the nuclear interaction the generates the quasi-stationary states in the nucleus.
Therefore, this weak interaction is treated in the framework of the perturbation theory.

Therefore, the transition rate of the S-decay can be expressed with Fermi’s Golden Rule:

2T
A= Vil*o(Ey) (2.8)
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2. RADIOACTIVE DECAY PROCESSES

where |Vy;| denotes the matrix element of the weak interaction potential between the
initial and final states, and the p(Ey) value indicates the density of final states. In
the calculation of |V};| integral the nucleus wave functions, as well as the electron and
neutrino wave functions have to be included. A methodology to address this problem is
the so-called allowed approximation, which consist in keeping only the first term from

the Taylor expansion of the electron and neutrino wave function.

o
Ok

2dpq® d
2P”dpgq” dgq (2.9)

A
WS dE;

97| My (4m)

where p and ¢ are the momentum of the electron and the neutrino respectively, and
|My;| corresponds to the nuclear matrix element of the interaction. The final energy
corresponds to the sum of energies of the electron and the neutrino. £y = E, + E, =
E. + qc. The equation from can be rewritten in terms of T, to obtain the shape of
the energy spectrum N (7,) [Kra8§|.

_ PIMyl

N(Te) = 2c8w3R7

(T2 + 2Tomec®)?(Q — To)* (T + mec?) (2.10)

Nevertheless, this formula did not managed to fully reproduce the the experimentally
observed [ energy spectrum. The discrepancy was caused by the Coulomb interaction
between the nucleus and the emitted S-particle. To account for this effect, an extra
factor was introduced known as the Fermi function F(Z',p) or F(Z',T.), where Z'
corresponds to the atomic number of the daughter nuclei. After including this factor

into the Equation 2.9 and integrating over the whole range of the  momentum p,

which goes from 0 t0 ppaz = 4 /Edzecay — m2c?, the total decay rate A is derived:

2 2
PIMfE [
= m ; F(Z',p)p*(Edecay — Te)*dp (2.11)
The result of this integral, will only depend on the atomic number of the daughter
nuclei, and on the maximum energy of the 8 particle. Separating the integral part of

Equation [2.1], it is obtained the Fermi integral, which is defined as:

1 Pmazx
f(Z', Eagecay) = 2 /0 F(Z',p)p*(Bdecay — Te)*dp (2.12)

(mec)3(mec?

The values of the Fermi integral are estimated numerically, and their values for a

given Z' and Egecqy are tabulated. Considering the relationship between A and the
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2.1 Beta decay

half-life of the parent nuclei A = t;/5/In(2), it is very common to define the ft value.

Jtijp = ln(2)% (2.13)
g*mect| Myl

In the allowed approximation, neither the 8 or the neutrino carries orbital angular
momenta [. The particles are emitted carrying only their own spin, s = 1/2. The change
in the angular momenta of the nucleus is equal to the total spin of the § and the neutrino.
Taking this selection rule into account two types of decays can be distinguished. The
Fermi decays where the 8 and the neutrino couples to a total S = 0, and the Gamow-
Teller decay when they coupled to S = 1. Since neither the electron or the neutrino
carries any orbital angular momentum, no parity change can occur between the initial
and final nuclear state. Besides, the total change in angular momentum of the nucleus

would be AT = 0 for Fermi decays, and AI = 0,1 (except for I; = 0 and Iy = 0 case)

in the Gamow-Teller decay.

The transitions that do not fulfil the selection rules in the allowed approximation
are known as forbidden transition. These transitions are possible, but they require
to consider higher order terms of the emitted 8 or neutrino wave function expansion,
in other words, to permit that the emitted particle carry an orbital angular momenta
[. The forbidden decays are classified depending on the total [ carried away by the
emitted particles. Transitions with [ = 1 are classified first-forbidden decays and those
with [ = 2 as second-forbidden. The forbidden transitions would be less likely that the
allowed decays, and the transition rate for first-forbidden decays is much higher than

for the second-forbidden.

Table 2.1: Classification of transitions in the 3 decay.

Al A | log ft

Allowed Fermi 0 no | 2.9-3.7

Allowed Gamow-Teller | 0,1 (040) | no | 3.8-6.0
First-forbidden 0,1,2 yes | 6-10
Second-forbidden 0,1,2,3 no | 11-13
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2. RADIOACTIVE DECAY PROCESSES

2.2 Gamma decay

Following the -decay the nucleus may end in an excited state. These nuclei can reduce
their energy by emitting one or more -y rays, until they reach the minimum energy state
or ground state (g.s.). These «y rays are emitted with a mono-energetic spectrum, whose
energies match the difference in energy between the initial and final state in the nucleus
that they connect. The mechanism that drives this « decay is in fact the electromagnetic
interaction. Likewise to the [ decay, the transition probability between two levels via

~v-decay can be expressed in terms of the Fermi’s Golden Rule:

2w
Tinsy = - |(Wil Hint 1) [*p (2.14)

This rule establishes that the transition rate is proportional to the squared matrix
element of the electromagnetic operator between the initial 1); and final state ¢;. In this
case, the electromagnetic operator is very well known, this operator can be expanded in
a series of infinite multipole terms M(X\). Where X refers to the nature of the operator,
electric F or magnetic M, and A denotes the multipole order, which corresponds to the
total angular momenta carried away by the ~v-ray. Hence, the transition rate between
two states I';_, y(X\) can be expressed with the [2.16] Equation [Kra88|, which depends
strongly on the matrix element of the multipole operator 2:15] .

ms(XA) = / GIM(X N)aprdy (2.15)

o 8m(A+1) L
Lisp(XA) = NS <hz

The long-wavelength limit requires that the wavelength of the - is much larger than

22+1
) oo 216)

the size of the nucleus, most of the ~-transitions of a few MeV fulfills this limit. In this

limit, the electromagnetic operators can be written in the form of Equations and
—

[Ham75]. Where p(r) describe the charge density, j (r) is the current density and

Y. (F) corresponds to the spherical harmonic of order A, pu.

M(EN p) = /p(r)r)‘Y,\u(f')dr (2.17)

/ I (F % V) Yau(®)dr (2.18)
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2.2 Gamma decay

The conservation of the parity and the angular momentum led up to a set of selection
rules for the v decay depending on the nature and multipole order of the emitted  ray.
The total angular momenta carried away by the y-ray corresponds to the order of the
multipole. The parity change induced in the nucleus depends on whether is an electric,
m(EX) =(-1)*, or magnetic, m(M\) =(-1)**!, transition. Taking this into account the

following selection rules are derived:

A = {(_1)A EL (2.19)

Ji—J <A< Ti+Jp  (no A=0) (2.20)

The A=0 exception arise from the fact that monopole v transitions do not exist. The
monopole term corresponds to the electrical charge, which cannot be changed emitting

one y-ray. Thus, the lowest multipole order that can induce a v decay is 1.

2.2.1 Electromagnetic transition multi polarities

The nuclear states [¢)) are characterized by their quantum numbers |JM), where J
denotes the total angular momenta, and M its projection. As a consequence of the
rotational symmetry, the (2J + 1) projections of a given state with different projections
M are degenerate in energy. Hence, the total transition rate associated to a given
~ transition, is obtained by averaging over all the projections of the initial state M;
and sum over all the projections in the final level M;. Hence, the reduced transition

probabilities B(X\;I; — Iy) is defined with the following expression:

B(XX; Ji = Jp) = > [ (Mg M(XA, ) | JiM) |2 (2.21)
/'Lsz
By means of the Winger-Eckart theorem, it is possible to remove the dependence
with M; and M, to define this reduced transition probability in terms of the reduced
transition matrix elements (J¢| [M(XN)||J;):

B(XA T = Jp) = [ (Tl IV [ 3) [ (2.22)

2J; +1
Therefore, the total transition rate for a certain ~ transition, can be written with

the following expression:
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I (XA) = 8r(A+1) <E7

22+1

m hc) B(XX; J; = Jy) (2.23)

It should be noted that I', (X \) corresponds to the transition rate associated only
with a certain XA multipolarity. Normally, the selection rules allow more than one
multipolarity term to produce the « transition. In those cases the total I', is obtained by
summing up all the partial I'y (X X) rates from the allowed multipoles. Nevertheless, the
transition ratio decrease very quickly as the multiple order increase. The contribution
from higher-order multipoles can be neglected in most of the cases. The multipole
mixing mainly occurs between first allowed multipole, and the following that fulfills
the selection rules. For example, it is very common the mixing between M1 and E2
multipole, since they have competitive transition rates. On the other hand, in cases
where both E1 and M2 transitions are available, the E1 is much more dominant and
thus the mixing of M2 multipule is very small. The mixing ratio J, characterizing
the mixing, is defined as the ratio between the transition rates from each multipole
I, (X0) /T (X'N).

2.2.2 Internal conversion

Another electromagnetic process that can produce a transition between two excited
levels is the internal conversion. This process is induced by the interaction of the elec-
tromagnetic fields of the nucleus with the electrons from the atomic orbits. When an
internal conversion occurs, the energy difference between the initial and final state in
the nucleus is transmitted to the electron, resulting in the emission of the electron.
This process compete with the + emission, it is usually characterized by the conversion
coefficient a,. which is defined as the ratio between the intensity of the internal conver-
sion and the  emission. The . coefficient grows up as we increase the atomic number
and multipolarity of the transition, but it decrease rapidly with the increasing transi-
tion energy. The total transition rate corresponds to the sum of both v and internal
conversion components, as is written in Equation Usually, internal conversion is
only competitive for low transitions energies, below 100 keV, where it can become the

dominant process.

'=r,+T.=T1+a.) (2.24)

26



2.2 Gamma decay

A special case when they play an key role is for E0 transitions. Since they are
forbidden by the ~-decay the internal conversion becomes the only possibility for those
transitions. Therefore, de-excitation via internal conversion can be measured experi-

mentally by detecting the emitted electrons.

2.2.3 Lifetime of excited states

The transition rate for a given v I', can be obtained directly by measuring the mean
life of the level that de-excite I'y = 7.~ 1 Very commonly the nucleus excited levels have
more than one lower energy level at their disposal to decay via ~y emission. The mean
life of the level 7 is related to the total decay rate of this level I'p,¢, which corresponds

to the sum over all the transition rates that can de-excite the level:

1
= =Ty =Y Iy (14 au) (2.25)
i

T

Hence, the transition rate of a I';, can be obtained if we know the lifetime of the
level and the branching ratio of the emitted gammas br.,. The branching ratio can be
obtained experimentally by measuring the intensities of the ~-rays that de-excite the

level:

r, I,
Ftot ZI,\{]. (1 + OZCZ‘)

(2.26)

By introducing Equation [2.26] into [2.25] we can derive the value for the partial

lifetime of an specific «y ray 7,:

_ T
Iy, = Tiotbry, = 7'%_1 T = (2.27)
Yi

In conclusion, the measurement of the mean life of the excited nuclear state, along
with the ~ branching ratio, provides a direct measurement for the ~ transition rate
I',. Thus, by measuring these quantities, the B(X\) values can be derived taking unto
account the relationship established in Equation [2.23] The only missing information

would be the mixing ratio §, which can be obtained from other kind of experiments.
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2.2.4 Weisskopf estimates

A crude but useful theoretical prediction for the reduced transition probabilities, are
given by the single-particle estimates, better known as Weisskopf estimates [Weibl].
These estimates are derived in the framework of the single-particle models, in these kind
of models, the properties of the nuclear properties are attributed to a single or a few
nucleons outside from closed shells. The derived formulas for the electric and magnetic
reduced transition rates are written in Equations and The derivation of those
formulas were done, assuming that the transition is carried out by one single nucleon
moving between single particle orbits, and the radial wavefunction can be assumed to be
constant inside the nuclear radius R = 1.24Y3 fm. More details about their derivation

are given in [Ham75].

12)2 (3 \?
B(ENw = ( 472 (M> APN3e2 fm? (2.28)
10 22—2 3 ? (22A—2)/3 2 22—2

These single-particle estimates constitute convenient units in which the experimen-
tally measured transition rates can be expressed, providing a qualitative image of the
nucleus. For example, transition rates with much larger values than the Weisskopf es-
timates indicates the existence of collective degrees of freedom. On the other hand, if
the measurements reveals much smaller values, it will indicate the existence of some

structure dependent effects in the nucleus.

2.3 Beta-delayed neutron emission decay

It is very common in neutron-rich nuclei to observe the emission of neutrons following
the 3 decay. These kind of processes are energetically allowed when the Qg of the decay
is higher than the neutron separation energy Sy, (Equation of the daughter isotope.
In those cases, the 3 strength is fragmented over the whole range of states within the Qg
energy window, being possible to populate levels above the neutron separation energy.
Those levels are neutron unbound, an thus they can be de-excited by emitting one

neutron in the process instead of emitting ~y-rays.
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2.3 Beta-delayed neutron emission decay

Sn(4XN) = m(EXN)E —m(5  Xy_1)c? (2.30)

Far from the stability, in nuclei with large N/Z ratios, the Q3 is incremented at the
same time than the .S, is reduced. Hence, the available energy may be higher than the
separation energy for 2, Sy, 3, S3, or more neutrons, being possible to emit more than

one neutron after the 8 decay in those cases. This process is schematically illustrated

in Figure
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Figure 2.2: Schematic representation of the g-delayed neutron emission pro-

cesses.

The B delayed neutron emission probability P,, is in principle correlated to the
size of the emission window (g, = Qg — S,. Theoretical methods that predict P,
usually assume that the levels located above the neutron separation energy decays

almost exclusively by neutron emission [Mield, MKM16].
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2. RADIOACTIVE DECAY PROCESSES

2.3.1 Competition between y-ray and neutron emission

It is often assumed that the competition between the emission of y-ray and neutrons
is only possible for levels within a small energy window of ~100 keV above the S,.
Nevertheless, the existence of excited levels, that decay emitting ~-rays, located at
very high energies above S,, have been observed in several nuclei. Examples of these
phenomena are the decays of 8"Br [SNSEP72|, *71 [NSP*75|, *Rb [BTT77], or more
recently in the mass region of '32Sn, such as '33In [VJDT17, [PKFT19] and '3!In
[FGM™04a, [DSAT19]. All these studies suggest that the neutron emission of these
unbound states is strongly hindered by a nuclear structure effect. Recent studies using
the total absorption v-ray spectroscopy technique which has a much higher sensitivity
for these levels [TVA™T15, ISLN™16, VTA™17, RRET17, (GTAT19).

This large hindrance is caused by the large [ orbital angular momenta of the emitted
neutron required for those levels to decay via neutron emission. Levels whose require-
ment for neutron emission are [>3 would rather decay by ~-ray emission. Besides, the

overlap of initial and final wave functions can also play an important role.
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Experimental details.

The investigation of the nuclear structure of exotic nuclei entails their production in
an excited state. The main motivation of this PhD thesis is the study of the excited
structure of tin isotopes, located at both sides of the doubly-magic 32Sn (Z = 50 and
N = 82). There are a good number of methodologies and reactions that can be used to
produce the nuclei in their excited states (S-decay, fission, Coulomb excitation, neutron
capture, etc). During the IS610 experimental campaign, the excited states from tin
isotopes were populated during the -decay of exotic indium isotopes. The production
of these exotic nuclear species is carried out in large-scale facilities, where state-of-
the-art radiation detectors and electronics are used to obtain information about those

isotopes.

The production of isotopes in the form of radioactive ion beams (RIB) is a standard
methodology in the study of exotic nuclei. A well established method for the production
of RIB is the isotope separation online (ISOL) technique. In one of the implementations
of this technique, the exotic isotopes are produced by nuclear reactions (spallation,
fragmentation or fission) on a massive target, triggered by the bombardment of high-
energetic particles. Following the reaction, the products are extracted from the target,
ionized, accelerated, mass separated and transported to experimental areas where they

can be studied in detail.
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3. EXPERIMENTAL DETAILS.

3.1 The ISOLDE facility

For further particle acceleration, the proton beam is transferred from the PSB to the
Proton Synchrotron (PS), which increase the beam energy up to 25 GeV. Hereafter, the
protons are sent to the Super Proton Synchrotron (SPS) which pushes the beam up to
450 GeV. From this point the particles can be finally transferred to the LHC.

The experiments have been performed at the ISOLDE facility at the European
Organization for Nuclear Research (CERN). The origin of the ISOLDE RIB facility
goes back to the 1960 decade. The first experiment was approved by CERN in 1964.
This experiment was finally realized three years latter in 1967, starting off more than 50
years of successful operation, and a large number of experiments carried out since then.
Fifty years later, the facility has undergone a good number of changes and upgrades. In
1992, it was moved to its actual location, where it was attached to the CERN Proton-

Synchroton Booster (PSB).

3.1.1 The CERN accelerator Complex

The accelerator complex at CERN is a series of particle accelerators, whose aim is
to sequentially increase the particle energies before being injected in the Large Hadron
Collider (LHC). The LHC is the final stage of this accelerator complex, there the particle
beams can be accelerated up to a record energy of 6.5 TeV per beam. At the LHC,
two beams circulate anticlockwise, until they reach their maximum energy, then they
are brought into collision inside one of the four detectors, ALICE,ATLAS, CMS and
LHCb. Nevertheless, those are not the only experiments that are carried out at CERN,
most of the other accelerators from the chain have their own experimental halls where
the beams of lower energies are used for a wide variety of experiments.

The accelerator sequence starts off with an hydrogen gas source. The H atoms are
stripped down of their electrons in a duoplasmatron ion source by the application of
a 92 kV extraction potential. The proton beam is injected into the linear accelerator
Linac-2, the first accelerating stage at CERN. The Linac-2 is an Alvarez-design drift
tube, where the energy of the proton is increased up to 50 MeV in three accelerating
tanks with a 202.56 MHz radio-frequency. It started its operation in 1978 replacing the
previous Linac-1, after 40 years of operation it was switch off permanently in 2018 at

the start of the long Shutdown 2. The new Linac-4 accelerator, which can push the
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3.1 The ISOLDE facility

proton energies up to 160 MeV, will replace Linac-2 during this shutdown. However,

the Linac-2 was still operational when the experiment of this PhD thesis took place.
CERN's accelerator complex
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Figure 3.1: CERN accelerator complex.

The 50 MeV proton beam is transported through an 80 m line, and injected into
the Proton Synchrotron Booster (PSB). The PSB is the smallest and first circular
proton accelerator of the whole CERN complex. It consist of four superimposed rings
of 25 meter radius, consisting of 32 dipoles and 48 quadruples each. In the PSB, the
energy of the proton is increased up to 1.4 GeV. The protons are released in pulses
of 2.4 us length which are emitted every 1.2 second with a high intensity of 3.6x10'3
protons/pulse. The proton pulses are grouped in supercycles, which contain a variable
number of pulses between 30 and 50. Out of them, a certain amount of proton pulses
emitted by the PSB can be delivered to ISOLDE. The pulses that are sent to ISOLDE

are randomly distributed, but can be grouped in sequences.

3.1.2 Fission Target

The heart of the ISOLDE facility is the target and ion-source combination. The possi-
bility of heating the target to temperatures up to 2000°C, as well as to combine different
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3. EXPERIMENTAL DETAILS.

types of target materials and ion sources, gives access to about 1300 different isotopes
from more than 75 elements.

Diferent targets can be used for the proton beam to interact. The target units used
at [SOLDE are complex systems where a wide variety of species are created by means
of fission, fragmentation or spallation reactions induced by the protons. The isotopes
that can be produced are strongly influenced by several factors, such as the chemical
properties, the energy of the beam and the target thickness. A common strategy to
produce neutron-rich fission fragments is to place a proton to neutron converter on
the beam path before the target |[GML™14]. The neutron converter consist of a solid
tungsten rod. When the proton beam impinges on the neutron converter spallation
neutrons are produce. They are the ones in charge of inducing the fission in the target.
This method reduces the contribution of spallation and fragmentation reactions that
may occur and changes the location of the fission peak, reducing consequently the

contribution of neutron deficient isobaric contaminants that are produced.

3.1.3 Ionization with RILIS

Once the isotopes are produced, they thermally diffuse out of the target into the ion
source thanks to the heating. The isotopes need to be ionized so they can be extracted
as an ion beam, by applying an electric field. Some of the methods employed to ionize
the isotopes are the surface ionization, plasma ionization or resonant laser ionization.
One of the key elements of ISOLDE is the Resonant Ionization Laser Ion Source (RILIS)
[FCGT17]. Tt is based on the multi-step resonant excitation of atomic transitions using
wavelength-tunable laser radiation. This is a powerful technique that takes advantage
of the unique nature of the atomic energy level structure. In RILIS a set of multiple
lasers are used, the wavelength of each laser is set to match the energy of the sequential
transitions that the electrons need to undergo in order to leave the atom. The transition
energies are characteristic of each element, this technique offers the possibility of ionize
only the desired element, while keeping the remaining ones unaffected. The Z-selectivity
granted by RILIS provides a effective tool by ionizing only the isotopes with the desired
Z for a given A. Still isobars may be surface ionized, specially for alkali elements, and
may be present as contaminants if the mass resolving power is not sufficient. The

RILIS setup consist of three, tunable dye-type and three Titanium:Sapphire(Ti:Sa)-
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3.1 The ISOLDE facility

type tunable lasers, all of them Nd:YAG pumped. This set of lasers allows RILIS to
cover the wavelength range from 210 to 950 nm.

The isotopes produced in the target diffuse into a hot cavity. The RILIS laser
illuminates the atoms inside the cavity with a repetition rate of 11 kHZ. The role of
this cavity is to confine the atoms during the needed time to be ionized. The high
temperatures of the cavity (T~2000°C) provoke the emission of electrons from the hot
metallic surface of the cavity. This effect generates a negative potential well that keeps
the atoms for the time needed to be ionized, and prevents the ions of recombining when
hitting the walls. The high temperatures can also produce the thermal ionization on
the hot surface of atoms with a low ionization potential.

Besides the element selectivity provided by RILIS, there exists also the possibility of
selecting an specific nuclear isomer in the produced ion beam [FCG™17|. This possibility
arises from the hyperfine separation of the atomic transitions used for resonance ioniza-
tion, caused by the coupling with the angular momenta of the nucleus. To separate the
isomers, the differences on the hyperfine structure need to bigger than the width of the
excitation resonances in the hot-cavity. However, the RILIS laser cannot always resolve
such differences in the ion source conditions. Therefore, the isomer selective ionization
has been only achieved for a limited number of beams. The measurements performed
in the two IS610 experimental campaigns that provided data for this PhD, took ad-
vantage of this feature to separate the production of the different indium isomers. The
separation was better achieved for the odd mass indium isotopes, characterized by a
pair (9/2% and 1/27) of isomeric states, including a high-spin one. In Figure the
yield measured at the IDS for the different '?°In isomers, as a function of the RILIS
laser frequency are plotted. This figure shows that the 9/2% and 1/2% states can be
almost fully separated by tunning the ionization frequency to the right value, while the
high-spin (23/2%) isomer cannot be maximally ionized without interference from the

other states.

3.1.4 Beam extraction, mass separation and transport to the experi-

mental station.

The target/ion-source units at ISOLDE are coupled to target stations, more commonly
known as the front-ends. The front-ends are the components in charge of extracting

the ionized isotopes from the ion source into the beam line, which is done by a 60 kV
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3. EXPERIMENTAL DETAILS.

Laser frecuency (cm™")

Figure 3.2: RILIS Frequency scan for the production of '?°In ion beam. The
relative intensity for each g-decaying nuclear state has been deduced from the v-rays in-

tensities measured at the experimental station.

acceleration gap and an electrostatic quadrupole lens for the beam formation. The entire
front-end is enclosed in a metallic airtight cage. To prevent sparks and the formation
of nitric acid, dry air is continuously flowing into the acceleration gap. A technical
challenge arises from the intense ionization of the air surrounding the target, that is
produced by the 2 4A nominal current provided by the pulsed proton beam from the
PSB. To avoid the risk of breaking down the high voltages, the high-voltage supply is
turned off 35 us before the arrival of the proton pulse, and restored about 5 ms after.
The transfer of ions from the target to the beam line, is controlled by an electrostatic
deflector of 4.5 kV, which is known as the beam gate. This beam gate avoids that ions
get inside the beam-line while it is closed, and let them through while it is open. The
time interval that the beam gate its kept open, as well as the delay before being opening,
are parameters that can be modified to improve the ratio between the desired isotope
and the contaminants. It may be kept closed for a few ms after the proton to avoid
the short-lived isotopes that are immediately ejected from the target of going into the
beam line. After a certain time from opening the beam gate, it can be assumed that
the remaining isotopes are potentially contaminants from continuously surface ionized
isobars, and then the beam gate can be closed to reduce their transmission to the

experimental area.
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Figure 3.3: Schematic layout of the ISOLDE facility. The 1.4 GeV proton beam
impinges from the right-hand side of the facility. Image taken from [CABT17]

ISOLDE has at its disposal two different isotope separators, each of them has its own
front-end which is situated in line with the proton beam from the PSB. The first and
smaller separator is the General Purpose Separator (GPS). It consist of a double focus
70° Magnet with a mean bending radius of 1.5 m. The magnets allow to select three
ion beams with mass range of 15% of the central mass, and transport them to three
different experiments at the same time. Mobile electrostatic deflector plates with the
shape of cylinders are used to select the mass. The second one is the High Resolution
Separator (HRS), a two-stage mass separator with a much higher resolving power than
GPS. It is composed of two C-type designed magnets with bending angle of 60° and 90°
respectively. and 1 meter of radius in both cases. Nominally it can achieve resolving
power of M/AM=15000, however, under normal working conditions the HRS has a
resolving power of M/AM=5000.

The beam lines paths that emerge from the GPS and HRS continue separately until
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3. EXPERIMENTAL DETAILS.

they merge together in a merging switchyard, built with cylinder-shaped deflector plates
and parallel condenser plates. These plates can be excited with two different polarities,
allowing both HRS and GPS beams to be sent through a central beam line, although
only one beam can go through at a time. Beyond this merging point, there is a beam
distribution system, consisting of 3-way or 5-way switchyards and quadrupole lenses.
It connects the beamline with all the experiments in the hall, granting the access to
both mass separators. The beam distribution system is built is such a way that the
transport of the beam is independent of the mass. Along the whole beam line, there is a
complete set of diagnostic elements (Faraday cups, moving wire scanners or wire grids),
that allow the monitoring of the beam transport all the way. The transport of the beam
is responsibility of the users, who optimize the quadrupoles in order to minimize the
beam losses until it reaches the experimental area, the IDS in our case.

Within the experimental hall at ISOLDE, a complete set of experimental setups and
instrumentation is dedicated to a wide variety of physics research, including topics such
as nuclear structure, nuclear astrophysics and fundamental physics. The low energy
area, located just after the mass separators, allocates a number of permanent setups
such as the ISOLDE decay station (IDS) dedicated to measure decay properties from
radioactive species, the high-resolution laser spectroscopy set-ups as COLLAPS and
CRIS, and high-precision mass spectrometers as ISOLTRAP.

The other important system at ISOLDE is the HIE-ISOLDE post-accelerator, an
upgrade of the previous REX-ISOLDE accelerator. It makes it possible to increase the
energy of the beam, for medium to heavy ion mass, up to 10 MeV /u. These accelerators
largely enhance the research possibilities for nuclear structure and nuclear astrophysics
studies. Some of the permanent experimental set-ups that are located after this post-
acceleration stage are the high-resolution MINIBALL germanium detector array, and the
new ISOLDE Solenoidal Spectrometer (ISS) dedicated to precision studies of inelastic

scattering and transfer reactions.

3.2 The ISOLDE Decay Station

The ISOLDE Decay Station (IDS) [IDS] is a permanent setup dedicated to decay studies
using the radioactive ion beams from ISOLDE. It was built with the aim of providing

a versatile detection system located on a low background area. The core setup of the
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3.2 The ISOLDE Decay Station

IDS consists of four to six HPGe clover-type detectors for v-ray spectroscopy. Different
kind of setups can be coupled to the IDS to get sensitivity to different kinds of particles,
and also to gain access to different physics properties from the isotopes decay. The IDS
began its operation in 2014, since them it has hosted a good number of experiments
employing a variety of setups. An extra HPGe detector can be added to the IDS along
with a high-efficiency plastic scintillator for ~90% of 3 detection efficiency. This con-
figuration constitute the high efficiency Sv-spectroscopy setup, more information about
this setup can be found in [LRB™19|. Neutron Time of Flight (TOF) spectroscopy,
using the VANDLE array [PIM™16|. Charged particle spectroscopy, with the addition
of the MAGISOL Si-plugin chamber, more information about this setup can be found
in [FKT17|. And the fast-timing configuration for lifetime measurements, with the
addition of LaBrs(Ce) and fast-plastic scintillators detectors [Fral7, LMEFT16].

The experiment from which data were collected for this PhD thesis, got assigned
number IS610 and took place in two separate campaigns, one in 2016 and the second
one in 2018. It was performed at the IDS using the fast-timing configuration. The main
goal of this experimental campaign was to study the excited structure of tin isotopes
at both sides of the doubly magic 32Sn, populated in the 8 decay of indium. The IDS
setup for the fast-timing configuration consists of a set of detectors aimed at measuring
the 8 and v radiation emitted after the S-decay of the implanted isotopes, A picture
of the setup can be seen in Figure 3.4l The detectors are arranged in close geometry
surrounding the implantation point. The setup can be divided in two branches. The first
branch is composed of four clover-type HPGe detectors for «-ray spectroscopy mentioned
above. The second branch is aimed to lifetime measurement of excited states using the
Advanced Time-Delayed Svy~(t) (fast timing) technique [MGMS89, [MMS89, [Eral7].

The indium ions were implanted on a aluminized mylar tape inside a T-shaped
vacuum chamber. The objective of the tape is to remove the implanted ions from the
center of the setup after certain time interval, so that, the accumulated activity from the
long-lived daughters is moved out. The tape station is placed below the implantation
point, where the majority of the tape is stored rolled up in two reels. The tape station
works in the same way than a reel-to-reel tape, the tape movement of the tape is
produced by the spin of the reels driven by an electric motors. A tape controller system
takes care of handling the tape, allowing to move it in different modes, be it continuous

or in a step by step mode. The step-by-step movement can be controlled manually, but
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3. EXPERIMENTAL DETAILS.

Figure 3.4: IDS setup of detectors used in IS610 experiment.+

it can also be configured to use external trigger signals. Usually, the tape is set to move
using the super-cycle signal from the PSB, then the left-over activity is removed at the
end of each supercycle, every ~40 s. It can also be set to move with the proton pulse
signal, in this case the tape is moved with every pulse sent to ISOLDE. By moving the
tape every proton pulse, the activity of daughter isotopes is highly suppressed, but it

puts the tape system under stress. Both methods have been used in our experiment.

3.2.1 HPGE Clover detectors

The core of the IDS setup is the set of four HPGe detectors, for high-energy resolution
~-spectroscopy. The IDS detectors are Camberra EUROGAM CLOVER type detectors
[DBT*99|, consisting of an assembly of four 4 HPGe crystals, which are allocated in a
common cryostat, in order to reduce the quantity of material surrounding the crystals.
These detectors are 70 mm long and have a 50 mm diameter. The full energy of a
photon that has been scattered in one of the crystal and absorbed in a a second (or
even a third) crystal can be reconstructed by applying add-back correction, where the
full energy is obtained by summing the energy deposited in each crystal. Consequently,

the clover-type detectors are characterized by a high absorption efficiency, which is
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3.2 The ISOLDE Decay Station

higher than four times the efficiency of a single crystal. The mean relative efficiency of
each crystal is between 21 and 22 %, while the total relative efficiency achieved after
the add-back correction is between 130 and 140%.

These detectors also show excellent energy resolution, having a 1.95(5) of FWHM
for the 1332-keV peak, in total detection mode, and a very similar FWHM=2.11(5) in
addback mode. Their time resolution is 5 to 6 ns FWHM for each crystal, measured in
coincidence with a small BaF5 scintillator at cobalt energies, which is rather good for a
HPGe detector. All these characteristics have been taken from [DBT99].

Due to these excellent qualities, these detectors are the main tool to extract the
spectroscopic information. The time resolution is poor in comparison with scintillator
detectors, and thus is not suitable for measuring lifetimes in the picosecond range, but
still they are employed to measure half-lives in the range from tens of ns to us. They
play an important role in fast-timing measurements by providing a high-resolution extra

coincidence gate.

3.2.2 LaBr;(Ce) detectors

LaBr3(Ce) scintillators have been the standard detectors for the fast-timing techniques
during the last decade, the details about the fast-timing methods are explained in Chap-
ter [l They replaced BaFs scintillators, which were the traditional detectors employed
for fast-timing measurements since the origin of the technique [MMS&9]. BaF crystals
coupled to XP2020 PMTs, are characterized by a very fast component of their output
signal, which yields an excellent time resolution of 120 ps at cobalt energies. One of the
main limitations of these detectors was the poor energy resolution of 9% to 10% for the
662-keV FEP in '37Cs.

The commercial availability of the new LaBrs(Ce) scintillators led to a drastic change
for the application of the fast-timing technique. Lanthanum crystals are characterized
by a high photon yield (63 photons/keV), a relatively high density (~5.3 gem™2)) and
a very sharp rise time [Gob|]. All these qualities grant to the LaBr3(Ce) an excellent
energy resolution of ~3% at 662 keV, notably superior than the ~10% achieved for
BaF, crytals of the same size while keeping a competitive time resolution of 140 ps
at %9Co energies [VMFE*15]. This enhanced energy resolution is very advantageous for
fast-timing measurements on exotic nuclei, which are usually characterized by complex

decay schemes, with a large number of y-rays of similar energies. This enhanced energy

41
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resolution helps to disentangle overlapping peaks, as well as to improve the ratio be-
tween the FEP and Compton background underneath the peak. For these reasons the
LaBrs(Ce) has been the preferred choice for the application of the fast-timing technique
during the last-decade [MBB™T10, IARM ™13, I(OFM™13 [RSB™14].

For fast-timing measurements in the IS610 experiment two LaBrs(Ce) detectors
were used. These crystals have a shape of truncated cones with 1 inch height and
bases of 1.5 inch and 1 inch. This choice was fruit of detailed studies, carried out by the
Grupo de Fisica Nuclear at UCM (Madrid) by Vedia et al [VMF™15, VCGET17, [Fer19],
where the performance of different crystals varying the Ce dopant concentration, as
well the shape of the crystal was investigated. Both crystals were coupled to a 8-stage
Hamamatsu R9779 2-inch photomultiplier (PMT)[Ham09a]. These PMT were chosen
by their excellent timing capabilities, as well as good spectroscopic features. The use
of two detectors assures a compact setup of high efficiency while reducing the level of
complexity. The two LaBrs(Ce) detectors were placed at the closest position possible
from the implantation point ~10 mm, at an angle of about 86° to the direction to the

ion beam.

3.2.3 Beta detector

In the IS610 experiment, the § detector played a double role. The first one was to
define the starting time for the S7(t) events in fast-timing measurements. The second
role was to be used as a selection for 8 decay, to clean the y-ray spectra. The 8 energy
spectrum is a continuum, thus, the energy resolution of the detector is not a significant
quantity for our study. The most desirable characteristic for the S-detector is the fast
time response. With this aim, the plastic had the shape of a cylindrer with a width of
3-mm and a diameter of 25 mm. The use of a thin plastic, ensures that the g particles
deposit almost the same energy, independently of the total energy of the 8. This grants a
quasi-uniform time-response for a wide range of 8 spectra. At the same time it provides
a small sensitivity to «-rays. For this reason an ultrafast EJ-232 plastic scintillator
with a reported rise time of 7=350 ps |Elj|, which is the commercial equivalent to the
NE111A plastic, was employed. In order to obtain the best time resolution possible,
the (8 plastic was coupled to the high speed 10-stage Hamamatsu H6610 (R5320) PMT,
which has a very short rise time of 0.7 ns and a transit time spread (TTS) of 160 ps
FWHM [Ham].
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The 3 detector is placed in the direction of the beam, just behind implantation point
(see Figure . It has the drawback of being behind two layers of tape at a nominal
distance of ~20 mm. The efficiency for the g particles that goes thought it should be
~100%. Thus, given the position where it is located and the solid angle covered it
is expected an efficiency of ~15-30%. The efficiency should be similar, independently
of energy of the £, however a big drop in tha efficiency can be observed between for

decaying isotopes with low Qg-E; energies, caused by the threshold.

3.2.4 Electronics and acquisition

The detector signals are sent to a Nutaq digital acquisition system [nut], where they are
read and digitized. Before that, the signals go through a pre-processing stage, consisting
of a set of signal amplifiers and electronic NIM standard modules. The electronic
processing paths can be divided in two separate branches, one dedicated to process the
energy information, and a second one oriented to extract the timing information from

the scintillators. The full electronics scheme is depicted in Figure

3.2.4.1 Energy branch

The energy branch is very simple. The detectors output signals are treated separately
before being introduced into the DAQ. The signal processing is different for each type
of detector. For the 4 HPGe-clover detectors that produce a total of 16 signals, they are
introduced into the GoBOX unit that adjust the gain and offset of the signals, before
being fed to Nutaq.

In the case of LaBrg(Ce) detectors the R9779 PMT has two separate output signals,
the positive one from the dynode (DY) and the negative one from the anode (SIG).
The dynode ones are used to retrieve the energy information. They are preprocessed
by an ORTEC 113 Preamplifier, with an input capacity of 500 pF. Then, the signals
are directed to the GoBOX, to adjust their gain before entering them into Nutagq.

In the case of the EJ232 3 plastic, the energy signal is taken from the positive PMT
dynode output. The processing of this energy signal differs slightly between the 2016
and the 2018 campaigns. In 2016 the signal was passed through an RC integrator before
being fed to an ORTEC 474 Timing Filter Amplifier (TFA), which was configured with
a coarse gain of x10, fine gain of 7.25, and integration time of 200 ns. After the TFA
the signal was sent to the GoBOX and then finally to Nutaq. In the 2018 campaig,
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Figure 3.5: Electronic Setup scheme from IS610 experiment. The upper part
shows the electronic scheme dedicated to pre-process the signals used to derive the energy
information. The lower part corresponds to the timing branch of the electronic scheme.
This part takes care of processing the timing information of the three scintillator detectors.
A Quad CFD is used for the pre-processing of the timing signals, and three TAC modules
are used to derive the time difference between the three detectors.

an ORTEC 142 Pre-amplifier was added between the between the RC circuit and the
TFA. The settings of the TFA were also different, the coarse gain was set to x2, the
fine gain was set at x2, the RC integration time was set to 500 ns and a differentiation
time was set at 500 ns. Because of the different configurations, the energy resolution of

the B-energy was smaller for the 2018 measurements.

3.2.4.2 Timing branch

The mission of the electronic timing section entails not only the pre-processing of signals
before being digitized, but also to generate the time difference information for the
coincidence events between scintillator detectors. The time resolution of the HPGe
detectors is not suitable for ps lifetime measurement, and thus a separate timing section

for them was not included . Nonetheless, their timing information was recovered in the
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later event-building stage.

The timing information is measured from the negative signals extracted from the
PMT anode outputs. The signals are directly sent to an ORTEC 935 Quadruple CFD
(Constant Fraction Discriminator). The CFD module has 4 separate channels, thus
the same module is used to process the signals from the three detectors. The three
used CFD channels were operated using an external delay of 1.6 ns in for LaBrs(Ce)
channels, and 1 ns for the g-plastic signals. Regarding the other parameters from the
CFD, the zero crossing value (Z) was set to +2 mV and the threshold (T) to -507mV
for all three detectors. These parameters had been optimized earlier to maximize the
time resolution of the system at the expense of a somewhat large, (but still reasonable)
walk.

Following their passage through the CFD, two output signals were taken from each
CFD channel. These output signals were distributed between three ORTEC 567 Time
to Amplitude Converter (TAC) 200 MHz modules, which converts the time difference
between the arrival of two signals in an output signal with an amplitude proportional
to their time difference. After the arrival of the signal that is used as START, the
TAC begins to rise the voltage until the stop signal is received, thus an output signal
is generated when the two signals are sent to the TAC within the selected time range,
whose height is proportional to the time difference between the signals. In the IS610
experiment three TAC modules were used, which were operated in the shortest 50 ns
time range, in order to measure the time difference between the three combinations
of fast-timing detectors. The first two are used for the time difference between the
B-plastic and the two lanthanum detectors, while the third one is aimed at measuring
the time differences between the two LaBrs(Ce) detectors. The input and output cable
lengths to the TAC modules were adjusted to place the prompt time peak in a suitable
location in the TAC time range. Finally, the output signals from the TAC are sent to
the GoBOX, and subsequently Nutaq, where they are treated like the other signals.

3.2.4.3 Digital Data acquisition system Nutaq

The task of sampling and recording the electrical signals, was done by the 14-bit 100
MHz Nutaq VHS-V4 data acquisition (DAQ) system [nuf]. The IDS Nutaq DAQ con-
sist of three acquisition cards of 16 channels each. The signals from all the different

detectors, TACs and other logic signals such as the proton pulse, are accommodated
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among all the channels, and digitized with a 10 ns sampling step. The digitized sig-
nals pass through a trapezoidal filter whose parameters are optimized independently for
each type of signals. Finally the information relative to the amplitude of the pulse, its
timestamp, and channel are sent to a computer and recorded in list-mode file [LABT01]
with a maximum size of 2 GB.

The distribution of the signals among the Nutaq cards is summarized in Table
The distribution take into account the expected count rates (for buffer handling), the
types of filters, and the event building procedure. The first two cards are used only for
the energy signals from the 16 clover crystals, leaving half of the channels in both cards
empty. The third card, takes care of digitizing the energy signals from both LaBrs(Ce)
detectors and the S-plastic, and the three TACs. Other kinds of information are also
input into the third card. The T1 signal from the PSB, which is sent every time that
a proton is sent to the target and provides a valuable timing information, is entered in
the first channel. Other signals were the warning of the beam gate closure and the start

and stop of the tape movement.

Table 3.1: Distribution of the the IDS signals in the Nutaq cards.

Channel N Card 1 Card 2 Card 3
1 Clover 1-1 | Clover 3-1 | T1 Proton impact signal
2 Clover 1-2 | Clover 3-2 | TAC LaBrs-1-LaBrs-2
3 Clover 1-3 | Clover 3-3 TAC p-LaBrs-2
4 Clover 1-4 | Clover 3-4 TAC (-LaBrs-2
5 Clover 2-1 | Clover 4-1 BG closed
6 Clover 2-2 | Clover 4-2 Tape start
7 Clover 2-3 | Clover 4-3 Tape stop
8 Clover 2-4 | Clover 4-4 -
9 - - -
10 - - -
11 - - 8 Energy
12 - - LaBrs-1 Energy
13 - - LaBrs-2 Energy
14 - - -
15 - - -
16 - - -
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3.3 Data sorting and analysis methodology

The stored data contains information about the amplitude of the signals, the input time
to the DAQ), the channel and whether or not it was a pile-up event. However, the RAW
data file does not have correlations between the incoming signals. Thus, the first step
of the analysis is the event builder, where all the data are sorted by detector type and
grouped in events measured within a specific coincidence time window.

The LST files that are generated by the event builder contain all the required pa-
rameters to extract the information about the decay under study. To analyse these
data, a set of programs are required to sort out the multiparametric events, given a
set of conditions, and to build the spectra that will be analyzed. The analysis can be
distinguished in two main parts. The first part corresponds to the ~-ray spectroscopy,
which consists in the identification of y-rays belonging to the studied nuclei and their
allocation in their corresponding level-scheme. The second part is oriented to the mea-
surement of the half-lives of the excited states, which employs the information retrieved

by the scintillator detectors and TAC modules in delayed coincidence events

3.3.1 Event builder

The event building processing is performed by the Nutag4IDS tool, developed by R.
Lica, et al |Lica]. This is a C++ software that reads RAW data files, group the data into
events and produces output files in event list mode, which can be written in different
format types. This tool requires only of a configuration file to work. The detectors
can be calibrated also at this step by the input of an optional calibration file. In the
configuration file the following parameters to build the events are defined:

e runName: Path and base name of the RAW data files.
e timegate: Coincidence time window. This value is set to 1us by default.

e reftype: Defines the input signal that is used as time reference. For our experiment, it

was the proton pulse arrival time signal.

o ref unit: Defines the time units of the event relative to the reference. This value is set
to 1 ms by default.

e run_unit: Time unit for the absolute time of the file. This value is set to 100 ms for this

analysis.

e Format: Format of the output LST-events file.

— gasp: GASPware format.
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root: ROOT format.

— list: Binary event lists.

stat: Print the count rate statistics of the whole file.

rate: Print the count rate statistics of the last buffer.

e Fold: Minimal number of detector hits required to define an event.

e Detector configuration: List of detector types, related to their respective DAQ channel

ID and timestamp corrections to account for shifts due to the divergent electronic paths.

The nutaq4IDS event builder generates two output files, a log file including the
count rate statistics for every channel, and an event list file written in the defined

format. Regardless of the format, the events contains the following parameters:

e Timestamp of the event, written in the defined "run_unit" units.

e Low resolution time. It contains the time difference between the detection of the
event and the the last signal in the channel used as reference (proton pulse in this

case). This time is written in "ref unit" units.

e Total multiplicity of the event: Number of detector hits that conforms the event.

e List of hit signals included in the event. For each signal in the event the following

information is included:

— Amplitude of the signal. Energy measured by the detector, or amplitude if

no calibration file has been used.

— High resolution time. It corresponds to the time of each hit within the event.
The time is defined as the centroid time of all the signals that make up the
event. This time is written in 10 ns units, which corresponds to the Nutq

100 MHz sampling rate.

— Detector multiplicity (Only if root format is used). Number of event hits of

each detector type.
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3.3.2 ~-ray spectroscopy.

The study of the ~-ray spectra emitted in the decay under study, mainly relies in the
information recorded in HPGe detectors. In our experiment there are three types of
information that can be used for the identification of the y-rays in the spectra. Firstly,
their time distribution relative to the proton pulse arrival time is strongly correlated
with the half-life of the isotope decay in which they are emitted. Secondly, to require
an extra coincidence with the S-detector ensures that the v-rays have been emitted in a
[B-decay, reducing the contribution of other kind of contaminants. Thirdly, the analysis
of HPGe-HPGe ~-v coincidence with presviusly known transitions led to unambiguous
placement of the the y-rays in the level-scheme.

This part of the analysis has been done using the event list-files written in the
GASP format. The GASP-format event file was analyzed employing the tools from
the GASPware data analysis package developed by D. Bazzacco et al[Baz|. The most
important tool is the gsort program, it allows us to generate histograms and 2D or
3D matrices on any of the parameters that define the events. The working of the gsort
program is controlled by a flexible configuration file, where we can define the histograms
and matrices that we want to generate, set sorting conditions on any other parameter
of the event, include calibration files and perform the addback correction on the HPGe-
clover detectors. The other key tool is the xtrackn tool, which provides a graphical
interface for the analysis of the «-ray histogram and 2 dimensional matrices.

The ~-ray analysis relies in two kind of 2D matrices. The first two are the HPGe
energy versus proton time matrices of singles and g-gated events, which are built using
all the detected HPGe hits or only those registered in coincidence with the 8 detector
respectively. They are used to extract the time information about the ~-rays, and also
to measure the intensities of the ~-rays. The other type of matrices are the HPGe-
HPGe coincidence symmetric matrices, 8 and non-f3 gated. They are used for the v —+

coincidence study.

3.3.3 Lifetime measurements

In this PhD thesis, the measurement of excited levels lifetimes are done by means of
the fast-timing methods. These methods are based in the time correlation between two

of the scintillator detectors. Other types of information, such as coincidence with other
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detectors or the detection time of the evens, can also play indirectly an important role
in the fast-timing analyis. A detailed description of the fast-timing methods is given in
Chapter

For the fast-timing analysis, within this PhD thesis it has been developed a series
of tools in ROOT. The aim of these tools is to perform the sorting of the events,
and at the same time take care of all the corrections needed to deal with systematics
corrections in the analysis. The process of the analysis can be divided in two steps, a
first presorting step, and the second where all the gating conditions are applied and the
time distributions are generated.

The presorting step is done by the a program called FTGlobalTree. The mission
of this program is to read the original event files generated by the nutaq4IDS program
in .root format and select only those events relevant for the fast-timing analysis. Only
those events where a signal from any of the TAC modules are registered, along with their
corresponding LaBrs(Ce) detectors, pass through this filter and are saved in the output
.root file in the form of tree. Energy calibration, and detector energy drift corrections
are also implemented in this step. The tree in the output file, contains the LaBrs(Ce)
and (8 detectors energy, the three TAC modules, the time relative to the proton pulse,
and in the case there was a coincidence with any of the HPGe detectors, the energy
measured by them.

After the presorting process, the next step entails the selection of a given combi-
nation of v-ray events to analyze their time delayed distributions. Gating conditions
on any other parameters can also be required in this step. The analysis follows in two
separated paths, depending if we want to analyze the 5v(t) or the yy(t) time differences.

In 5v(t) events firstly a two 2d-histogram is built, which contain the ~(t) TAC
vs energy in each LaBr3(Ce) detector. The BG_matrix program create these his-
tograms taking into account all the gating conditions in any other parameter that
are defined in an input file, including a coincidence gate in the HPGe detector or a
time condition for the events. The correction of the S-walk is implemented in this
step, (see section from Chapter 4). In the last step the desired ~-ray peak in
the LaBr3(Ce) detector is selected and its corresponding time distribution is generated.
The BG_Time _distribution program takes care of this step. It requires of three energy
gates as input, which are used to estimate the time distributions of the selected peak

and its Compton background contributions. This program takes care of correcting the
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contribution of the Compton background, using the correction procedures described in
Section from Chapter |4l Three time distributions are generated, one for the peak,
including FEP and Compton events, one for the estimated contribution of Compton
background, and a third one for the estimated contribution of FEP events only.

The analysis of y7y(t) events is very similar, but in this case the building of the time
distribution is done in one step by only one program, the GG_Time distribution. This
program requires the definition of the energy gates in the START and STOP detector
for the peak and background estimation. In addition, further conditions can also be
specify on the other parameters to attain a better selectivity. The program reads the
Tree and generate the corresponding time distributions, performing the corresponding

corrections for the contribution of Compton background.

3.3.4 Lifetimes with HPGe detectors

The HPGe-clover detectors at the IDS station are not optimal to be used for lifetime
measurements below the ps range, but their time resolution is more than sufficient to
measure lifetimes longer than tens of nanoseconds. Hence, the measurement of long
lived-isomers with half-lives in the range of 50 ns to us, has been carried out using the
timing information from the HPGe clovers. a measurement of time differences between
detectors can be obtained using high-resolution relative time of the signals. Hence, the
time difference between two detectors within the event is measured as the difference of
the high-resolution time of two detectors hits.

For the HPGe detectors, the timing information was not directly measured with
TAC modules, like for the scintillator detectors. This time correspond to the relative
time, inside the event when each of the signals was received.

The processing of the event-list file was conducted by a code written in root, whose
task consisted in reading the event tree file, compute the time differences between the
selected detectors and save the needed information about the time and energies in an
output file. In this analysis, only the time differences for the 5-HPGe(t) and HPGe(t)-
HPGe(t) coincidences have been derived. At the event building stage, all the incoming
signals since the arrival of the first one are included in the event, within the defined
coincidence window. When more than two signals are received, the coincidence time

window for the later signal is smaller, which produces a non-linear behaviour of the
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Figure 3.6: [-HPGe(t) Time spectra for the Test for the timing analysis with HPGe
detectors. Long-lived isomers in 13°Sn. (Left) S-HPGe(t) time distribution of the 138-keV
~-ray that de-excite the 2084-keV (8T) state. (Right) S-HPGe(t) time distribution of the
391-keV 7-ray that de-excite the 2434-keV (8T) state.

time distributions. To avoid this issue only the events consisting of two detector entries
are used in the lifetime analysis.

The validity of this methodology has been tested by analyzing the long-lived states
in 1398n, they are excellent to test this method in the ns to us range, which are
Ty /2=52(3)ns from 2084.4-keV (87F) level, and the Ty/5=1.61(15) us from 2434.8-keV
(10%) level [FHSRI]. In Figure the 0-HPGe(t) time-delayed distributions gated
on the 138-keV and 391-keV transitions that de-excite the 2084- and 2434-keV level
respectively, are shown. Both values are in agreement with the previous measurements

[FHS81| within their errorbars.

3.4 Calibrations

We briefly discussed the calibration procedures of the detector setup, which can be
divided in energy and efficiency calibrations performed for the HPGe, LaBrs(Ce) and

[B-plastic detectors. The calibrations of the fast-timing setup will be covered in Chapter

2]
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3.4.1 Energy Calibration

For the energy calibration of the y-ray detectors, we study the spectrum of a source
whose ~-ray energies are previously well known. The In isotopes are characterized
by large Qg values, hence it is expected to observed 7-rays of high energies, above
4 MeV, and the calibration sources that are used do not reach such higher energies.
Therefore a first energy calibration was done using a standard source, but later an
internal calibration using the 7-lines from the ¥?In decay was used. The ~-rays in
13291 are an excellent internal calibration, since their energies are already known from
previous studies [KRSS05|. Additionally the energy range of the strong ~-rays emitted
in 132In decay is very wide, with +-lines in the energy range from 64 keV up to 4.4 MeV.

During this analysis, as well as in other recent indium decay studies in this same
region [PKET19, [DSAT19], a good number of v-rays up to 7 MeV are emitted and
therefore, a precise energy calibration is required up to such energies. In order to extend
the range of calibrated energies, high-energy neutron capture ~-rays were employed.
These v-lines are produced by the interaction of the thermal neutrons that are produced
in the ISOLDE target area and reach the experimental setup. These neutrons are
captured by the materials that surround the experimental setup, as well as by the
detectors material. The most common neutron ~-lines can be related to transitions in
Fe from the setup frame, H, O and CI from the surrounding air, and Ge or Al from
the HPGe-clover detectors. These v-rays, along with their respective escape peaks, are

used to fill in the missing range from 4 to 8 MeV.

3.4.1.1 HPGe-Clover

The 4 clover detectors are composed at their own of 4 HPGe crystals. For the sake of
simplicity, the analysis of the HPGe ~-rays is done using the summed spectra from the
16 crystals. This requires that each crystal is calibrated separately before summing up
all the information in one single spectra. The calibrations are very similar, but small
deviations can be observed. The HPGe detectors are characterized by a linear energy
response up to very high energies. In Table [3.2] there are summarized the calibration
coefficients obtained for each clover crystal from the fit to a linear function £ = ag +
1321,

a1 - Channel, for this preliminary calibration of each crystal, only the «-rays from

decay were used. The neutron capture y-lines were not included due to the low statistics
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Figure 3.7: Energy calibration of the full HPGe-clover spectra. The high-energy

neutron capture «-rays have been included in the spectra including the v-rays.

in the individual crystals. This preliminary calibration ensures the matching between

the energies measured by all the crystals separately.

Table 3.2: Energy calibration coefficients for the 16 HPGe crystals. The param-

eters are from the linear fit £ = ag + a1 - Channel for the 16 clover-crystals.

Detector ag ai H Detector ag ai

Cloverl-1 0.0350 0.5458 || Clover3-1 0.5072 0.5984
Cloverl-2 -0.5085 0.5532 || Clover3-2 0.3191 0.5862
Cloverl-3 -0.3560 0.5494 | Clover3-3 0.3764 0.5832
Cloverl-4 -0.8245 0.5408 || Clover3-4 0.0223 0.5777
Clover2-1 -0.4170 0.5429 || Clover4-1 -0.3443 0.5776
Clover2-2  0.0938 0.5690 || Clover4-2 -0.4793 0.5607
Clover2-3 -0.2616 0.5515 || Clover4-3  0.0735 0.5390
Clover2-4 -0.2096 0.5406 || Clover4-4 -0.9878 0.5463

Once the individual crystals were calibrated, the statistics from all of them were
combined in only one spectrum, applying the add-back correction in the process. This
new full HPGe-clover spectra was analyzed again, including the high-energy ~-rays from
neutron capture reactions. In Table [3:3]the y-rays used for the full spectrum calibration

are listed.

Figure shows the result from the fit, for the combined HPGe spectrum. In the
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Table 3.3: 7-lines used for the HPGe-clover energy calibration. v-rays observed

in the decay of '3?In and their daughters '*2Sn and '3!Sn were used. The high-energy

range is covered with neutron capture 7-lines from *°Fe mostly, and several from 27Al and

40Ca

Process E, (keV) ‘ Process E, (keV)
13281 decay 85.58 | ¥2In decay 4042 DE  3019.1
132In decay 132.5 | '32In decay 4351 DE  3329.9
1321y decay 203.1 | ¥2In decay 4416 DE  3394.2
13281 decay 246.87 | 32In decay 4041 SE  3530.1
132In decay 299.6 132]n decay 4351 SE 3840.9
1328n decay 340.53 | '32In decay 4416 SE  3905.2
132Tn decay 375.1 13211 decay 4041.1
132In decay 479.1 132In decay 4351.9
132In decay 526.2 132Tn decay 4416.2

et+e~ 511 27 Al(n,y) %Al 5411.069
13281 decay 899.04 % Fe(n,y)* Fe 5507.42
13281 decay 992.66 27 Al(n,y) %Al 5923.42
13181 decay 1229.28 % Fe(n,y)> Fe 6018.42
13181 decay 1226.04 %6Fe(n,y)* Fe 6112.58
132In decay 1457.5 40Ca(n,y)*Ca 6420.7
1321y decay 1656 5 Fe(n,y)* Fe 6609.18
13211 decay 1766.5 % Fe(n,y)> Fe 6623.58

132In decay 2380 SE  1869.2 %Fe(n,y)> Fe 7120.18
1321 decay 1914.4 %6Fe(n,y)° Fe 7134.58
13211 decay 2268.6 %Fe(n,y)> Fe 7631.18
132In decay 2380.2 % Fe(n,y)> Fe 7645.58

left plot, we can observe that beyond 4 MeV the HPGe detectors still behave linearly.

The image at the right-hand side depicts the residuals of the data points employed in

the fit. We can notice the goodness of the fit, the deviations being well below 0.5 keV

for energies below 5 MeV, while for the 6-8 MeV region, the average deviation is below

1 keV.
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3.4.1.2 LaBr3(Ce)

The main function of the LaBrs(Ce) detectors is their use for fast-timing measurements,
where selection of the « lines is done with the help of coincidences with the HPGe
and/or other conditions. Contrary to the HPGe detectors, a wide range and precise
energy calibration for these detectors is not needed.

A common feature of high photon yield scintillators such as LaBrs(Ce) detectors,
is that they display a non-linear energy response. The main cause behind this lack of
linearity seems to be the gain variance of the PMT [DdHvE95|, because the intrinsic
LaBr3(Ce) yield is pretty linear. Studies of the performance of lanthanum crystals
coupled to the Hamamatsu R9779 PMT [Ham09b], found that the linearity influenced
by the voltage applied to PMT [VMF™15], maintaining a linear behaviour for voltage
values below —1300 V.
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Figure 3.8: Energy calibration for the LaBr;(Ce) detectors. The v-rays emitted
after ¥2In decay were used for the fit. The Bottom plots show the residuals for each

detector.
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For the calibration of the LaBrs(Ce) detectors, we have also used the 7-lines that are
emitted after the decay of '3?In (Table . In this occasion the high-energy neutron
capture vy-lines were not included. Only the more intense transitions were considered.
For the determination of the energy centroid of the peaks, an extra coincidence gate with
the "HPGe-clover" detectors was used. Figure shows the energy calibration curves
for the two LaBrs(Ce) detectors. Both detectors show a linear behaviour for energies
below 1 MeV, however, a deviation is observed when moving up to higher energies. To
expand the calibration range up to the 4 MeV ~ rays, a 4 degree polynomial function
was used for both detectors, see equation [3.1] The overall agreement achieved with this
calibration was very good, with an average deviation of the energies below 5 keV for

lower energies, and ~15 keV in the 4 MeV energy range.

Energy(keV) = ag + a1 - Chan + as - Chan? + a3 - Chan® + a4 - Chan* (3.1)

Table 3.4: Energy calibration coefficients both LaBr;3;(Ce) detectors.

‘ agp al a2 as Qg
LaBr3(Ce)-1 | 14.0(34) 1.21(2)  1.4(3)x10™*  -1.3(18)x107%  4.0(32)x 10712
LaBr3(Ce)-2 | 5.0(9)  0.968(7) 1.51(14)x10~* 7.3(110)x10~? -3.6(239)x10~13

3.4.2 Efficiency calibrations

The efficiency characterization for the y-ray detectors, is done using a radioactive sources
placed at the implantation point, whose y-rays energies and intensities are well known.
The total efficiency is mainly determined by two factors. Firstly, the solid angle covered
by the detector indicates the fraction of particles that are emitted towards the detector.
The second factor is the intrinsic efficiency, it indicates the fraction of impinging particles
that are detected. This last factor may change depending of the energy of the particle.
In this subsection the efficiency calibration for the HPGe-Clover, LaBrs(Ce) detectors

and B-plastic detector will be discussed.

3.4.2.1 HPGe-Clover

The measurement of the full-energy peak efficiency of the HPGe clover detectors is of

vital importance to obtain the y-ray intensities. For this reason, a complete set of y-ray
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calibration sources, including "?Eu, ®3Ba, 3Rb, “9Ba and 38Cs, were used during
the IS610 experimental campaigns. This detailed calibration allow us to cover a wide
range of energies up to the 4 MeV.

For simplicity, the y-ray spectrum used to measure the efficiency, were built com-
bining each segmented of the 16 HPGe clover segments. Hence, the obtained efficiency
corresponds to the total efficiency of the whole HPGe setup of detectors. To measure the
absolute FEP efficiency, in the first place the efficiency obtained for the %?Eu source,
whose activity was known, was calculated. Hereafter, the efficiency for the remain-
ing sources was calculated separately, and then re-scaled, in order to match the *2Eu
efficiency within the overlapping energy ranges.

When the sixteen HPGe segments are combined, we can decide whether to apply the
add-back correction or not. Without the add-back correction, the total FEP efficiency
corresponds to the sum of efficiencies for each HPGe crystal. When the add-back
correction is applied a fraction of FEP events are recovered, hence the total efficiency in
add-back mode is higher than the sum of the individual efficiencies. In Figure there
are depicted the efficiency curves measured for the HPGe detectors with and without
the add-back correction. The effectiveness of the add-back correction is better for high
energies as expected. At 1 MeV the efficiency with the add-back correction is ~1.4 times
higher, but it increases up to 1.8 around 4 MeV. The benefit of using the add-back is
clear, and most of the analysis has been done using the add-back corrected spectra.

The experimental values obtained for the efficiency have been fitted to the empirical
curve described in equation [3.2] Using this single curve, the entire energy range of
measured points could be satisfactory fitted. The inner plots in Figure [3.9] show the
relative deviation of the experimental data from the fitted curves. The deviation is below
5% for both curves in the energy range below 3 MeV. Taking this into consideration,
the uncertainty of the efficiency calibration has been estimated to be 5%. However,
this value has been increased up to a conservative 20% in the energy region below 100
keV, where the curve bents down, as well as above 3.5 MeV where there is a lack of

experimental measurements.

co + c1 % log(E) + ¢ * log?(E) + c3 * log?(E) + ¢4 * log*(E) + c5 * log®(E)

e(E) = z

(3.2)
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Figure 3.9: Absolute FEP efficiency of the HPGe array. (Top) FEP efficiency
measured for the add-back corrected spectra. (Bottom) Absolute efficiency for without
add-back correction. The insets show the relative deviation of the experimental points
with regard to the fitted curve. The red lines show the predicted efficiency by a Geant4

simulation [Licb].

Table 3.5: Calibration coeflicients for the HPGe total efficiency.

‘ Co C1 C2 C3 C4 Cs
Add-back | 5.20-10% -4.57-10® 1.15-10° -55.4 -6.77 0.59
No Add-back | 4.42-10* -4.34-10* 1.60-10* -2.77-10> 2.31-10%2 -7.52

Using the ~v-lines provided by the calibration sources, it was possible to cover the

energy range up to 3.5 MeV with good accuracy. The lack of experimental data beyond

99
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this point has been supplied by the efficiency predicted by Geant4 simulations, provided
by R. Lica |Licb|. The simulated efficiency are drawn together with the experimental
curves in Figure[3.9] It can be noticed that the simulated an experimental efficiencies are
in excellent agreement for energies above 200 keV. However, the Geant4 simulated curves
predict a drop in the efficiency above 3.5 MeV that cannot be empirically measured.
For the energy range beyond 3.5 MeV, we have relied in the efficiency predicted by the

Geant4 simulations.

3.4.2.2 LaBr3(Ce)

The absolute full energy peak efficiency of the LaBrs(Ce) detectors has been investi-
gated using the same set of calibration sources that the HPGe detectors. In Figure[3.10]
the efficiencies measured for both lanthanum detectors are shown. The lower energy
resolution of the LaBrs(Ce) detectors makes it more difficult to obtain a good mea-
surement of the peak area in the spectrum. Hence, the measured efficiency points have
sometimes strong deviations from the fitted curves ~ 20%.

The efficiency curves have been fitted with the same empirical function used for the
HPGe detectors (Equation , the parameters obtained by the fit are summarized in
Table For the close geometry configuration of the detectors used during the IS610
experiment, the efficiency of each LaBr3(Ce) detector is similar to the efficiency of one
HPGe-clover detector.

Table 3.6: Calibration coefficients for the LaBrs(Ce)total efficiency. The c3, ¢4 and cs

parameters were set to 0 in the calibration of the LaBrs(Ce) detectors.

‘ Co C1 C2
LaBr3(Ce)-1 | -2.4(2)x10%  9.8(7)x10%  -78(7)
LaBr3(Ce)-2 | -2.7(3)x10% 1.12(11)x10% -91(9)

3.4.2.3 Beta-plastic scintillator

The B-particles that impact on the plastic, deposit only a small fraction of their energy.
Beta-particles are detected, whenever the g-detector is triggered, without regard of the
deposited energy. The efficiency of the 3 detector can be measured from the ratio of

intensities in the B-gated and singles spectra:
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Figure 3.10: Absolute efficiency of the LaBr;(Ce) detectors.

A (B—gated)

€g = (3.3)
A'yf(Singles)

The efficiency of the S-detector is usually assumed to be close to the 100% of the

impinging S-particles. Considering the solid angle covered by the plastic, an efficiency

~25 to 30% of the total emitted S-particles is expected. However, our analysis showed

notorious deviations of the S-detector efficiency depending on the decay under study.

In Table the measured efficiency of the plastic scintillators for the decay of different

indium and tin isotopes, as well as several calibration sources, is summarized. These

efficiencies were estimated by analyzing the v-ray spectra in the LaBrs(Ce) detectors.

We used the LaBrs(Ce) to avoid the influence of the activity from isotopes implanted

outside the expected implantation point.

The HPGe detectors are sensitive to the
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activity implanted in other places, such as the collimator, which appear in the singles

spectra affecting to the apparent 3 efficiency.

Table 3.7: Efficiency of the p-detector. The Qg values, have been taken from
[WAK™17|. For the average Eg values we have considered those corresponding to the
most intensely populated levels in the decay. The efficiency of the S-plastic have been cal-
culated from the comparison of the -gated and singles spectra measured at the LaBrs(Ce)
detectors.

Decay ‘ eg (%) Qp (MeV) Average Eg (MeV)

132013280 | ~25 14.14(6) ~3
133In—133Sn | ~30 12.9 ~5
1321n—1328n | ~23 11.0(2) ~3
B8l —1818n | ~24 9.18(2) ~3
13260 1328h | ~14  3.089(3) ~0.7
181gn 3 1318h | ~17 4.67(1) ~1.7
138Cs—1%Ba | ~15  5.375(9) ~1.0-1.7
8Rb—%Sr | ~14  5.312(1) ~1
140Ba 140 | ~1 1.047(8) ~0.2
M0LaM0Ce | ~7 3.760(2) ~0.4-0.6

The maximum efficiency of the detector is achieved for the decay of the In isotopes,
which emit the most energetic 3 electrons. In those cases, the efficiency is close to the ~
25-30% situation where all the electrons that enter into the plastic are detected. In the
decay of the daughters Sn isotopes, 138Cs, and 8Rb, the measured efficiency is notably
lower ~ 15%. This drop in the efficiency goes together with the drop of the average
energy of the emitted electrons. This correlation between energy and efficiency becomes
more evident by the extremely low efficiency of the plastic for the g-particles emitted
in 149Ba and '%La decays.

In conclusion, the efficiency of the -plastic has a strong dependence on the energy
of the detected 5 particles. The origin of this correlation is most likely due to two
factors. The fraction of S particles that are stopped before reaching the plastic, and
the low energy threshold of the detector. In both cases, the low-energy regions are most
affected, hence the decays with a lower 8 energy would loss a bigger fraction of all the

emitted electrons.
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3.5 Summary of the chapter

In this chapter, we provide a detailed description of different characteristic of the IS610
experiment, as well as the methodology of analysis employed for the measured data.

Section [3.I] provides an overview of the ISOLDE facility, as well as about its situation
within the CERN accelerator complex. Within this section, it is described also how the
Radioactive Ion Beams in ISOLDE are produced, including an overview about the
target-ion source, RILIS, the ISOLDE mass separators and the experimental hall.

In section the experimental configuration used in the IDS during our experiment
is described. We report on the properties the HPGe-clover, LaBrs(Ce) and S-plastic
detectors, as well as of the electronic setup, that takes care of the treatment of the
signals produced in the detectors.

In section [3.3|an overview of the data analysis procedure is given. It is described the
data processing, starting off with the uncorrelated detectors hits in the RAW files, their
grouping in coincidence events by the event builder program, and finally their sorting
into a collection of matrices and spectra that can be analyzed to extract the relevant
information about the nuclei under study.

In section [3.4] we report on the energy and efficiency calibrations carried out for the
IDS detectors used in our experiment. A large set of calibration sources were employed,

including sealed ~-ray sources, online sources and internal calibration points.
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Lifetime measurements with

fast-timing methods

The lifetimes of the excited nuclear states provides relevant information about the un-
derlying nuclear structure. As discussed in section [2.2.3] they give direct access to the
reduced transition probabilities B(X\; J; — Jy) for the de-exciting transitions. Nowa-
days, the experimentally accessible range of lifetimes expands over more than 50 orders
of magnitude. There is a variety of methods to determine the half-life of an excited
level which can be divided into two main categories, direct and indirect methods. The
direct methods are the Doppler shift and the Time Delayed Coincidences methods.

To measure lifetimes by Doppler-shift, the excited states are populated through
nuclear reactions that promote the nucleus to an excited state, followed with a de-
excitation by the emission ofvy-rays. The reaction product is slowed down or stopped
and the lifetime is extracted from the comparison of the Doppler shifted emission of
v-rays (in flight) to the y-rays emitted by the stopped isotopes. Doppler shift methods
give access to lifetimes in the range from femtoseconds to tens of picoseconds.

In time delayed coincidence methods, the general principle consists of measuring
the time difference between the population and the depopulation of an excited state.
The time difference is obtained from electronic signals of radiation detectors tailored to
measure the radiation that indicates the population and de-excitation of an specific level.
On the other hand, nuclear resonances fluorescence experiments allow the measurement
of shorter lifetimes beyond the limits of Doppler shift methods, by extracting the lifetime

from the resonance width.
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In this thesis the measurement of half-lives has been performed using time-delayed
coincidences methods. Electronic time methods using HPGe detectors, due to their
poor time resolution, are limited to the lifetimes longer than tens of nanoseconds. The
lower bound of application of time-delayed methods was significantly pushed down to
the picosecond range thanks to the implementation of the Ultra-Fast Timing technique.
Time-delayed methods that make use of fast scintillators are generally known as fast-
timing methods.

The Advanced Time-delayed 8yv(t) method is a general procedure developed by H.
Mach, M. Moszynski and R. Gill in the 1980s [MGMS89, MMS9], for the measurement
of lifetimes in the low picosecond range. This technique relies on the use of triple
coincidence 3vy7(t) where the timing information is obtained from the 5v(t) coincidence
between two fast scintillators. For the detection of the § a thin plastic scintillator
is employed, which provides a nearly uniform time response for the [ particles. For
the timing information of the v-rays, a fast inorganic crystal scintillator is employed.
Originally, the BaFy crystals coupled to fast photomultiplier tubes (PMTs) were used
as 7y detectors. Nowadays, LaBrs(Ce) detectors have replaced them, due to their better
energy resolution along with a competitive time response. However, given the limited
energy resolution of scintillator detectors, a third -+ coincidence is set in a high energy
resolution HPGe detector, which does not contribute to the timing information, but
provides the selectivity of the desired decay branch.

The availability of LaBrs(Ce) crystals opened the possibility to extend ultra-fast
timing techniques from Bv to yy(t) delayed coincidences. In this case, the time differ-
ence information is derived from delayed coincidence between two LaBrs(Ce) detectors.
These techniques are especially suited for measuring lifetimes for in-beam experiments.
The so-called Generalized Centroid shift method or Mirror Symmetric Centroid shift
method [RPJRI0, RMST13|, constitutes a generalization of the fast-timing techniques

oriented to measure lifetimes in the ps range via yy(t) coincidences.

4.1 The Advanced Time delayed [yv(t) method.

The principle of the method consists in the detection on a thin plastic of the 3 electron
emitted in S-decay as a signal of the population of an excited level. The decay of the

level is then signalled by the detection on the LaBrs(Ce) detectors of the de-exciting
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~-ray. The time difference between both signals is measured by a Time to Amplitude
Converter (TAC) module, which uses the 3 signal as the START and the ~y signal as the
STOP, to derive the time difference value. To minimize the time walk of the signals,
Constant Fraction Discriminator (CFD) modules are employed before the TAC giving
the time stamp of every pulse. The time spectrum provided by the TAC module has
the form of a sum exponential decays functions f(t) = ), ae "7 for t > 0, which
account for the contribution of the lifetimes of the excited levels 7; that the nucleus can
go through since the S-decay until the emission of the y-ray selected in the LaBrs(Ce).
In the most simple scenario, the studied level is populated directly in the S-decay, and
only its lifetime 7 contributes to the decay function. The decay function is simplified
to f(t) = e ¥/7. Nevertheless, it is important to take into account the response of
the system, which is characterized by a finite time resolution along with an energy
dependent time response. Consequently, the measured delayed time distribution F'(¢;)
corresponds to the convolution of the expected time difference function f(t) with the
function P(t;), which gives the Prompt time distribution, and characterizes the intrinsic
time response of the system.
+o00
F(t;))=N P(t; —t)f(t —to)dt (4.1)
to

The response function P(t;) provides the time resolution of the system, which in-
cludes the response due to the scintillators, PMT, CFD and TACs. The P(t;) time
response function can be derived by measuring the time distribution of prompt ~-rays
that are emitted from short-lived states ( 7 <1 ps). This function is generally assumed
to be of a quasi-Gaussian shape, whose centroid position C' and sigma o vary with the
energy of the detected 5 or v radiation. The function that describes the dependency of
the centroid position with the energy is known as the detector time walk. Its precise
calibration is of vital importance for the measurement of lifetimes with the centroid
shift method. The calibration procedure for the walk functions is described in details
in sections and The o describes the time resolution of the system, having
also a dependence with energy.

The lifetime of the excited level is measured by the analysis of the time distribution.
The half-life can be extracted either by the de-convolution of the slope or by the centroid-
shift method.
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4.1.1 De-convolution method

For an excited level with a lifetime longer than the time resolution of the system, the
lifetime of the level appears as an exponential decay on the right-hand side of the
spectrum, namely the delayed part. Considering the most simple case, when only one
level contributes to the time spectrum, and assuming a Gaussian-shape time-response,

the time distribution F'(¢;) can be expressed with the following equation:

(t;—t)?
—+o00 e_ 952 e—(t—to)/‘l‘

F(t;)) =N dt 4.2
=N | (4.2

where NNV indicates the total number of events of the time spectrum, and ¢ is the centroid

position of the prompt time distribution at the energy of the «-ray. The denominator
factors are the normalization factors. By integrating Equation [£.2] the resulting function
take the form defined in Equation[4.3] This function contains two parts, an exponential
function, related to the decay of the level, and the Gauss error function erf(t), which

accounts for the time response of the system.

N _ti—to, o2 t; — o o
F(t) = —e = 271 - — 4.3
=g 7 [*”f< V2o ﬂTﬂ 3

In Figure [4.1] is shown an example of a time distribution from a long-lived state.

The lifetime is determined by fitting the parameters of the function defined in

to the time spectrum (blue curve). The red curve represents the same function but
assuming a prompt y-ray 7 ~ 0. For the 7 >> o case, the delayed region where
(t; — to) >> o the error function becomes 1, and the time distribution can be fitted to
a simple exponential decay N/ Te_@function within this region. In these cases, the
lifetime can be determined by fitting only this region of the spectrum to the exponential
decay. For the case where the mean life is similar to o, it is required to use the complete

convoluted form of Gaussian plus exponential.

4.1.2 Centroid shift method

The centroid shift method is employed when the lifetime of the level of interest, is shorter
or similar to the time resolution of the experimental setup, typically for lifetimes below
100 ps (depending on the energy range and detectors used). In those cases, the lifetime

cannot be deduced from the fit of the exponential tail, since this exponential decay
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Figure 4.1: Time-delayed distribution of a long-lived state. The red-curves illus-
trates the expected time spectra for the prompt transition case. The lifetime of the levels

appears at the right-hand side of the time spectrum as an exponential slope.

is hidden inside the time response function. Nevertheless, it is possible to track the
effect of the lifetime in the time distribution from the shift that it induces to the overall
time distribution. The centroid shift of time distribution can be seen in Figure
The black and blue distributions represent the time spectrum for «-rays that de-excite
a short-lived state. The red curve depicts the expected time distribution if the y-ray
would have de-excited a prompt level.

The shift of the overall time distribution F'(¢;) can be quantified with the first
moment [ ¢F(t)dt, which corresponds to the center of gravity of the time distribution
that is also called centroid position C'. As demonstrated in [BHK55], for the simplest
case where there is only one lifetime contribution to the time spectrum, the mean life
of the level is equal to the shift in the centroid positions between the convoluted F(t)
and the prompt P(t) time distributions.

+oo +o0
T= / LF(t)dt — / tP(t)dt = C(F)— C(P) (4.4)
—o0 —o0

The mean life is thus determined from the shift induced in the time-distribution
by the lifetime, and therefore, a precise measure of the prompt centroid position for
prompt y-rays is required. This entails some difficulty since the centroid prompt position
cannot be directly measured. To address this problem, the standard method consists in

obtaining the centroid position for another reference y-ray C(P,,, f) from the spectra,
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Figure 4.2: Example of the Sv(¢) Centroid shift analysis. The blue spectrum
spectrum represents the time distribution corresponding to the delayed 7-ray, which de-
excites the level of interest, while the violet distribution belongs to the prompt-reference
~-line. The red distribution corresponds to the expected prompt position of the delayed
~-ray, which is deduced from the centroid of the reference y-ray and shift in the FEP walk

curve.

which can be assumed to de-excite a level with a prompt lifetime. Due to the walk,
the centroid position obtained for the reference transition does not correspond to the
expected prompt position of the ~-ray under study, it is shifted. The shift introduced
by the time walk, AC(P), can be obtained from the FEP walk curve, which is derived
separately from the analysis of a set of calibration sources, see section

An schematic example of the analysis is depicted in Figure [£.2l The analysis of
half-lives via the centroid shift method has three uncertainty sources, the error in the
centroid of the time distribution of the v-ray that de-excites the levels, C(F), the error
in the centroid of the reference prompt y-ray, C(P,,,,), and the uncertainty of the FEP
walk calibration curve.

The described centroid shift method, is only valid for the most simple situation
where only one lifetime contributes to the time distribution. In reality, the level-schemes
populated in (-decay experiments are usually more complex. Each level can be fed
either directly in the B-decay, or by ~v-rays from higher-lying levels. The lifetimes of

those upper levels contribute also to the shift in the time distribution of the ~-rays
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under investigation:

C(F)=C(P)=71+) (4.5)
k

Where 73, corresponds to the lifetime of the k level, and «j is the fraction of decays
that goes through the k level before reaching the level of interest. Therefore, the task
of isolating the 7 contribution to the shift might be very difficult. For these complex
level-schemes, the use of triple Syv(t) becomes very important. Apart from reducing
the background in the LaBrs(Ce) energy spectra, the coincidence with a y-ray on the
HPGe detectors allow selecting the events from an specific de-excitation cascade, and
constrain the lifetimes from higher-lying levels. In this way a clean selection of the

decay branch can be obtained.

4.2 Fast-timing v7v(t) methods.

The analysis methodologies described in the previous section for the 5v(t) timing tech-
niques, can be extended to the yy(t) delayed coincidence system. The main difference
between (v and vy coincidences is that the lifetime is calculated from the time differ-
ences between the arrival of the y-rays that populate and de-excite the level. The ~~(t)
method requires selecting two ~-rays, one in the START and the other in the STOP
detector. The derived time distributions are thus influenced only by the lifetimes of
the states that are in between the two selected y-rays. This is a very convenient fea-
ture to study for instance the lifetimes of levels below long-lived isomers, and has been
made possible by the advent of the fast scintillators with good energy resolution such
as LaBrs(Ce) crystals.

Due to the equivalence between the START and STOP detector, every pair of coin-
cident y-rays can be selected in two different ways, the delayed and anti-delayed. The
delayed spectrum is obtained when the populating ~-ray is used as START, while in
de-exciting ~-ray is used as STOP. In the delayed time-spectrum the lifetimes manifest
with an exponential decay tail on the right-hand side of the spectrum, and the centroid
position of the overall distribution is shifted to the right, by the mean life of the level.
The anti-delayed time spectrum is obtained by inverting the selection of -rays in the
detectors. The anti-delayed time distribution shows the same form but inverted in the

time axis, the exponential tail appears on the left-hand side of the time distribution,
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Figure 4.3: Lifetime analysis using the v7y(t) method. Procedure to measure the
mean-life of the A state in the example level-scheme showed at the left side. To derive the
lifetime of a combination of two y-rays needs to be selected in the two LaBrs(Ce) detector,
one that feds the level v¢, and another one that de-excite it 4. Two time distributions
can be derived for this combination of -rays, depending on which detector is used each
~-ray, the delayed (blue) and anti-delayed (red). Long lifetimes can be extracted by fitting
decay-tails from both time distributions. For shorter lifetimes, the mean life can be derived
from the centroid-shift measured between the delayed and anti-delayed time spectra. The
centroid shift methods requires to account the time-walk contributions. APRD value,
which includes for the time walk in both LaBrs(Ce) between the two selected energies, E.,
and F,,

and the centroid position is shifted one mean-life to the left of the expected prompt
position.

For states with long lifetimes, the half-life life Ty, can be derived by fitting the
exponential decay tails. The fit can be performed separately for the delayed and anti-
delayed distributions, resulting in two independent measurements for the T/, value.
The short lifetimes have to be deduced from the shift in the centroid position The
mean-life can be extracted using of the Mirror Symmetric Centroid Difference (MSCD)
method [RPJR10], which take advantage of the symmetric properties of the yy(t) time-
delayed coincidence. In the MSCD method, the mean life is calculated from the centroid
difference between the delayed and anti-delayed distribution. The mean life is related

to the centroid shift between both distribution by the following equation:

AC = C(FDelayed) - C(FAnti—Delayed) =APRD + 27 (46)
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where PRD correspond to the Prompt Response Distribution, which describes the
dependence of the prompt centroid position on the energies selected in both detectors.
The APRD value represents the shift in the PRD curves between the delayed and anti-
delayed combination of gates. The PRD curve for every experiment is derived by ~7(t)
coincidences from known calibration sources. More information about this procedure
can be found in section The PRD contains the combined energy dependency of
both LaBrs(Ce) detector, and as is shown in the calibration sections [4.4.3] it can be
derived from the FEP walk curves measured from 8v(t) coincidence for both START
and STOP detectors:

PRD(Estart; Estop) = —FEPSLART (Bgart) + FEPSTOP (Egto) (4.7)

APRD = PRD(E’yfeedera E’ydecay) - PRD(E'ydecaya E’yfeeder)

— “FEPSH(E, fepter) + FEPSTIT (B, ) (19
+ FEpgng(EvfeedeT) - FEng;gP(E'ydecay)

4.3 Compton background correction methodology

One of the biggest challenges that arise when analyzing a fast-timing experiment is the
influence of Compton scattering background to the time spectra. This hampers the
analysis due to the impossibility of separate the Full Energy Peaks (FEP) events from
those of the Compton background when setting energy gates. These Compton events are
the "side product" of higher-energy ~-rays, and hence they carry the time information
of the ~-rays that produce them. The lifetime measurement of excited levels via the
fast-timing method is based on the analysis of the time distribution of de-exciting ~-
rays. Thereby, to obtain a reliable half-life value from our analysis we need to be sure
that the influence of the Compton background events to the time distribution has been

removed.

4.3.1 Correction methods for $v(t) delayed coincidences.

The correction methodology that has been developed in this Thesis to characterize and

correct for the contribution of Compton events in 8v(t) events is explained here. This
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Figure 4.4: Compton correction procedure for Sv(t) events.(a) Total LaBrs(Ce)
energy projection from the 8-LaBrs(Ce)(t) events. In the same plot, there are also depicted
the chosen energy gates to select the 1009-keV peak (grey) and for the estimation of the
Compton background (blue) are also plotted. (b) Total TAC amplitude projection of (-
LaBr3(Ce)(t) events. (c-g) LaBrs(Ce) energy projections for the colored bins from the
TAC spectrum. In every spectrum, is depicted the estimation of the total amount of FEP
vs Compton events. (h) Time distributions for the Peak(Black), Compton (blue) and FEP
(red) events. See text for details.
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was done with the aid of the 1009-keV line in 3®*Cs which, has been used as an online
calibration source.

Figure[f.4)shows the procedure to correct for the contribution of the Compton events
to the time distribution. In the top-left plot, the -gated LaBrs(Ce) energy spectrum is
represented. As shown, the 1009-keV ~-ray sits on a large Compton background, which
is mostly generated by the 1436-keV v-ray. If an energy gate is set on the 1009-keV peak,
the obtained time distribution described by Equation where F'(t;) is the number of
events registered within the selected energy gates at a given time t;, will be the sum of

both FEP and Compton components.

F(t;) = Frep(ti) + Foompton(ti) (4.9)

It is not possible to perform an event-by-event separation of FEP and Compton
events, but FEP events appear in the form of a Gaussian peak, whereas the Compton
events are distributed in a linear background. Hence, it is possible to assess the rela-
tive contribution of the Compton and FEP events analyzing the y-ray spectrum, and
performing a statistical estimate of the amount of Compton events for every time bin.

This is exemplified in the spectrum from Figure (a). The total amount of Comp-
ton events within the energy gates is obtained by a linear interpolation, where two se-
lected regions from the background at both sides of the peak were used as a reference.
This yields a relative FEP/Compton ratio of ~1.7, for the full spectrum where all the
B(t) events are included.

The procedure is the following: first, we set the energy gates that will be used to
select the FEP and the two regions of reference to estimate the Compton, Figure [4.4
(a). Secondly, the time regions are selected on the time spectrum and projected to
the LaBrs(Ce) energy spectrum. From each projection, we estimate the total amount
of Compton events within the FEP window, separately for every time bin. From this
analysis, we derive the expected time distribution only for the Compton events beneath

the peak, by removing the FEP contribution:

FCompton (tz) = L(FCompton—Left(ti)a FCompton—Right (tz)) (4'10)

where £ is a function that can be approximated by a linear function. An advantage of
this method is that the time-shift or the varying time resolution of Compton events due

to the Compton-walk are intrinsically considered.
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A Compton time distribution is derived from this analysis. Every TAC bin con-
tains the estimated Compton contribution. FEP time distribution is thus obtained by

subtracting the derived Compton time-spectra from the events within the peak gate.
FFEP(ti) = F(tz) - FC’ompton(ti) (4.11)

The Compton, Foompton, and Peak, F', time distributions are obtained from the
adjacent set of events. Consequently, their statistical fluctuations are different, and
then the FEP distributions errors are obtained from the error propagation and Compton

uncertainties, according to Equation [.12]

5FFEP(ti) = \/(6F(tl))2 + (5FCompton(ti))2 (412)

Figure (h), displays the time distribution for all the events for the 1009-keV
peak (black), along with their separate contributions, corresponding to FEP (red) and
Compton (blue) events. In the total time spectra, at least two components are apparent
at first sight: one of them prompt, corresponding to the Gaussian peak on the left, and
a long-lived component which appears as an exponential slope on the right-hand side.
When we look at the separated FEP and Compton time distributions, it can be noticed
that the long-lived component is solely due to the Compton events. The corrected FEP
time spectrum, shows only a pure prompt time distribution, which is consistent with
the expected Ty /o =5(4) ps [Son03| of the 2446-keV level, de-excited by the 1009-keV
transition. The time resolution at this energy is FWHM=190 ps, that is c=90 ps.

The methodology described in this Section holds a strong potential for removing
the Compton contribution to the time spectra. It is valid for all types of Compton
backgrounds arising from prompt and delayed v-rays, even from long-lived states. But
care should be taken when the FEP to Compton ratio is too low since the errors would
become too large making it impossible to obtain a reliable result. On the other hand,
under normal experimental conditions, it is common to have complex y-rays spectra with
overlapping peaks, whose time distributions cannot be separated by this methodology.

To reduce the Compton contribution an extra coincident condition on HPGe detec-
tors can also be set [MGMS89|. It does not contribute to the timing information but
improves the selection of the y-ray. This third coincidence has an extra importance
for fvy(t) measurements, where the time difference carries the influence from the levels

that the nucleus have gone through before emitting the LaBrs(Ce)-gated ~-ray. The
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4.3 Compton background correction methodology

HPGe-gated transition, is used then not only to clean the spectra, but also to select an
specific cascade.

The third «-ray in the HPGe detector is selected by means of an energy gate. Like-
wise in the LaBr3(Ce) detectors, the Compton events underneath the FEP peak in the
HPGe-energy spectrum are also included. These HPGe-Compton coincident events,
may reduce the goodness of the selection by the HPGe gate, being in some cases the
main cause of the Compton background in the LaBrs(Ce) energy spectra, since they
are produced by other v-rays from the spectra,

In Figure there are depicted the S-LaBrs(Ce) gated on the 1436-keV (Top) and
the 138-keV (Bottom)  lines at the HPGe-Clover detectors. The inner plots represent
the HPGe spectrum on the energy region of the selected vy-ray, along with the selected
gates used for the FEP and the background. In the 1436-keV gate, the contribution
from the background beneath the HPGe FEP can be neglected. By setting this gate,
the Compton background below the 1009-keV 4-line in the LaBrs(Ce) detector is almost
completely removed. For other peaks located at lower energies, there is still a Compton
background and hence corrections for the LaBrsg(Ce) background may be still required.

Regarding the (§-LaBrs(Ce) spectrum measured in coincidence with the 138-keV
peak, Figure (bottom), the contribution of events in coincidence with the HPGe
Compton continuum is sizable. Most of the Compton background in the LaBrs(Ce)
spectrum is due to the germanium background. Hence, the removal of this contribution
strongly reduces the Compton background in the LaBrs(Ce) detector.

To remove the contribution of the Compton background in the HPGe detector, the
analysis to derive the F'(t;) and Foomp(t;) time spectra described above (see Figure
, is performed separately for the events in coincidence with the HPGe peak gate
and those in the HPGe Compton gate.

F(tl) — FHPGe—Peak(ti) _ FHPGe—Comp(ti) (4‘13)
Foomp(ti) = Flipa "™ (t1) = Fogmy " (t:) (4.14)

The errors from the HPGe-Peak and HPGe-Compton time distributions are quadrat-

ically propagated to obtain the uncertainty of the time distributions Compton corrected.

5F(tl) — \/(5FHPGe—peak:(ti))2 + (5FHPG’@—C'omp(ti))2 (415)
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Figure 4.5: HPGe coincident (S-gated LaBr3(Ce) energy spectra to show the
contribution of Compton events in the HPGe detectors. (Top) HPGe Coincident
B-gated LaBr3(Ce) spectra obtained by gating on the 1436-keV transition (black) and on
the background on the right-hand side of the peak (blue). The inset plot illustrates the
energy gates set in the HPGe spectra. In this case, the contribution of Compton events
from the HPGe detector is negligible. (Bottom) spectra gated on the 138-keV transition
at the HPGe detector. In this case, the Compton background in the HPGe accounts for

around half of the events in the spectrum, including most of the Compton background in

the LaBrs(Ce) detector.

S Fcomp(ti) = \/ (ST Gempeak

))2 + (6FHPGefComp(ti))2

(4.16)

In conclusion, a proper subtraction the Compton contribution to the time spectrum is

essential. One of the best approaches to do so is to define an extra coincident condition

on the HPGe clovers. However, the use of triple Syv(t) events has a great cost in

statistics due to the low absolute efficiency of HPGe detectors, and does not warrant a

complete removal of the Compton background in the LaBrs(Ce) detector. To deal with

the remaining background we can use the methodologies explained in this section to

78



4.3 Compton background correction methodology

deal with the Compton events in either LaBrs(Ce) and HPGe detectors. They can be
employed simultaneously, in order to achieve a FEP time distribution completely free
from the influence of Compton events. The procedures developed in this PhD thesis

will be used later on in the analysis.

4.3.2 Analysis of yy(t) time delayed events.

As explained in Section Compton scattering events underneath full energy peaks
represent a major problem when measuring lifetimes via fast-timing methods. When
using 7y(t) coincidences the Compton contribution needs to be subtracted as well.
The treatment of these Compton events entails a higher level of complexity in ~7(t)
measurements, because the Compton background is present underneath the FEP events

on both the START and STOP peaks.
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Figure 4.6: vy coincidence matrix measured for the '“°Ba decay between two
LaBr;(Ce) detectors.

Figure depicts the y(t) coincidence matrix measured using two LaBr3(Ce) de-
tectors for the “9Ba calibration source. Within the energy region shown in the spec-
trum, we can observe the peaks from the 329-487-keV cascade in '°Ce for either the de-
layed START[329]-STOP|487| and anti-delayed START[487]-STOP|[329] combinations.
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4. LIFETIME MEASUREMENTS WITH FAST-TIMING METHODS

The time distributions are obtained by setting a double energy gate. The Peak-Peak
gate, contains the FEP-FEP events, where both ~-rays have left their entire energy
in their respective detectors, but also includes events arising from the Compton back-
ground. These kinds of Compton background components can be identified, depending
on which detector was the Compton event measured. In the FEP-Compton, the START
detector measured a FEP and while the Compton is detected in the STOP LaBrs(Ce).
In the Compton-FEP events, the START signal is given by a Compton event and the
STOP by a FEP. The Compton-Compton events correspond to the case when both start
and stop signal are produced by Compton events. The Peak-Peak time distribution is

thus composed by four contributions:

Fpeak—peak(ti) = Frep—rep(ti) + FrEp—Comp(ti) + Foomp—rEP(ti) + FComp—Comp(ti)
(4.17)

For the lifetime measurements, the actual timing information is only provided by
the Frpp_prp(t;) time distribution. Hence, the contribution from the other three
components needs to be removed.

Each background component has a separate origin, and thus its time distribution
has a specific behaviour which needs to be estimated individually. With this aim, we
have developed a correction methodology based on the inspection of the nearby Comp-
ton background, equivalent to the one employed to correct the LaBrs(Ce) Compton
background for Sv(t) events, see Figure

Figure illustrates the analysis procedure to estimate each background component
contributing to the total time spectrum as listed in Equation The first step is to
select one of the two peaks, either the delayed or anti-delayed coincidence, for the two
~-ray combination under study. This is done by means of double energy gate on their
respective peaks at the START and STOP detector. By projecting the time distribution
for these events, the Peak-Peak time distribution is obtained.

The next step in the analysis is the estimate of the others tree contributions from
the nearby Compton background. However, the FEP-Compton and the Compton-FEP
cannot be obtained directly from the spectrum, since is not possible to set a combina-
tion of gates that allows separating the FEP from the Compton underneath. Instead,
the components that can be directly measured are the Peak-Compton, which corre-

spond to the Compton events in the STOP detector measured in coincidence with the
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Figure 4.7: Analysis of the Compton background contributions in vy(t) coinci-
dent events.(a) Coincident LaBr3(Ce)-STOP spectra gated on the 329-keV transition at
the START detector. (b) Coincident LaBrs(Ce)-STaRT spectra gated on the 487-keV tran-
sition at the STOP detector. (c) LaBrsg(Ce) vy matrix and Compton-Compton background
estimate. See text for details.

FEP-+Compton in the start detector (Equation [4.18)), and the Compton-Peak, corre-
sponding to the Compton events in the START coincident with the FEP+Compton at
the STOP detector (Equation |4.19)).

FPeak—Comp(ti) = FFEP—Comp(ti) + FComp—Comp(ti) (418)

FC’ompreak (tz) - FC’omp—FEP (tz) + FC’omp—C’omp(ti) (419)

By including the [£.19] and equations into Equation, it can be rewritten as:

Fpeak—peak(ti) = FrEp—FEP(ti) + FPeak—Comp(ti) + Fomp—Peak(ti) — FComp—Comp(ti)
(4.20)

The Peak-Compton contribution is measured by fixing the gate on the peak at the
START detector and projecting over the energy in the STOP detector. The Peak-
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4. LIFETIME MEASUREMENTS WITH FAST-TIMING METHODS

Compton contribution is calculated by a linear estimate from two nearby Compton
regions, for each TAC channel separately. This procedure is equivalent to the one de-
scribed in Figure (a). The Compton-Peak component is derived similarly, but fixing
the peak gate on the STOP detector instead, and analyzing the Compton background
obtained in the projection in the STOP detector (see Figure (b)).

Finally, the Compton-Compton contribution is measured by setting four reference
areas in the energy matrix around the peak. These four regions are defined using
the four combinations from the Compton pair of gates defined for each detector. By
extending the assumption of the local linear behaviour of the Compton background in
the energy spectra, the Compton-Compton background from the v—+ 2D energy matrix
can be assumed to have the shape of a plane in the Egrarr vs Egrop matrix. This
is in principle valid locally. The contribution of Compton-Compton time distributions
beneath the Peak-Peak gates is estimated from the plane defined by the four reference
Compton-Compton regions, and separately for each TAC channel, see Figure (c).
Four time distributions are derived directly (Peak-Peak, Peak-Compton, Compton-Peak
and Compton-Compton), which are are represented in Figure (a). Using these
four contributions the decoupled time distributions can be derived, using the following

relationships:

FFEP—FEP (tz) - FPeakaeak (tz) - FPeakaomp(ti) - FCompreak (tz) + FComp—Comp(ti)

(4.21)
FFEP—C’omp(ti) = FPeak—Comp(ti) - FComp—Comp(ti) (422)
FCompfFEP(ti) = FComp—Peak (tz) - FCompromp(ti) (423)

The errors of the derived time distribution are obtained by square propagation of
the errors of each time distribution used to derive them:
(6FrEp—rEP(t:))? = (6Fpeak—peak(ti))? + (6 Fpeak—comp(ti))?

(4.24)
+ (5FComp—Peak (ti))2 + (5FCompromp(ti))2

5FFEP—Comp(ti) = \/(5Fpeak700mp(ti))2 + (5FC’omp—Comp(ti))2 (425)
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Figure 4.8: Analysis of the Compton background contributions in yy(t) coin-
cident events. (a) Time distributions "directly" estimated from the energy gates. (b)
Decoupled time distributions for the four components.

JFCompfFE‘P(ti) = \/(6FC’0’mp—PeaLk(ti))2 + (5FCompr’omp(ti))2 (4-26)

Figure (b) depicts the derived time distributions, for the FEP-FEP, FEP-Compton,
Compton-FEP and Compton-Compton components. Each component has a different
behaviour that can be correlated to the ~«-rays that generate them. Given the selected
energy gates, both FEP-FEP and FEP-Compton time spectra are started by the 329-
keV transitions and stopped by the 487-keV FEP and Compton scattering from the
1596-keV v respectively. Both show the behaviour of an exponential decay without any
prompt component, which is in good agreement with the T;/,=3.474(10) ns for the
2083 keV intermediate level. On the other hand, the Compton-FEP coincidences are
mainly started by Compton scattering from 1596-keV v and stopped by the 487-keV
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4. LIFETIME MEASUREMENTS WITH FAST-TIMING METHODS

FEP. The Compton-Compton background arises mostly from 871-1596 keV coincidences.
For both Compton-FEP (orange) and Compton-Compton (green) events, the 1596-keV
(T, /2:0.0910‘£844 ps) level is the only intermediate level between them, and thus they
produce a prompt time spectra.

To summarize, the procedure described in this section allows us to disentangle the
actual contribution of the FEP events to the time spectra (FEP-FEP) from the con-
tribution of the three types of background. To increase the selectivity and reduce the
Compton background, further conditions can be applied, such as a requirement on
the arrival of the protons on the target, a coincidence with the 3 detector or a third
coincident condition on 7-rays in the HPGe detectors. These approaches reduce the
background in the LaBrg(Ce) energy spectra at the expense of a reduction in the total

number of counts. For this reason, yy7(t) analysis can not always be performed.

4.4 Time Calibrations

The measurement of half-lives by means of fast-timing methods [MGM89, IMMS89|
RMS™13], requires a complete characterization of the time response of the timing sys-
tem. In particular, the dependence of time response on the deposited energy needs to be
calibrated. These time-response curves are also known as time-walk curves. The effect
this walk produces in the time distribution is a time shift as a function of energy, which
can be of the order of a few hundreds of ps within the studied energy range. Therefore,
the correction of the shift in the time response is of vital importance for the analysis of

lifetimes in the range below 100 ps, which are measured by the centroid shift method.

4.4.1 TAC calibration

As described earlier, in this experiment we are using TAC modules to convert time
difference into pulse heights. Prior to time-walk calibrations, the channel to time equiv-
alency has to be estimated. In both IS610 experimental campaigns, three TAC modules
were employed at the same time to obtain the time differences for the three possible
scintillators combinations. The TAC modules were calibrated using an ORTEC 462
Time Calibrator. This module generates two consecutive signals, a START and STOP,
with an adjustable period and range and a very precise frequency. When the Time Cal-

ibrator is connected to the TAC modules, the time spectrum shows a set of Gaussian
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Table 4.1: Time calibration of the TAC modules

TAC-1 (ps/ch) TAC-2 (ps/ch) TAC-3 (ps/ch)
p-LaBrs(Ce)-1 (-LaBrs(Ce)-2 LaBrz(Ce)-1-LaBrz(Ce)-2
2016 | 2.923(2) 2.933(2) 2.911(2)
2018 | 11.346(3) 11.440(3) 11.537(5)

peaks separated by a fixed time, which corresponds to the period. A linear calibration
is performed to obtain the channel to ps equivalence. The results are shown in Table
Z8I!

The validity of the time calibration was checked by measuring a well-known long
half-life from the 14°Ba/14%La calibration source. The 2083-keV level in “°Ce has a
reported 3.474(10) ns half-life [MEF95]. Using our set of detectors, this specific half-life
can be measured either by the analysis of the time difference between the § plastic
and each of the two LaBr3(Ce) detectors or from the time difference between the two
~ scintillator detectors. In Figures and [L.10[the time spectra used to measure the
half-life of the 2083-keV level for the 2016 and 2018 datasets respectively are shown.
The p-LaBrs(Ce)(t) time delay distributions were produced by setting a gate on the
329-keV peak in the HPGe detectors, and selecting the 487-keV transition to stop the
TAC in the Lanthanum detectors. On the other hand, for the LaBrs(Ce)-LaBrs(Ce)(t)
the 329-keV ~-ray that feeds the level, and the 487-keV transition that de-excites it
were selected. This selection produced two time spectra, corresponding to the delayed
and anti-delayed combination. In both cases, the method for correction of the Compton

background described in the previous section was employed.

In all the cases, the half-life was obtained from the fit of the exponential slope
of the time distributions. If we compare the obtained values from the 8 independent
measurements, we find that all values are compatible with the previously measured half-
life. There is a small difference for some of them, nevertheless, none of these deviations is
larger than 1%, and they are included within the error bars. In conclusion, all indicates

that the time calibrations derived from the Time Calibrator are trustworthy:.
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Figure 4.9: Half-life analysis of the 2083-keV level in *°Ce. 2016 Dataset. (Top)
Bv(t) time delayed distributions of the 487-keV transition for both LaBrs(Ce) detectors.
A gate on the 329-keV peak in the HPGe detector was included to improve the selection.
Anti-delayed (bottom-left) and delayed (bottom-right)y+(t) time distributions for the 329-
487-keV coincidence peak in the two LaBrs(Ce) detectors. The lifetime in all the time

distributions is measured by a fit to an exponential decay of the tails in the spectra.

4.4.2 pB-Walk

In 8 decay, B-particles are emitted in a continuous energy distribution up to the max-
imum energy defined by the decay Qg of the decay. To reduce the spread in the time
response of the plastic detector due to the wide range of 8 energies, the thickness of the
B-plastic is specifically chosen to be small, 3 mm. This makes that g-particles above
certain energy leave a similar amount of their energy in the plastic, independently of the
initial energy, which favours a homogeneous time response. Nonetheless, a small depen-
dence of the time response with the energy remains. Beta particles travel in the detector

in a rather chaotic way and may suffer many interactions in the detector. Moreover,

86



4.4 Time Calibrations

104 ¢ 3
E  Gate on HPGe[329]-LaBr3-1[487] —=— [  Gate on HPGe[329]-LaBr;-2[487] —=—
103 _ 2 FIT ----- _ 1 FIT -----
2 E T1/2=3.418(60) ns E T1/2=3.498(53) ns
c.o| = L =
310% 3
° F§
107 ¢ 3
E r i T ]
100 ! ! ! ! | & | ! | | | | [T IEIMTT T}
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
TAC BLaBr3-1 (ns) TAC BLaBr3-2 (ns)
10* g 3
F START[487]-STOP[329] +—=— F START[329]-STOP[487] H—=—i
[ FIT ----- [ FIT -----
10% = el
£ F T4,=3.507(26) ns F = T4/2=3.509(43) ns
=] F [
§ f K
102 £ f 3
101 l l l l l E } l l l l
5 10 15 20 25 25 30 35 40 45
TAC LaBrs-LaBrj (ns) TAC LaBrs-LaBrj (ns)

Figure 4.10: Half-life analysis of the 2083-keV level in '“°Ce. 2018 data set.Same
than in Figure but for the 2018 data set.

other particles such as ~-rays or neutrons can also interact with the plastic, contributing
mostly to the low energy range of the spectrum. The sum of all these effects contribute
to the B-energy spectrum. Figure (Top) shows the B-energy spectrum for the decay
of B1In, after gating on the 2434-keV ~ in the LaBr3(Ce) detectors. The transmission
peak can bee seen in the center of the spectrum.

The procedure to derive the [-walk curve for an specific decay is quite simple.
Firstly, a prompt 7-ray is selected in the LaBrs(Ce) detector. In addition a third coin-
cident gate in the HPGe detector can also be set if there is enough statistics. Hereafter,
the S-energy spectrum is divided in small sections, and projected to the TAC spectrum.
The B-walk curve is built from the measured centroid position of the TAC spectrum for
each portion of the S-spectrum. Figure (bottom) shows the S-walk on the detector

measured for the decay of 13!In. This curve was built using double 3-LaBr3(Ce) events,
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Figure 4.11: Example of § energy spectrum and 3 — walk curve. These figures

were generated using the data measured for the decay of 3'In.

setting a gate on the 2434-keV v peak.

The p-walk curve shows a variation of more than 300 ps along the 8 energy range.
The SB-walk curve follows a smooth trend along the entire range, showing an abrupt
change in its behaviour in the region of the transmission peak. Before starting with any
lifetime analysis, the dependence of the time response with deposited S-energy needs to
be corrected. This is done by shifting the TAC value by a certain number of channels,
depending on the deposited energy. The resulting corrected TAC shows a constant walk.
The correction is extracted directly from the measured [-walk, which depends strongly
on the Qg of the decay, and therefore needs to be performed independently for each
studied decay.

4.4.2.1 Two component behaviour of the S-response.

The excellent time resolution of our detectors granted us the possibility of performing
a fine analysis of the time response of the (-detector. A common feature observed
in the decay of the indium isotopes, was the non-Gaussian shape of the [~(t) time
distributions. This anomalous behaviour was found to have a dependency on the energy
of the £, and it can be observed only within a narrow range of energies at the middle of

the B-spectrum. The analysis of the S-walk curves for these cases showed that this non-
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Gaussian could be interpreted as the sum of two different Gaussian time distributions.
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Figure 4.12: Analysis of the FAST and SLOW components of the $-LaBrs(Ce)
TAC spectra. Each TAC spectrum is derived using double 8v(t) coincidence events from
the 131In decay dataset. A gate on the 2434-keV transition is set on the LaBrs(Ce) detector.

Figure [{.12] illustrates the analysis performed to disentangle the two components of
the B energy spectrum for the decay of 'In. Each subplot contains the TAC spectrum
for the S-LaBr3(Ce)[2434 keV] gated in a small 50 channel section of the [-energy
spectrum. The TAC projections can be fitted to a two Gaussian component function.
In this way, the centroid position and the area of each component can be estimated
separately. From now on, we will call the left-hand and right-hand components as
SLOW and FAST component respectively. This naming was chosen because a higher
value of the TAC implies an earlier, or faster, start of the S detector and vice versa.
This two-component behaviour is only observed in a small region of the spectrum in
the center of S-energy range of about 400 ch. Outside this region, only the SLOW

component can be observed. The FAST component shows a nearly constant behavior
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4. LIFETIME MEASUREMENTS WITH FAST-TIMING METHODS

with B-energy, when it is present. The SLOW component moves smoothly to the right-

hand side of the spectrum until it becomes nearly constant in the high energy range.
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Figure 4.13: -energy spectra and S-walk for the SLOW and FAST components.
The energy spectra and time-walk curves are generate by plotting the area and centroid
position derived for each component as a function of the deposited energy. (Top-left) *19In
decay, gated on the 2434-keV v-ray. (Top-right) 3!Sn decay, gated on the 798-keV ~-ray.
(Bottom-left) *¥Cs decay, gated on the 1436-keV y-ray. (Bottom-right) '4°La decay, gated
on the 1596-keV y-ray. See text for details.

By means of the analysis method described in Figure [4.12] it is possible to separate
the deposited energy spectrum of each component, as well as their contribution to the
B-walk. In Figure there are depicted the area and centroid positions of the TAC
for each component as a function of the deposited energy, for several decays measured
our experiment. The resulting spectra show that the FAST component is produced by
the peak that appears in the center of the S-spectra, while the SLOW component is
produced by a much more continuous energy spectrum. This peak contributes to the

B-walk by shifting it to the right of the TAC, (when it is present). The magnitude of
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the shift depends on the relative ratio between the SLOW and FAST contributions. By
comparing the energy spectrum and S-walk curves measured for the decay of other iso-
topes such as ?1Sb, 138Cs and '“La, we found that they show a similar two-component
behaviour. However, the contribution of the FAST-component is much lower for 13'Sbh
and 138Cs, and non-existent for the decay of “9La. This indicates that the existence of
this FAST-component is related to the presence of high-energy §-particles in the spec-
trum. On the other hand, the SLOW component is always present in all the isotopes,
and even if the shape of the S-energy spectrum shows slight differences.

In conclusion, the SB-spectra is made of two main components. The time-walk of
each component does not change from one isotope to the other. However, the relative
contribution from each components to the S-spectra depends strongly on the available
energy for the (-particles. Hence, the change in the S — walk observed for different
isotopes, is produced by the varying contribution of each component to the S-energy

spectrum, which is strongly related to the maximum energy of the S-electrons.

4.4.3 LaBr;3(Ce) FEP walk

The time response of the LaBr3(Ce) detectors also shows a residual dependence on the
energy deposited by 7-rays. The interaction of Compton events in LaBrs(Ce) crystals
differs from FEP events, and thus their time response is slightly different. The informa-
tion on lifetimes is extracted from the time distributions of FEP events only, so we need
to the characterize the time response of FEP events. This dependence with energy is
given by the FEP Walk curve, which accounts for the energy dependence of the response
of the system to «-rays that leaves all the energy in the lanthanum crystals.

The construction of FEP walk curve is done by measuring the time centroid position
of a set of prompt ~-rays of different energies. Transitions with short lifetimes can also
be used, by correcting the centroid position by the lifetimes of the contributing levels.
The FEP walk of the LaBrs(Ce) detectors depends on several of factors, such as the
shape of the crystal, the PMT and t CFD. All these features are the same for both
detector, and hence their FEP-walk should be similar. Nevertheless, small differences
could appear and thus they have to be calibrated separately.

For B~(t) events we followed the methodology described in the previous section to

clean the LaBrs(Ce), as well as to account for contributions from the Compton that

91



4. LIFETIME MEASUREMENTS WITH FAST-TIMING METHODS

are applied, see section m Two (~(t) walk curves are constructed, one for each
LaBr3(Ce) detector.

For ~v7(t) events, two extra walk curves can be derived. One for the START detector
and the other for the STOP detector. To build the walk curves using yy(t) we need to
use a combination of y-rays whose intermediate levels have a prompt lifetime. In this
case it does not matter if there is a higher-lying level with a long-lifetime, since it does
not affect the time distribution.

The two LaBrs(Ce) detectors, as well as the signal processing, are the same for
both yy(t) and Bv(t) coincidences events. Consequently, the walk curves derived from
v7(t) events are related to those obtained from S7(t). The walk curve from the STOP
LaBrs(Ce) detector in «7(t) is the same than the one derived from the same detector
in 8v(t), except for an offset. On the other hand, the walk for the START LaBrs(Ce)
detector in yy(t) coincidence is also the same than in $7(t), but in this case it appear
inverted. Given these equivalencies, we can use the data points extracted from both
kinds of events to build the walk curve from both detectors.

In order to obtain a precis characterization of the FEP-walk curves, a complete set
of calibrations sources was used. It included a closed v-ray sources, 4°Ba/!*OLa and
152Fy as well as on-line sources, ®Cs and 88Rb. Additionally, several transitions in
132Gh. are present in the decay chain of 3?In, were used as internal calibration. The

list of y-rays used for this calibration can be found in Table
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Table 4.2: List of 4-lines employed to measured the FEP-walk curves for both LaBrs(Ce)
detectors.

Nucleus  Ejeper(keV) Tijp (ps) E, (keV) Method

M0 Ce 2521.43 <2.4 2521.4 By (t)
925.2  fy(t), yy(t)

109.4 By (t)

2525.77 <25 919.55  By(t), vy(t)

432.49 By (t)

2525.77 <2.5 919.55  B(t), vy(t)

432.49 By (t)

2464.09 867.846  [y(t), yy(t)

2412.02 1.3(4) 815772 By(t), yy(t)

1.3(4)  328.762 Bry(t)

2347.89  0.15(10)  751.637  By(t), yy(t)

2083.26  3474(10)  487.021 (t)
1596.24 1596.21 By (t)

[38Ba 2639.59 2639.59 By (t)
2445.64 5(4) 1009.78  By(t), ()

546.990 By (t)

227.76 By (t)

138.08 B(t)

2307.59 7(3) 871.72  By(t), yy(t)

408.98 B(t)

2218.0 2218.00 By (t)

2090.6 191.96 B(t)
1898.64  2160(11)  462.785 Yy (t)
1435.77 1435.77 By(t)

B2Sm  1371.721 1005.27 Y(t)
1233.8626 <6 867.380 (t)
810.453 7(5) 444.01 (t)
366.4795 60(5)  244.6974 7(t)
B2Gd  1643.421 1299.142 yy(t)
1434.020 1089.737 77(t)
1123.1855 778.9045 y(t)
755.3960  7.3(4)  411.1165 (t)

85Sr 2734.137  0.70(5)  898.042 By (t)
1836.063  0.154(8)  1836.063 By (t)
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Table 4.2: List of y-lines employed to measured the FEP-walk curves for both LaBrs(Ce)

detectors.

Nucleus  Ejeper(keV) Tijp (ps) E, (keV) Method

1328} 1325.15 <37 1239.63 By (t)
899.04 By(t
246.87 By(t
1078.3 2.6(14)  1078.3 Byt
992.66 Bry(t
Br(
B(
Br(

652.31 t
549.23 t
426.07  15.8(17)  340.53 t

N N N N

The walk curves for each source are shifted by an offset one from the other, providing
a set of parallel curves. The global curve for each detector is obtained by applying an
offset to match the 38Ba Bv(t) points.

In Figures and the FEP walk curves derived for both detectors and ex-
perimental campaigns are shown. The curves show an excellent compatibility between
the calibration points derived from all the calibration sources, as well as, between those
derived from S7(t) and y7(t) coincidence events.

The experimental data points have been fitted to the calibration function defined
by

a
FEPyqi[Ey) = ap + —m——— + a3 - B, +ay - B2 (4.27)
E,y + a2

This is an empirical function that is used instead of interpolation, and avoids adhoc
extrapolations at high energies. It was not possible to fit the whole energy range with
the same curve. Thus, the data points are separated in two energy regions, with the
boundary located at E, = 765 keV. The overall agreement between the fitted curves
and experimental points was excellent with a o ~ 1 ps for all the curves. Nonetheless,
for the measurement of half-lives, we have incremented the uncertainty of the FEP-walk
curves up to the more conservative 3o value. This is the value that is propagated to

the lifetime results.
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Figure 4.14: FEP walk curve for both LaBr;(Ce) detectors for the 2016 mea-
surements.

4.5 Conclusions

The fast-timing method is a well established electronic technique for the measurement of

lifetimes of nuclear excited states. It is based on the use of delayed coincidence between

fast-scintillator detectors. The use of fast scintillators opens the possibility of lifetime

measurements in the range of tens of ns down to a few ps. Nowadays the standard type

of detectors used in fast-timings experiments are LaBrs(Ce) crystals as v-ray detectors,
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Figure 4.15: FEP walk curve for both LaBr;(Ce) detectors for the 2018 mea-
surements.

and ultra-fast thin plastics as 8 detectors. The two complementary methods to measure
lifetime relies in the analysis of Sv(t) and yy(t) delayed coincidences. In certain cases
either method will be more suited depending on the level under study and the decay
level-scheme. In other cases the complementary use of both techniques may be possible
to most populated levels, when statistics suffices.

One of the main difficulties in fast-timing experiments consists in dealing with com-

plex y-ray spectra and normally with a high level of Compton background. The most
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The limit that

separate the two fit regions is located at E, = 765 keV for the four combinations.

Table 4.3: Calibration parameters for the FEP walk curves.

2016
LaBr3(Ce) 1 LaBr3(Ce) 2
Region 1 Region 2 Region 1 Region 2
ag | 7.825x10%  5.932x10% | 7.262x10%>  6.250x103
a; | -9.719x10"  -4.213x10? | -9.903x10*  -3.885x10?
as -1.503 -6.419x 1072 -1.445 -6.969
as | 9.167x10%>  4.454x10' | 9.174x10°>  5.286x10*
asy | 8.853x1074 0 8.161x1074 0
2018
LaBr3(Ce) 1 LaBr3(Ce) 2
Region 1 Region 2 Region 1 Region 2
ag | 5.164x10%  3.711x10% | 1.079x10°  7.309x103
a; | 1.257x10%  -1.234x10% | 1.607x10%>  -8.001x10!
as | 6.507x1072  -5.405x1072 | 3.141x10~! -2.715x1072
as | -4.862x10"  6.919x10" | -2.265x10%  -6.798x 10"
as 0 0 0 0

common strategy to get rid of this background consists in setting a third y-ray coinci-
dence in the HPGe detector. However, this approach may not be sufficient to deal with
all the background of a complex spectra, and further corrections for the Compton back-
ground may be still required. In this PhD thesis, a set of new correction methodologies
have been developed, in order to estimate and correct the contribution from Compton
background events, see Section

The time response of the fast-timing setup has been carefully calibrated. The re-
lationship between TAC channels and time has been measured using a time calibrator
module. This calibration has been cross-checked using the known 3.474(10) ns half-
life of the 2083-keV state in 4°Ce [MEF95]. On the other hand, the time walk of the
B and LaBrs(Ce) detectors were also derived. The analysis of the 5-walk showed the
existence of two different components in the § spectrum, a FAST component related to
the transmission peak and a SLOW component related to a much wider energy spec-

trum. Our analysis indicated that the relative contribution of each component depends
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4. LIFETIME MEASUREMENTS WITH FAST-TIMING METHODS

strongly on the available energies for the 8 particles, gaining importance the fast com-
ponent for high energy 3. Consequently, the S-walk is strongly affected by the Qg and
decay-scheme, which producing non-Gaussian time distributions in decays with large
Qg energy spectrum.

The FEP-walk curves for both LaBrs(Ce) detectors in each dataset were calibrated
separately. A complete set of calibration sources was employed to cover a wide range of
energies, from 100 keV up to 2.6 MeV. Taking into account that the same the LaBrz(Ce)
detectors are used for both 8v(t) and yy(t) events, the FEP-walk curves were built using

points derived from both types of coincidence events.
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5

Doubly Magic 1%2Sn

In this Chapter we address the investigation of the excited structure of 32Sn. As
described in Chapter [1}, this doubly-magic nucleus is of paramount importance to un-
derstand excitations across the N = 82 and Z = 50 shell gaps.

Due to its interest the excited structure of '32Sn has been experimentally investi-
gated since the 1970s. Beta decay experiments were carried out at OSIRIS [KHDGBT73,
FHJT94, [FHJT95, MF95] and ISOLDE |BBB*86, BGET80|, as well as fission experi-
ments performed at the JOSEF facility |[KSB*82, [DLSS78] and the Argonne National
Laboratory [BDZ™01].

Beta decay is the ideal tool to investigate the excited structure of 132Sn, both directly
from 132In (77) g.s. and via beta-delayed neutron emission from the '33In (9/2%) g.s.
and the (1/27) 330-keV [-decaying isomer. This is due to the large energy window
available for the decay, of Qg (*3%In) = 14135(60) keV and Qg,(**3In) = 11010(200) keV
[WAK™17|, respectively, and due to the high spin of the parent nuclei that makes it
possible to populate many states in 3?Sn.

The most complete S-decay experiment was performed by Fogelberg et al. [FHJT94,
FHJ*95 [ME95] at the OSIRIS facility in the 1990s, where the level scheme of 132Sn
was expanded to 21 excited levels, including negative and positive parity states up to
the neutron separation energy. Proton particle-hole states were identified for the first
time, and the 4352-keV J™ = 3~ state was confirmed to have an octupole vibrational
character. Lifetime measurements of the excited states down to the ps range were

performed, and spin and parities assignments were made for the levels below 5 MeV.
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5. DOUBLY MAGIC '*2SN

Despite all the detailed studies on '32Sn attained through the 3-decay and fission
experiments, many of the expected particle-hole multiplet states remain without exper-
imental identification.

In this work we focus on the investigation of the excited structure of 132Sn populated
in f-decay of 132In and B-n decay of 33In. Taking advantage of the enhanced yield and
selectivity the aim is to identify some of the missing particle-hole multiplet states, and
to measure lifetimes of excited states in 132Sn

Owing to the large difference in the S-decay half-lives of *2In and '32Sn, of 200(2) ms
and 39.7(8) s [KRSS05], respectively, the time distribution relative to the arrival of the
proton on target makes it possible to identify whether a v ray has been emitted during
the 8 decay of 132In or from the daughters. A similar situation occurs for the 8 decay
of 33In. Apart from the time distribution, the identification of the v-rays belonging to

1328n is based on -7 coincidences with previously-known transitions.

5.1 Beta decay of *’In

The Qg in ¥2In is 14140(60) keV, while the neutron separation energy in '32Sn is 7353(4)
keV [WAK™17], and therefore the feeding of excited states up to ~ 7 MeV is possible in
this decay. One has to bear in mind that the ¥?In 3 decay is quite complex. The(77)
of the parent |[JGG™T16|, favours the population of relative high spin (6-8) excited states
in the energy range from 4 to 7 MeV, which can only de-excite to the ground state by
means of y-ray cascades of 3 or more transitions. As discussed in Chapter [I] due to
the doubly magic nature of 32Sn, the first excited state appears at a very high energy,
4041 keV. Therefore, new levels that can de-excite directly to the g.s. with an energy
below 4 MeV are not expected.

In Figure the shell model configuration of 2In ground state is illustrated. The
B-feeding intensity of states in '32Sn is dictated by to the initial configuration. Both
Gamow-Teller and first forbidden transitions are expected for that configuration. In
the simplest scheme a dominant population of the vf /2g7_/12 multiplet, caused by the

GT vgr/o — mgg o transition in the 132]n decay is expected. The remaining decays are

-1
11/2

7rg7/zgg_/12 and 7Td5/299_/12 configurations. The f.Lvf75 — mgg/y L.f. transition would

mostly due to first forbidden transitions, feeding consequently states of the v f7/2h

populate the tin ground state, however, the large change in angular momenta between
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Figure 5.1: Shell model configuration of '3?In ground state. The arrows represent

the expected Gamow-Teller (solid arrows) and first forbidden (doted arrows) transitions.

both ground states AJ=7 removes this possibility. The occurrence of GT transitions
of neutrons below the N =82 shell gap into proton orbits above the Z = 50 gap can
also be expected. Such transitions would most likely lead to the population of 2p2h
configurations with energies above the neutron separation energy, which would decay
via delayed neutron emission.

The energy spectrum recorded in the HPGe clover detectors, setting a time window
of 30-530 ms after proton impact, is depicted in Figure[5.2] This condition was imposed
in order to reduce the contribution of the different contaminants. The contribution of
neutron-induced background coming from the target is suppressed by removing the first
30 ms of the time window. An upper limit of the time window at 530 ms was chosen to

reduce the contribution of the long-lived daughters, while keeping most of the statistics.

5.1.1 Half-life of '*’In ground state

The half-life of 32In was measured by fitting the time distribution of the 10 strongest
rays labeled in Figure [5.2] except for the 4416 keV peaks, which was excluded because

its relatively low intensity. In order to build the time distributions, the full statistics
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Figure 5.2: Singles y-ray energy spectrum recorded in the HPGe detectors
following the '3?In decay. This histogram was built using the events measured during
the 30-530 ms time interval after proton impact. The strongest peaks observed in the
spectra are labeled with their energies in keV. The SE and DE labels indicates single
escape and double escape peaks.

recorded by the HPGe detectors was employed, no extra coincidence in other detectors
required. Since the activity at the experimental station is pulsed by the proton beam
structure and the release from the target, the time distribution is fitted to an exponential
decay function with a constant background after the end of the implantation. The
background contribution was estimated by analyzing the time range from 2400 to 3600
ms after proton impact.

Due to the high count rates, dead time effects are sizable, mainly during implanta-

tion, but also at the beginning of the decay. In each HPGe crystal an average count rate
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Figure 5.3: Dead-time characterization for the '3'In decay data set. x? fit Test.
The lines represent the measured x? as a function of the starting point for the fit range.
For the 2016 data set, exponential behaviour is recovered quickly after the end of the
implantation. It can be seen that at 500 ms the x? has already reached a minimum. For
the 2018 distributions, it takes more time for the x2 to get closer to 1, but at 900 ms after

it has already converged.

of 3x10? counts per seconds (cps) was observed, however, during the implantation time
the count rate could rise up to 1.5x10% cps. To account for this effect the beginning
of the fit range was shifted by a few half-lives towards higher times and a x? fit test
was performed to verify that the expected exponential decay behavior was recovered,
see Figure 5.3 In this way a safe fit starting point was decided.

The lifetime measurement was performed independently for each of the two data
sets of 132In decay measured in the two experimental campaigns. The contribution of
the Compton background under full-energy peaks was subtracted. This investigation
furnishes 20 independent values for the 3?In, 10 from each data set, which are all
statistically compatible with each other. The final value of the *?In half-life was adopted
as the weighted average of the measurements, yielding T, ,=202.2(2) ms. The statistical
uncertainty of the weighted average is calculated and increased by multiplying by the x?
obtained. No systematic error is included. This half-life is in agreement with, but more
precise than, the value reported in the latest evaluation, T /,=200(2) ms [KRSS05]. In
Figure the decay curves for the 10 ~ rays under consideration, from the 2016 and

2018 dataset, are shown.

103



5. DOUBLY MAGIC '*2SN

T T T T T

L T T T T T

10° |, . 132 keV T1,,=202.0(17) ms —— 410% 913 keV T1,=202.7(24) ms H———
£ 299 keV T1/,=203.4(5) ms F—— 3 2269 keV T1,,=203.1(16) ms
E 375 keV T1,=202.9(7) ms ] 2379 keV T1,2=202.2(10) ms ——
g104 E v 479 keV T1,=204.0(7) ms 4103 E 4042 keV T1,=201.5(7) ms H——
15 E » 526 keV T1,=201.0(17) ms 4352 keV T1;=201.1(11)
e E 1
- . L
2103 4102
=] [ 1 E
o r ]
(@] - 1 I 4
102 ' 10°
S i
L | | sill 100

0 500 1000 1500 2000 2500 3000 3500 O 500

Time since the last pp(ms)

T 1 T T T T T T T T T T T
108 3 132 keV T1=200.6(7) ms —— 310° 913 keV T1,,=204.9(16) ms F——
BN ! 299 keV T1,,=202.3(3) ms 2269 keV T4,,=200.5(9) ms F———
108 N 375 keV T1,=202.4(4) ms J1o# 2379 keV T4;=201.2(7) ms ——
w E 479 keV T1,=203.4(6) ms 4042 keV T4;,=201.5(5) ms F——
£ 526 keV T1,,=203.1(7) ms 4352 keV T4;=201.0(7)
2104 E ' 4108
2 1
c
é 103 E ! 102
1
102 £ ! 410
F 1 i
1 01 | | | 1) 1 00

0 500 1000 1500 2000 2500 3000 3500 O 500 1000 1500 2000 2500 3000 3500

Time since the last pp(ms)

Figure 5.4: Decay curves of the ten most intense v-rays form '32In 8 decay
recorded in singles in the HPGe detectors. The region considered for the fit goes
from 700 ms, marked with a dark-blue dashed line, up to 2400 ms. This region has been

adjusted in order to minimize dead-time effects.

5.1.2 Identification of new ~-rays in *?Sn

The analysis of y-v coincidences was done using the full statistics independently for the
two data sets from each campaign. The assignments were cross-checked by requiring
coincidences with the 3 detector and/or a time range since proton impact from 30 to
530 ms.

There is a large number of levels that are populated directly during '*?In decay.
However, there are only three observed levels, the 4042, 4352 and and 4417 keV, that are
directly connected to the ground state via y-rays. Thus, regardless of the level initially
populated, the de-excitation path is bound to pass through one of these three states.
Almost all the y-rays in the '32Sn level scheme can be found in the -y coincidence
spectra of the de-exciting y-rays for those three levels.

The 4 — 2% 375 keV transition in '32Sn is the most intense y-ray in the spectra.
It is the strongest transition that de-excites the 4417-kev level. Even though this level
is not directly fed in the decay of '32In, it is populated in ~65% of the total indium
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Figure 5.5: Compton-subtracted -7y energy spectra gated on the 375 keV
4%t — 2% 4 transitions in !*?Sn. The previously-known ~ rays are labeled with their
energies in black. New transitions identified in this work are labeled in red with an asterisk.
The negative peaks in the spectrum arise from background subtraction, due to Compton
scattering between two HPGe clover detectors. Due to the large counting ratio, several
random coincidence peaks can be observed, they appear labeled with Rand. The peaks
labeled with Sum correspond to summing peaks between two coincident ~-rays also in

coincidences. They are a side effect of the addback correction for the strongest +-lines

decay by ~y-rays. It is connected to most of the positive parity levels, either directly
or via the 299-keV ~-ray, and to the negative parity levels via the 526-keV transition.
Consequently, mostly all the y-rays in 132Sn appear in coincidence with the 375-keV
transition. Figure [5.5 shows the + rays in coincidence with the 375-keV line. The
spectrum illustrates the amount of statistics and the large amount of newly observed

~-rays that are revealed in this study. Their appearance in coincidence with the 375-keV
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7, strongly supports their assignment to the 32Sn level scheme. However, a complete
-y investigation is required to correctly place them.

Figure shows the coincidence spectra for the 299-keV (top), 132-keV (middle)
and 682-keV (bottom) transitions. These three ~-rays belong to de-excitations from
positive parity levels, which are populated by a large number of y-rays. The 4715-keV
61 level is de-excited exclusively by the 299-keV 7-ray that connect it to the 4417-keV
level. This state is populated also very intensely, ~45% of the intensity, from which
only a small fraction is directly fed in the S-decay. In the y-y-ray coincidence spectrum
strong ~v-lines at 132-, 203-, 683 and 913-keV, can be observed, these transition are the
ones that provides to the 4715-keV the majority of the feeding. Besides them, there is a
large number of weak 7-lines that can be observed in the same spectrum, most of them
related to newly observed ~y-rays.

In the bottom spectrum in Figure [5.6] the coincidence spectrum with the 683-keV
transition the only one de-exciting the 5399-keV (61) state, is depicted. This level is
populated only in a 2% of the total indium decays, and no noticeable direct feeding has
been measured. Its population is due to a large number of «v-rays. The -y spectrum
gated on the 683-keV ~v-line shows a lot of small «-rays that have not been quoted in
previous studies. In particular, it reveals the erroneous assignment of 1457-1038 keV
v cascade. This sequence had already been observed by Fogelberg et al. [FHJT94],
however the order of the v rays proposed was inverted, giving rise to an excited level
at 6173 keV with suggested (6%) spin-parity. This level has been ruled out in our
analysis due to the finding of another y-ray at 354 keV that de-excites the 5754-keV
state, confirmed by ~-v coincidences with the 683-keV and 1457-keV transitions.

The states located at 5766 and 5446 keV are observed in the (-delayed neutron
emission of 33In from our experiment [PKF¥19]. The assignment is confirmed in the
analysis of the '32In decay with the uncovering of new cascades in the 3?In decay
involving both levels.

The 4848 8T level is populated in ~23% of the decays. Direct 3 feeding provides
only ~15%, thus the remaining 8% due to 7-rays. The 4848 8T state is characterized
by a long lifetime, Ty ;5 =2.080(17) [KRSS05]. Henceforth, a modification of the default
200 ns coincidence time window was required to explore the v-rays that populate this
level. Figure (center) shows the coincidence spectrum of ~-rays measured within a

0.5-2 us before the detection of the 132-keV transition. This large time-window produce
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Figure 5.6: ~-v coincident energy spectra for y-rays from positive parity levels
in 132Sn. gated on the 299.3 keV (top), 132-keV (center) and 683-keV (bottom) ~y transi-
tions in '®2Sn. Due to the long-lifetime of the 4848-keV 8% level, For the spectrum gated
on the 132-keV, only the v rays measured within a coincidence window of 0.5-12 us before

the detection of the 132-keV ~-ray were used.

a large contribution of random coincidences. Thus a random background spectrum was
also generated, using the ~y-rays measured 0.5-2 us after the detection of the 132-keV
~-ray, and subtracted from the other. Under these conditions only the ~-rays that feed
the 4848-keV state appear in the spectrum. The observation of the de-exciting 432-keV
transition in delayed coincidence with the 132-keV ~v-ray, confirms the population of
a 5280-keV level. This level was already reported in 2**Cm fission studies [BDZ¥01],
and tentatively identified as the (9%) state that arises from the particle-hole v f; /Qhﬁl/Q

configuration.
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Figure 5.7: Compton-subtracted -y energy spectra gated of the v-rays de-
exciting the low-lying negative-parity levels in '32Sn. (Top) Gate on the 4352 keV
transition from the 4352-keV 3~ level. (Center) Gate on the 479-keV ~-ray de-exciting the
4830-keV 4~ state. (Bottom) Gate on 526-keV transitions from the 4942-keV 5~ level.

Figure [5.7] shows the y-v coincidence spectra for the 4352-, 479- and 526-keV transi-
tions, which de-excite the 4352-, 4830- and 4942-keV levels of spin-parity 37, 4~ and 5~
respectively. These three levels are not populated directly in the decay of 2In, how-
ever they collect most of the v-ray intensity from the higher-lying negative-parity levels.
Therefore, the study of their coincidence v-v spectra is the best way to investigate the
population of negative-parity states.

Three levels, at 4949, 6297 and 6476 keV excitation energy, were uncovered from the
observance of new 7-rays in coincidence with the 4352-, 479- and 526-keV transitions.

Besides them a good number of new y-rays de-exciting the previously assigned negative
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parity levels were found.

The -7 coincidence analysiscovers all previously known 7-rays in 32Sn, and also to
the new peaks found in from -+ coincidences. Given the high multiplicity cascades that
dominate the decay, the new levels and «-rays assigned are most of the time supported
by coincidence with two or more transitions. The level scheme of '32Sn has been greatly
expanded with the addition of 57 new ~ transitions and 11 new levels, observed following
the direct '3?In 8 decay. The level scheme is shown in Figure A list of the ~ rays
is provided in Table

The direct 3 feeding to states in 32Sn was determined from the balance between
feeding and de-exciting v rays to each level. The intensities of the  rays were obtained
from the measured HPGe singles with neither coincidence nor condition on the time
from the impact of protons on target. Theoretical internal conversion coefficients have
been taken from [KBTT08| if required. The 3 feeding to the states should be understood
as upper limits and the logft values as lower limits due to possible missing transitions.

Table 5.1: List of v rays observed in the 3 decay of '*2In to !32Sn, including

transition energies and intensities. The initial and final levels for each connecting

transition are also given.

E;(keV) JI Ef(keV) J7 E, (keV) 12 (%)
4041.6(3) 2+ 0 0F 4041.6(3) 100(11)
4351.6(3) 3” 0 0F 4351.5(3) 43(5)
4041.6(3) 2t 310.5(3) 4.2(3)
4416.6(3) 4% 0 0" 4416.7(3) 16(2)
4041.6(3) 2+ 374.9(3) 100
4351.6(3) 3” 64.4(3) 1 29(9)
4715.9(4) 6" 4416.6(3) 4T 299.3(3) 82(6)
4830.5(4) 4= 4351.6(3) 3” 478.9(3) 45(3)
4416.6(3) 4+ 414.5(3) 0 79(6)
4848.3(5) 8+ 4715.9(4) 6+ 132.4(3) 26(2)
4885.7(5) 5T 4416.6(3) 4+ 469.1(5) 2.5(2)
4715.9(4) 6+ 169.5(4) 0 12(5)b
4918.8(5) 7t 4715.9(4) 6" 202.9(3) 8.0(6)
4848.3(5) 8+ 70.9(4) 1.2(2)
4942.4(4) 5~ 4351.6(3) 3” 590.4(3) 1 07(8)
4416.6(3) 4+ 525.9(3) 33(2)
4715.9(4) 6+ 226.5(3) 0.67(5)
4830.5(4) 4= 111.3(3) 2.8(2)

109



5. DOUBLY MAGIC '*2SN

4949.0(5) (37) 4830.5(4) 4- 117.9(5) 0.012(4)°
4351.6(3) 3” 597.4(6) 0.11(3)°
4041.6(3) 2+ 908.2(4) 0.016(6)°
5280.0(6)) (97) 4848.3(5) 8+ 431.8(4) 0.63(6)°
5387.3(3) (47) 4351.6(3) 3- 1036.0(3) 1.29(11)
4830.5(4) 4~ 557.1(4) 0.13(2)
4942.4(4) 5- 444.6(4) 0.23(3)
4949.0(5) (37) 437.2(4) 0.23(2)
5398.9(5) (6T) 4715.9(4) 67 683.0(3) 3.9(3)
5446.4(5) (47) 4416.6(3) 4+ 1029.8(4) 0.26(3)
5478.4(6) (81) 4848.3(5) 8+ 630.2(3) 4.6(3)
5628.9(3) (77) 4715.9(4) 6" 913.1(3) 12 2(10)
4848.3(5) 8+ 780.6(3) 5.0(4)
4918.8(5) 7t 710.1(3) 2.0(2)
5398.9(5) (61) 229.8(3) 0. 65(5)
5478.4(6) (8%) 150.3(3) 0.29(3)°
5697.7(3) (5T) 4416.6(3) 4" 1280.7(3) 0.134(13)
4715.9(4) 6+ 982.2(5) 0.08(2)°
4885.7(5) 5t 812.4(6) 0.05(2)®
5753.9(4) (6T) 4715.9(4) 6" 1038.2(3) 1.8(2)
5398.9(5) (61) 354.3(3) 0.58(4)
5766.3(3) (5T) 4416.6(3) 4+ 1349.6(3) 0.27(2)
4715.9(4) 6+ 1050.3(4) 0.122(10)
4885.7(5) 5+ 881.7(3) 0.114(14)
4942.4(4) 5~ 823.2(7) 0.068(5)
6008.2(4) (7%) 4715.9(4) 6+ 1292.2(5) 0.042(7)°
4848.3(5) 8+ 1160.1(3) 0.163(13)
4918.8(5) a 1089.1(4) 0.15(2)
5398.9(5) (61) 609.4(4) 0.37(5)
6235.5(3) (71) 4715.9(4) 6% 1519.6(3) 0.54(5)°
4918.8(5) 7t 1317.1(3) 0.31(3)
5398.9(5) (6T) 836.3(4) 0.64(6)
5753.9(4) (61) 481.8(3) 0.53(6)
6296.6(5) (57) 4830.5(4) 4- 1466.1(3) 0.120(15)°
6434.2(3) (51) 4715.9(4) 6+ 1718.3(4) 0.091(10)
4885.7(5) 5t 1548.5(4) 0.14(2)
5446.4(5) (47) 987.7(3) 0.14(4)°
6476.3(4) (57) 4830.5(4) 4~ 1645.6(3) 0.40(7)
4942.4(4) 5- 1534.8(5) 0.085(9)
6492.8(3) (6,71) 5398.9(5) (61) 1093.9(3) 0.73(5)
6526.2(5) (6-8T) 5628.9(3) (71) 897.3(3) 0.32(4)

110



5.1 Beta decay of 3?In

6598.5(5) (67) 4942.4(4) 5- 1656.1(3) 4.0(3)
5398.9(5) (61) 1199.6(5) 0.036(10)°
6630.6(4) (6T) 4715.9(4) 67 1914.6(3) 2.5(2)
4885.7(5) 5t 1745.1(5) 0.23(5)
4918.8(5) 7t 1711.6(3) 0.24(2)
5398.9(5) (6T) 1231.9(4) 0.27(3)°
6709.7(4) (67) 4918.8(5) 7+ 1791.0(3) 0.42(4)
4942.4(4) 5- 1767.2(3) 3.2(3)°
6733.4(4) (51) 4416.6(3) 4% 2317.1(4) 0.098(10)
4885.7(5) 5t 1847.5(3) 0.12(2)°
6895.8(4) (71) 4918.8(5) 7t 1977.1(3) 0.31(3)
5398.9(5) (6T) 1496.8(3) 0.37(3)
6997.1(3) (7) 4715.9(4) 6" 2281.0(3) 0.35(3)
4918.8(5) 7t 2078.3(3) 0.22(2)
5478.4(6) (81) 1519.2(5) 0.14(2)
5628.9(3) (71) 1368.2(5) 0.43(5)°
7210.8(3) 6~ 4830.5(4) 4= 2380.0(3) 38(3)
4885.7(5) 5T 2325.5(3) 0.85(6)
4918.8(5) 7t 2292.2(3) 1.04(10)
4942.4(4) 5~ 2268.7(3) 27(2)
5387.3(3) (47) 1823.2(3) 1.41(10)
5398.9(5) (6T) 1812.6(6) 0.12(1)
5628.9(3) (71) 1582.1(3) 1.16(9)
5697.7(3) (51) 1513.8(3) 0.34(3)
5753.9(4) (61) 1456.9(3) 1.44(11)
5766.3(3) (5%) 1445.1(3) 0.49(4)
6008.2(4) (71) 1202.4(6) 0.024(7)°
6235.5(3) (71) 975.6(3) 1.4(2)
6296.6(5) (57) 913.9(4) 0.121(14)®
6434.2(3) (57) T77.4(3) 0.15(2)°
6476.3(4) (57) 733.5(3) 0.38(3)
6598.5(5) (67) 612.6(3) 0.42(3)
6709.7(4) (67) 501.8(4) 1.7(4)
6630.6(4) (61) 580.8(5) 0.09(2)°
7244.0(3) 7 4715.9(4) 6+ 2527.9(3) 1.47(10)
4848.3(5) 8+ 2395.4(3) 2.3(2)
4942.4(4) 5- 2301.3(3) 2.0(2)
5398.9(5) (61) 1845.3(3) 0.46(3)
5478.4(6) (8%) 1766.2(3) 3.2(3)b
5753.9(4) (6T) 1489.4(4) 0.084(11)
6235.5(3) (71) 1008.1(5) 0.11(2)
6492.8(3) (6,71) 751.3(3) 0.124(12)
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@ 1, normalized to 100 units for the 47 —2% 375-keV transition.
For intensity per 100 decays of the parent, multiply by 0.56(4).
b Intensity from -7 coincidences.

5.1.3 [-delayed neutron branches in '*?In

The -delayed one neutron emission of 132In has been confirmed by the observation of
rays belonging to the excited structure of 13'Sn. Two transitions have been identified in
this decay, specifically, the 2435.0(3) keV and 4273.6(5) keV with an absolute intensity of
0.11(1)% and 0.04(1)% respectively. The P, value has been obtained from the analysis
of the v-ray intensities of the § and S-n branches, taking into account the 8 decay of the
1328n and '3'Sn daughters. For the 132Sn — 132Sh decay branch, the intensities of the
5 most intense ~ rays were considered, these transition are listed in The absolute
intensities for those transitions were adopted from [SEWS89]. Previous measurements of
the 131Sn — 131Sh decay [HPRS81] were not able to disentangle the decay of the 3!In
isomers. Besides, in our analysis we observed that the intensity of the + rays emitted
in this decay mainly originate from the population of levels with high spin (11/2, 13/2,
15/2). This indicates that the 32In isotopes that decay by -n mostly feed the 11/2~
isomer in !3'Sn directly, which is strongly favored against the 3/2% g.s. due to the
angular momentum difference.

The total intensity from 3'Sn — '31Sb decay was calculated from the analysis of
the v rays from !3'Sb observed in this data set. An absolute intensity of 69(7)% has
been estimated for the most intense transition, of 1226 keV. This value was obtained
by making two assumptions: firstly that ?In 8-n decay mainly populates the (11/27)
isomer, which is consistent with our observations, and secondly that no direct intensity
was lost due to direct population of '3'Sn to the '3'Sb g.s. This hypothesis is to be
expected given the large spin difference (11/27 — 7/27" transition). The 7% uncertainty
in the value takes into account these assumptions.

Finally, the number of decays calculated for each tin isotope was corrected to account
for the movement of the tape at the end of each super-cycle. The correction factor was
estimated taking into account the proton pulse pattern and the different half-lives of
each isotope.for dead time effects. This calculation yielded that only the 36% of the
13280 decays and the 29% of 31™1Sn decays can be measured due to the movement

of the tape. From this analysis a P,—12(2)% value was found for the 3?In S-n decay,
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Table 5.2: Absolute y-ray intensities for the decay of the !3?Sn g.s. and the
131mlQy (11/27) B-decaying isomer. The intensities for the decay of 132Sn are taken

from [SEWR89], while the intensities in 131™1Sn decay are deduced from our experiment.

1326n 0+ B-decay 13lmlgy (11/27) B-decay (This work)
E, L, (%) | E, L,(%)
85 18(2) 1226 69(7)
247 42(2) 1230 17(2)
3407 49.0(12) 450 51(7)
899 45(3) 584 5.1(7)
993 37(2) 1932 6.0(8)

which is notably higher than the 6.8(14)% in |[LHA 80| but in good agreement with the
10.7(33)% from [RAS93].

Given the two-neutron separation energy in the 132Sn Sy, (132Sn)=12557.0(27) keV
[WAKT17], there is a 1583 keV energy window, within Qz(1*?In), that makes the decay
via a (-delayed two neutron branch possible. We have searched for + rays belonging to
the A = 130 mass chain. Nevertheless, no evidence has been found that would point
to the existence of a $-2n decay branch in '3?In. This is consistent with expectations,
since the only levels in '3°Sn that could be populated are the 07 g.s. and 2+ at 1221
keV [Sin01]. Assuming a (77) spin-parity assignment for the 32In g.s. [JGGT16], this
decay will be highly suppressed.

5.2 [-delayed neutron decay of **In

The large Qz=13.4(2) MeV value along with the low neutron separation energy in 133Sn,
S,=2.399(3) MeV [WAK™17], favor the 33In decay via B-delayed neutron emission to
132Gn. The lower spin of the 33In (9/2%) ground state and (1/27) isomer, in comparison
with 132In (77), is expected to favor the population of low spin p-h excited states that
are not fed in the B decay of '32In due to the large spin of the parent (77). In the
following section, we discuss on results of the 3-n decay of 33In to '32Sn, tackle excited
states in 132Sn and report new transitions following the S-n decay branch of 33In.

The indium beams for each isomer were separated taking advantage of the isomer

selectivity provided by RILIS. However the separation was not complete, and the 33"In
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5.2 f-delayed neutron decay of '33In

beam contained a contribution of ~30% of 1339In. The amount of 133™In in the 339In

beam is below 5%.
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Figure 5.9: (-gated HPGe spectra measured following the B-decay of '339In
(Top) and '**"In (Bottom). Both spectra were generated with the vy-rays measured
within the 50-550 ms after the arrival of the proton pulse. The long-lived activity from the
background was removed by subtracting the spectra measured within the 700 to 1200 ms
window. Mostly all the y-rays can be related to transitions from either 133Sn, 132Sn and
background induced by B-delayed neutrons from '33In S-n decay in the HPGe detectors.

5.2.1 Feeding of excited states in *?Sn

In Figure two (-

gated y-ray spectra measured during '33In decay are shown. They

were measured using the narrow band RILIS configuration, to enhance the selective

ionization of 9/2% and 1/2~ '33In isomers respectively. Gamma rays emitted after

115



5. DOUBLY MAGIC '*2SN

the 3 decay of 33In can be clearly distinguished from the background by their time

distribution following the impact of protons on target. Nevertheless, the decay curve

does not allow the separation of the transitions that belong to '32Sn from those of 133Sn,

neither from the background induced by S-delayed neutrons from ?3In -n decay.

Table 5.3: List of states in 132Sn following the 3-n decay of the 133In (9/27) g.s. (>95%
pure), labeled '®39In, and the beam with enhanced content of the (1/27) isomeric state,

with a contamination of ~30% of 1339In, labeled 133™In.

E; (keV) I E (keV) J7 E, (keV) I¢, 12,
133gIn 133m1n
4041.6(3) 2+ 0 0F 4041.6(3) 100 100
4351.6(3) 3- 0 0F 4351.5(3) 54(8) 70(11)
4041.6(3) 2t 310.5(3) 7.0(9) 12(2)
4416.6(3) 4% 0 0F 4416.7(3) 13(2) 9(2)
4041.6(3) 2t 374.9(3) 74(9) 39(6)
4351.6(3) 3” 64.4(3) 0.96(11)° 0.51(7)"
4715.9(4) 6" 4416.6(3) 4+ 299.3(3) 31(4) 13(2)
4830.5(4) 4= 4351.6(3) 3- 478.9(3) 18(2) 18(2)
4416.6(3) 4+ 414.5(3) 0.9(5)  0.21(8)°
4848.3(5) 8T 4715.9(4) 6" 132.4(3) 4.0(6) <20
4885.7(5) 5+ 4416.6(3) 4% 469.1(5) 11.1(14) 7(2)
4715.9(4) 6" 169.5(4) 1L5(7)  <1.6%
4918.8(5) 7+ 4715.9(4) 6" 202.9(3) 5.4(8) 3(2)
4848.3(5) 8+ 70.9(4) 0.8(1)>  0.4(2)
4942.4(4) 5~ 4351.6(3) 3- 590.4(3) 0.7(6)  0.22(3)°
4416.6(3) 4+ 525.9(3) 10.1(14)  6.6(10)
4715.9(4) 6+ 226.5(3) 0.21(3)>  0.14(2)°
4830.5(4) 4= 111.3(3) 1.0(3)  0.56(9)°
4949.0(5) (37) 4830.5(4) 4= 117.9(5) 1.4(4) 1.0(7)
4351.6(3) 3- 597.4(6) 8(2)¢ 12(4)®
4041.6(3) 2t 908.2(4) 1.5(3) <8
4965.3(7) (3%) 4416.6(3) 4+ 549.0(4) 1.0(6)  1.9(8)°
4351.6(3) 3- 613.5(5) 3.8(5) 13(5)¢
4041.6(3) 2t 923.8(7) 2.4(5)  3.2(12)
5131.2(6) (27) 4351.6(3) 3~ 779.2(4) 2.3(4) 14(3)
0 0F 5131.9(8) 1.1(5) 4(3)
5387.3(3) (47) 4351.6(3) 3~ 1036.0(3) 39(5) 3.9(12)
4830.5(4) 4= 557.1(4) 0.39(6)  0.39(13)°
4942.4(4) 5 444.6(4) 0.71(14)%  0.7(2)
4949.0(5) (37) 437.2(4) 0.7(2)°  0.7(2)°
5398.9(5) (6T) 4715.9(4) 6" 683.0(3) 47(7)  2.2(19)
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5.2 f-delayed neutron decay of '33In

5431.4(7) (3) 4041.6(3) 2F 1390.3(14) 2.0(7) 4.8(8)
4351.6(3) 3” 1078.9(7) 2.4(8)® 4(2)
4416.6(3) 4t 1015.4(10) 2.8(7)*  1.1(8)*
5446.4(5) (4T) 4416.6(3) 4t 1029.8(4) 4.6(6)  2.9(12)
5478.4(6) (8%) 4848.3(5) 8T 630.2(3) 32(7)  3.2(13)
5628.9(3) (77) 4715.9(4) 6T 913.1(3) 1.9(3) <10
4848.3(5) 8+ 780.6(3) 0.79(13)®  <0.3°
4918.8(5) e 710.1(3) 0.31(5)>  <0.2
5398.9(5) (61) 229.8(3) 0.10(2)®  <0.05
5478.4(6) (81) 150.3(3) 0.047(8)  <0.03?
5697.7(3) (5T) 4416.6(3) 4+ 1280.7(2) 0.8(3) 2.1(17)
4715.9(4) 6" 982.2(3) 0.8(4)  1.3(9)®
4885.7(5) 5+ 812.4(6) 0.5(4)  0.7(7)°
5753.9(4) (6T) 4715.9(4) 6" 1038.2(3) 2.0(6)*  0.8(7)*
5398.9(5) (61) 354.3(3) 0.6(2)  0.3(2)
5766.2(3) (5%) 4416.6(3) 4t 1349.6(3) 1.4(10)  2.3(15)®
4715.9(4) 6+ 1050.3(4) 0.9(4)*  0.46(7)
4885.7(5) 5t 881.7(3) 0.9(3)  0.24(6)
4942.4(4) 5~ 823.2(7) 0.4(2)°  0.26(4)
5790.4(6) (4T) 4416.6(3) 4F 1373.9(4) 2.7(3)  3.3(13)°
4351.6(3) 3” 1438.5(4) 0.8(3) 1.0(6)
6296.6(5) (57) 4830.5(4) 4= 1466.1(3) 1.9(11)*  <0.5°
6476.3(4) (57) 4830.5(4) 4= 1645.6(3) 1.6(10)*  <0.5¢
4942.4(4) 5~ 1534.8(5) 0.3(2)° <0.1°

¢ Intensity obtained from ~-7v coincidences.

b Not observed in this decay, intensity calculated from 32In decay data.

¢ Relative v intensities normalized to 100 units for the 4042-keV transition.
For intensity per 100 decays multiply by 0.049(5).

@ Relative v intensities normalized to 100 units for the 4042-keV transition.
For intensity per 100 decays multiply by 0.043(5).

The identification of new v rays that belong to 32Sn is based on y-v coincidences.
It is not expected to find excited levels with excitation energies below 4 MeV, thus
~v-rays with lower energies are always a part of a cascade since they cannot directly
feed the g.s. The analysis allows to identify several levels and 7 rays in 32Sn that are
not observed in the '3?In decay. Likewise in the analysis of 32In decay, mostly all the
new transitions can be observed in coincidence with the y-rays from low-lying levels.
Figure [5.10] contains the -7 coincidence spectra got after gating on the 4042-, 375- and
299-keV transitions. The v-lines identified in those spectra indicate the population of

excited levels in '¥2Sn up to 6.6 MeV. New ~-lines, that were not quoted present at
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132Tn spectra, can be also found.

108 ¢ B
E ) @
i g HPGe yy Gate on 4042 ——
> I o 8 8 g
<D102 E ® o)
X E ey [}
3101 [ ¥
100 0 =
0 2 500 1000 1500
3L 8
10 g 3 B HPGe vy gate on 375 ——
r ©| 0 [toXse)eo) w
Sz Lkl 2B ¢ SR E 8 g g
~ E — © N
Qanl UL
o10 101
100 1 1 100
0 . 500 1000 1500 3000 3500 4000 4500
100F oF |8
Eo © HPGe yy gate on 299 ——
> % % ] w «
§102 L T g ® o383 w 2 S
@ i 2822 (102 O g E:
S I 2
310! W 10"
100 | \I" MW 100 MATHIr
500 1000 3000 3500 4000 4500

Energy(keV)

Figure 5.10: ~-v coincident spectra corresponding to the y-rays that de-excite
the low-lying positive parity levels in '32Sn, populate in the 3 decay of '33In.
(Top) Gated on the 4042-keV transition from the 4042-keV 27 level. (Center) Gated on the
375-keV transition from the 4416-keV 47 level. (Bottom) Gated on the 299-keV transition
from the 4715-keV 67 level.

This information is completed by -y analysis for the ~-rays from the low-lying
negative parity states, Figure[5.11] New 7-lines that cannot be related to the transitions
quoted in the '32In decay can also be identified here. This study leads us to confirm
the presence of states at 4965, 5131, 5431 and 5790 keV, that are populated only in the
decay of 133In B-decaying states.

The low spin of the states to which they can de-excite suggests a low spin value

(2-4) for these levels, which makes them good candidates for the remaining low spin
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Figure 5.11: -y spectrum observed in the 8 decay of '33In, gated on the 4352-keV
transition in '32Sn. The contribution from Compton events beneath the 4352-keV peak

has been subtracted. Newly-observed  transitions are labeled in red with an asterisk.

particle-hole states expected in this energy range. In Figure the 8-n decay scheme
of 133In to 1328n is depicted. The direct feeding to each level (Ig—y) is measured by
analyzing the ~-ray intensities calculated separately for each isomer.The total feeding
has been calculated using the intensities of the y-rays emitted by the daughters. The
observed states in 132Sn following the B-n decay of the 133In (9/2%) g.s. and (1/27)

isomeric state are listed in Table 5.3

119



5. DOUBLY MAGIC '*2SN

Tip (1/27)=167(11)ms P, (1/27)=93(3)%

Tip (9/27)=162(2) ms P, (9/2")= 90(3)%

Lgn(%)
9/2* 1/2”
o0
wsr
<ten
0.10(5  <0.02 e (57) 6476.3
o
0.10(6)  <0.02 3 (57) 6296.6
"
5
o
0.183)  0.19(7) (4%) 57904 o
ise)
0.18(6) 0.14(7) | ;2 o [ 57662 [ &
Rgenn ;
0.103) O3oE o SO [(67) 5753.9
0.103) 0.1809) SFFeR—a&es = azen Y (57) 5697.7
0.162) 0.03(3) [ RmaZ o (7%) 5628.9
0.15(4)  0.14(6) 2swe (8%) 5478.4 & G-y
0.23(4)  0.13(5) =02 R (4%) 5446.4 ® Sn3e - N
03560 0D S WORTHE] S 0.27(4)  0.24(6) SEFE (47) 5387.3
0.23(4) (6%) 5398.9 - =
I 0.17(4) 0.9 = 27) 51312
0.36(6)  0.8(2) @2 (3*) 4965.3 B o (009 o P
0.38(6)  0.18(8) Sdazog [ 7 4918.8 S, 0531 0706) Sng— (37) 4949.0
: : QOSSBB & - IS 0.54(10) 0.29(6 et [ 549424
0.57(10) 0.28(9) \ QA=20oc /5% 48857 LalsET, : 29(6) :
: : FHfTe : E 0.60(15) 0.70(14) 1T 4~ 4830.5
<0.06  ~0 ﬁ. A__ ﬁ 8" 4848.3 = . : :
0.42) <03 6* 4715.9
(=
o N
N T m
LI5)  04(3) a 4* 4416.6 Is B
T =094  0.7(6) 37 43516
(=)
<
S
0.6(4)  1.5(4) 2" 4041.6
= e n
o — v
ElE e
823) 853) 0" 0
132 E(keV
50 SNg2 v

Level scheme of '32Sn observed following the 5-n decay of the
120

133In (9/2%) ground state and (1/27) isomer.

Figure 5.12



5.2 f-delayed neutron decay of '33In

5.2.2 High energy 7-rays

Another interesting feature observed in the S-decay of 33In is the presence of several
~ rays of energies above 5 MeV, with a time behavior compatible with the decay of
133g,m]y

The high energy v lines observed in the '339™In decays are shown in Figure
The peaks observed in the spectra differ notably depending on the selected S-decaying
indium state. In the decay of the 339In (9/2%) g.s. there are two predominant ~y-rays.
The 6089-keV is thought to belong to 33Sn, see Chapter 7] or [PKFT19]. Another one
appears at 6019 keV. Although it has the same energy as a transition in °“Fe produced
by a neutron reaction background as discussed in [PKET19, [BFK™'20| its intensity is
only a small fraction of the total y-ray intensity from the excited 7647-keV level in 5 Fe,
while the other, more intense transitions, are not observed. Therefore the 6019-keV
transition is likely to be emitted following the S-decay of '33In, and predominantly
from the (9/2%) g.s.

The bottom plot of Figure shows the -gated ~y-ray spectrum measured for the
RILIS 1/27 settings. The intensity of 6088- and 6019-keV transitions are reduced in this
spectrum, and they are most likely produced by the 1339In contaminant in the beam.

In the decay of the 133In (1/27), the 6088- and 6019-keV transitions are suppressed,
but several other peaks, which are absent in the decay of the ¥39In, can be identified.
They appear at the energies of 5440, 5712, 5770, 5952, and 6067 keV. Two more ten-
tative peaks, at the detection limit of the HPGe detectors, are seen at 6220 and 6463
keV. Some of these v lines may be compatible with escape peaks from other ~ rays
(for instance single and double escape peaks from the 6463 keV ~-ray), but it is not
possible to make a consistent identification for all of the energies. It is interesting to
observe transitions having this energy from the decay of the (1/27) isomer, as there are
unidentified members of particle-hole multiplets in '32Sn, such as vps s2ds /12, T87/28, /12
and vps /Qs;/lz, that can give rise to low spin levels. It is very unlikely to populate them
in the decay of 32In with (7). However, the feeding of such levels would be strongly
favored in the B-n decay of the (1/27) state in 33™In. All of this points towards these
transitions likely originating from the de-excitation of such p-h multiplet states.

It is worth mentioning that a 5131-keV peak can be seen in both the 339In and

133m]y decays. This 7 ray has been firmly identified to belong to 32Sn since its energy
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Figure 5.13: Beta-gated 7-ray spectra from the 3 decay of '32In isomers highlighting
the energy range above 5 MeV. Only the events recorded in the time window from 10 to

600 ms since the arrival of the proton pulse are used.

perfectly matches the de-excitation of the new 5131-keV level proposed in this work. In
addition, the existence of a transition to the 0% g.s. supports the tentative assignment
of this level to the 27 state of the I/f7/2d;/12 multiplet.

For the sake of completeness, the v-rays observed in the ¥3In decay that have not

been assigned to any decay branch are listed in Table

5.2.3 [3-delayed neutron emission from *3In

We have used the same procedure described in section for 132In to determine
the B-delayed neutron emission probabilities from the 33In (9/2%) ground state and
(1/27) isomer. The most intense v rays have been considered in the analysis. For
the 133Sn — 133Sb decay, the absolute intensity of 12(2)% for the 962-keV transition
was adopted from [BKES3|, while for the 132Sn — 132Sb we used the same transitions

ans intensities employed in ¥?In decay, summarized in Table The relative decay
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5.2 f-delayed neutron decay of '33In

Table 5.4: Gamma rays observed in the 3In decay that could not been assigned to any
specific decay branch. Intensities are given relative to the 4042-keV in 32Sn 7-ray intensity.
The label 1339In refers to the 33In (9/27) g.s., with an estimated purity above 95%, while
the label 133™1In is used for the beam with enhanced content of the (1/27) isomeric state,

with a contamination of ~30% of 1339In.

E7 I?el Ilr)el
(keV) 1339Tn (9/271) 133mIp (1/27)
1116(2) 2.5(4) 4.6(8)
1529.7(7) - 2.6(7)
1649.9(4) - 7(1)
4110.8(3) 8(1) 8(2)
5439.6(4)4 - 4(2)
5711.6(9)° - 3.7(12)¢
5770(1) - 3.8(12)¢
5952.5(6)4 - 6(2)°
6018(2) 4.7(9) 6(2)°
6067(2) - 3.9(13)¢
6220(2) - 2.6(10)¢
6463(3) - 2.0(9)¢

2For 14 multiply by 0.049(5).

bFor 1,3 multiply by 0.043(5).

“Intensity obtained from f-gated spectrum.

9Energy compatible with the escape peaks from the
tentative 6463-keV ~y-ray.

®Energy compatible with the single escape peak from

the tentative 6220-keV v-ray.

activity of the tin daughter nuclei was corrected for the tape movement. In particular,
the supercycle structure of the proton beam has to be considered for the evaluation of
the unobserved activity. Our analysis yields P,=90(3)% for the decay of the 33In 9/2+
g.s., and P,,=93(3)% for the decay of the (1/27) isomer. The re-evaluated results are in
agreement with the P,=85(10)% value in [HBHT96|. Slightly lower values are given in

[PKET19] where the proton pulse correction of the tape movement have not been fully

implemented.
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5.3 Lifetime measurements

Lifetimes of excited levels in !'32Sn have been investigated by means of fast-timing
methods, see Chapter |4} using the time differences between the fast 5 and LaBrs(Ce)
detectors. A coincidence condition on the HPGe detectors is applied. The HPGe
detectors do not participate in the timing information, but are essential in this complex
level scheme due to their energy resolution to obtain the required ~-ray selectivity.
The use of two different LaBrs(Ce) detectors gives us the possibility to obtain two
independent measurements for the same lifetime, one per $-LaBr3(Ce) combination. In
addition, vy(t) time differences between the two LaBrs(Ce) detectors are used when
possible. Figure shows the (-gated energy spectra measured in the HPGe and
LaBr3(Ce) detectors for the decay of '32In. Due to the large number of y-ray peaks
at overlapping energies observed in this decay it is necessary the use of triple Syvy(t)

events to obtain the required selectivity.

10%
c LaBr3(Ce) B-gated ——
) HPGe B-gated ——
3
E 10
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O102
101 | ]
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Figure 5.14: Beta-gated LaBr3;(Ce) and HPGe energy spectra observed in the
B-decay of '32In. A large number of the y-rays can be observed in the HPGe -gated spec-
trum (red). Therefore, the use of triple Syv(t) events is required to obtain the selectivity
in LaBr3(Ce) detectors required for lifetime measurements.
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5.3.1 Choice of a prompt-reference for '*?In decay.

To measure half-lives of states using the centroid shift method, the choice of a reliable
prompt y-ray to be used as reference is required. For the case of *2Sn the most suitable
~-rays are those emitted by the 7210-keV level, for which a lifetime below the ps range
is expected. This level is intensely populated, receiving ~42% of the total feeding, and
it has a large number of de-exciting y-rays. However, only the 2269-keV and 2380-keV
de-exciting ~-rays have sufficient statistics, to precisely determine the centroid position
of their Sv(t) time-delayed distributions.

The time distributions from the 2269 and 2380 keV transitions have been obtained
using triple Sy7(t) coincidences. In Figure there are depicted the energy spectra
measured in one LaBrs(Ce) detectors after selecting another -ray in the HPGe detec-
tors. Both 2268 and 2380 ~-rays can be selected in coincidence with three different
~-rays each. For each spectrum the colored regions indicate the selected energy gates
set in the LaBrs(Ce) to produce the time spectra from the peak, as well as to estimate
the contribution from the Compton background in lanthanum detectors.

In the bottom part of Figure [5.15| the time-delayed spectra derived after applying
all the different gates and corrections described in Figure [5.15] are plotted. Thus, the
lifetime of the levels measured by the centroid-shift method are obtained by measuring
the shift from the curve to the centroid position after subtracting this offset derived
from the 2268 and 2380 keV prompt ~-rays. The offset is obtained for the 2 -rays by
minimizing the shift to the FEP curve, see Figure[5.16] The error bars from the prompt
centroid have been added to the uncertainty of the FEP walk curve, and they are also
included in the uncertainty of the lifetimes measured by centroid shift from of 32Sn.
This analysis has been extended to the four LaBrs(Ce) and data-set combinations,
deriving a different offset for each case.

5.3.2 Half-lives in the yf7/2h1_11/2 particle hole multiplet

5.3.2.1 Lifetime of the 4416-keV 4tstate

The 4416-keV 41 level does not have a noticeable direct feeding in the '32In decay, being
populated in its totality by ~ rays from higher-lying levels. It de-excites mainly by the
375-keV ~-ray, which carries ~85% of the total intensity. The two strongest transitions
that feed this state are the 299-keV and 526-keV ~-rays.
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Figure 5.15: HPGe gated LaBr;(Ce) Energy spectra for 2268 keV and 2380
keV prompt . The energy spectra are built by gating on the designed peak on the
HPGe detector, and subtracting the contributions from the Compton background. The
coloured areas mark the selected gates in the LaBrs(Ce) to generate the time distribution
of the peaks, the green areas indicates the selected region from the LaBrs(Ce) background
for the estimation of the Compton background contribution, (Bottom) Syv(t) Time delay
spectra for the 2269 and 2380 prompt -rays. All the contributions coming from the various
background have been subtracted. The final centroid position is adopted from the weighted

average of the centroid position corresponding to each HPGe gate.
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Figure 5.16: Centroid position of prompt y-rays vs the FEP walk curve mea-

sured for each data set and LaBr;(Ce) pair. The offset in the time distribution is

obtained by simultaneously minimizing the difference between both centroid positions and

the FEP walk curve.

This lifetime can either be measured by the yy(t) and 5v(t) time-delayed coincidence

method, depending on the combination of y-rays considered in the analysis.

To measure the 4416-keV 471 level half-life using Sy7y(t) events a time distribu-

tion was generated by selecting the 526- and 375-keV transitions in the HPGe and

LaBrs(Ce) detectors respectively. This combination of v rays allows us to select cleanly

the 375—keV peak in the LaBr3(Ce) detectors, and at the same time avoid the contribu-

tion of long lifetimes from higher-lying levels. In Figure the spectrum obtained in

one of the LaBrs(ce) detectors after gating on the HPGe detectors is show. The contri-

bution of Compton backgrounds have been corrected using the methodologies described

in Section [£.4] from Chapter @] The colored regions indicates the energy gates used in

the analysis.

The time distributions derived for each of the four LaBrs(Ce) detectors and dataset
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Figure 5.17: (yvy(t) half-life analysis of the 4416-keV level. (Right) S-gated
LaBrs(Ce) energy spectrum in coincidence with the 526-keV transition on the HPGe de-
tectors. (Right) Time-delayed distributions for the S-HPGe[526]-LaBrs[375].

combination are drawn in the right-hand side of Figure [5.17] The gate on the 526-keV
transition ensure that the time distribution is free from the contributions of lonf-lifetimes
from higher lying states. Each time distibution was fitted separately to an exponential
decay function convoluted with a Gaussian function plus a constant background to
account for the random background.

This lifetime can also be derived form the analysis of yy(t) events, by analyzing the
time distributions of the 299-375-keV coincident peak between the two LaBrs(Ce) detec-
tors. By using this combination of «-rays the influence of other lifetimes is removed. In
Figure (Left) the LaBrs(Ce)-LaBrs(Ce) coincidence energy matrix is shown, along
with the energy gates selected for the analysis of the peak and background contribu-
tions. Here no extra gate in the HPGe energies is needed thanks to the good peak to
background ratio. To reduce the background from the daughters decays, only the events
measured in a time window from 50 to 800 ms after the proton pulse were selected for
this analysis. The resulting time delay distributions are depicted in the right-hand side
of Figure The lifetime is measured from the fitting of time-difference distributions

with the direct and reversed energy selection on the LaBrs(Ce) detectors, giving two
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independent measurements for each of the two data sets.
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Figure 5.18: Time delayed v7(t) analysis of the 299-375-keV coincidence. (Left)
Coincidence energy matrix measured in the LaBrs(Ce) detectors. The adjacent spectra are
the projections of the matrix within the red lines. The delayed and anti-delayed coinci-
dence peak appear enclosed within the red and blue boxes respectively. (Right) Compton-
subtracted time distributions of the 299-375 coincidence for both data-sets. from the right
show the projections for each axis corresponding to the gates of the delayed peak. See text

for details

Table 5.5: Summary of T/, values derived for the half-life of 4416-keV 4% state.

Dataset ‘ Method T /2(ns) ‘
2016 By7y(t) LaBrs(Ce)-1  4.07(10)
Byv(t) LaBrg(Ce)-2  3.94(10)

~v7(t) Delayed 3.93(6)
~vv(t) Anti-delayed — 4.05(8)
Byy(t) LaBrg(Ce)-1  4.05(5)
By (t) LaBrs(Ce)-2  4.06(5)
(4)
(4)
(2)

2018

~v7(t) Delayed 3.90(4
~vv(t) Anti-delayed — 4.02(4

Final value ‘ Weighted average 3.99(2

All the values derived from this analysis are summarized in The final value is
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obtained from the weighted average from these measurements, yielding a final value of
3.99(2) ns, which is in good agreement with the 3.95(13) ns reported by Fogelberg et
al. |[FHJT95).

5.3.2.2 Lifetime of the 4715-keV 61 state

The lifetime of the 4715-keV is longer, at the limit of the fast-timing range. The best
method to measure it would be from the ~v7(t) delayed coincidence between the 132-
and 299-keV y-rays in the LaBrs(Ce) detectors. Unfortunately the TAC range is too
short, and the value obtained is too unreliable. On the other hand, this half-life is below
the time resolution limit of a HPGe detector, so it cannot be measured from either the
fit of the 5-HPGe(t) time-delayed events. The only viable alternative for obtaining this
half-life is via Svyv(t) with the LaBrs(Ce) detectors, whose time range is almost twice
the time window available in for the yy(t) events.

In order to build the S7(t) time delay distribution of the 299-keV, an extra coinci-
dence needs to be set in the HPGe detector to remove the influence of the long lifetime
of the 4848-keV level, due to the feeding by the 132-keV transition. The best candi-
date to do so is by gating at the 913-keV transition since this combination provides the
highest amount of statistics. In Figure the energy spectra measured in one of the
LaBrs(Ce) detectors, in coincidence with the 913-keV peak is shown. The gates set in
the LaBrs(Ce) energy are also depicted.

The time distribution for each pair of LaBrz(Ce) detectors and data sets are drawn in
Figure They were obtained after selecting the HPGe[913]-LaBr3(Ce)[299] events,
and correcting for the contribution of the Compton background. The four time distribu-
tions show a very long exponential tail. The limited time range is insufficient to observe
the full decay of the 4715-keV level, nevertheless there is still enough time for about
two half-lives. The time spectra have been fitted separately to an exponential decay
function. Due to the limited range, the accuracy of the fit is reduced. Nonetheless the
uncertainty of the 4 values is lower than 5%, being all of them compatible to each other.
For the final value we adopted the weighted average of the four measurements, which
yielded a T;/5=21.3(5) ns half-life. This new measurement is in agreement within two

o with the 20.1(5) ns value reported by Fogelberg et al. [FHJT94].
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Figure 5.19: [~vvy(t) analysis for the half-life of 4715-keV 67 state. A coincidence
with the 913-keV peak on the HPGe detectors was required. The contribution of events in
coincidence with the background beneath the 913-keV peak have been subtracted. (Left)
Energy LaBrs(Ce) spectrum and energy regions for the peak (orange) and background
(blue) time distributions.(Right) Derived Syv(t) time-delay spectra for the 299-keV ~-ray
after applying all the corrections for the background. The half-life is estimated from a x?
fit of the slope.

5.3.2.3 Lifetime of the 4848-keV 81 state

The lifetime of the 4848-keV 87 level is too long for the fast-timing range, but it can
be investigated using Sv(t) coincidences between the plastic scintillator and the HPGe
detectors. Three S-HPGe(t) time differences spectra were obtained by selecting the
132-, 299- and 375-keV v rays, respectively. The resulting time delay distributions are
shown in Figure [5.20] No extra coincidence was required.

The half-life was measured by fitting the delayed slope of the three time spectra in a
long time range of ~30 us. Due to the large coincidence window required, the amount of
random coincidences is quite large. The random contribution has been carefully taken
into account by analysing the expected random background measured for the prompt
526-keV ~-ray. For the final value, the weighted average of the six values furnished by
this analysis was adopted. This yielded a T, /=2.108(14) s for the 4848-keV 8T level
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Figure 5.20: .Time delay spectra between the S and each of the HPGe detectors for the
132-keV, 299-keV and 375-keV ~-rays.

in agreement with the value of 2.080(17) us reported in the latest evaluation [KRSS05].

5.3.2.4 Lifetime of the 4886-keV 51 state

For the 4886-keV 5T level, it is a quite difficult task to measure its mean-life. Since the
level is not strongly populated in the '32In decay, the only combination of y-rays that
provides enough statistics is the HPGe[375|-LaBrs(Ce)[469], but is still not possible a
clean selection of the 469-keV ~-ray in the LaBrg(Ce) detector. The energy spectrum
measured in one of the LaBrs(Ce) detector in coincidence with the 375-keV peak in the
HPGe is depicted in Figure The 469-keV peak is weak and overlaps slightly with
the 511-keV peak.

The Compton corrected, time distribution of the 469-keV ~-ray is shown on the
bottom of Figure The centroid shift analysis indicates a short 7=27(14) ps value.
This analysis have been extended to the four LaBrs(Ce) and data-set combination,
yielding similar values for all cases. The weighted average of the four values give a T}
= 18(6) ps for the (5%) level. Nonetheless, given the low peak to background ratio,
as well the potential contribution from the 526-keV and 511-keV peaks to the time
distribution, this value is not completly reliable. Therefore, we have adopted a more

conservative Ty /5 < 30 ps upper limit for the lifetime of the 4885-keV level.
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Figure 5.21: Lifetime Analysis of the 4885-keV 57 state.(Left) Energy spectrum
recorded in Sy on of the LaBrs(Ce) after gating on the 375-keV ~-ray in the HPGe
detectors. (Right) 8yv(t) Time delay distribution of the 469-keV transition in LaBrs(Ce)
detector.
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Figure 5.22: 3yv(t) centroid shift analysis for the 4886-keV 5% state.
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5.3.2.5 Lifetime of the 4919-keV 71 state

The lifetime of the 4919-keV 77 state state has been measured by analyzing the time dis-
tribution of the 203-keV de-exciting y-ray. To cleanly select this peak in the LaBrs(Ce)
spectra three ~-rays can be used as coincidence gate on the HPGe detectors, the 299-,
375- and 710-keV transitions. In Figure the 8 LaBrs(Ce) energy spectra measured

in HPGe coincidence wiht these three y-rays are shown.
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Figure 5.23: 5yv(t) analysis for the 203-keV peak observed in LaBr;(Ce) energy
spectra. The v-rays employed as gates in the HPGe detector are the the 299-, 375-keV
transitions from below, and 710-keV ~-ray from above.

The 203-keV transition can be clearly observed in the three spectra. The HPGe[299]-
LaBr3(Ce)[203] and HPGe|[375]-LaBrs(Ce)[203] comibnations have an amount of statis-
tic 10 time higher than the HPGe|710]-LaBr3(Ce)[203] combination. Nonetheless the
contribution of Compton background over which the 203-keV sits on in the LaBrs(Ce)
spectra is much higher for the 375- and 299-keV HPGe gates. Corrections were ap-
plied to subtract the contribution of this Copmton background, nevertheless, the low
~ 0.5 peak to background increase the uncertainty over the centroid position in those
peaks. Thus the centroid position of the 203-keV time spectra has been estimated as the
weighted average of the three centroids obtained for each time HPGe gate, see Figure

0. 24
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Another source of uncertainty for this lifetime is the contribution of other half-lifes
from upper levels. The 4919-keV level is populated directly in 60% of all S-decays,
however in the remaining 40% it is populated by 7-rays from upper levels, that can
contribute to measured shift of the centroid. From all the upper levels that populates
it, only the 5629-keV has a measured mean-life of 7 = 13(4) ps, For the remaining
levels, there are no measurements available. However it is not expected for those levels,
to have half-lifes longer than few ps. Therefore, considering the fraction populated from
above, we estimate a shift no longer than 2 ps for the centroid position due to these
contributions. However this situation changes for the HPGe[710]|-LaBr3(Ce)[203] time
distribution which should appear shifted by the whole 13 ps from 5629-keV lifetime.
Hence, before averaging the centroid position of the 203-keV peak of the three HPGe

gates, we have subtracted the expected contribution of upper levels in each case..
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Figure 5.24: 3v(t) Centroid shift analysis for the 4919-keV (71). The four dataset-
detector combinations yields similar values for the mean-life of this level. The final value

was adopted as the weighted average of these 4 values.

The weighted average of the four measurements yield a 7 = 150(5) ps for this level,
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or Tyjp = 104(4) ps. This new measurement provides a notably longer value than
the Ty /o = 62(7) ps reported in previous investigations [FHJT94]. The reason of this
difference might be that it was measured using BakFs scintillators by Fogelberg et al.
[FHJT94]. Since in their work this level could only be measured by analyzing the time
distribution of the 203-keV ~-ray, where the contribution of Compton background is
very important, the difference may stem from time corrections in this difficult energy

range.

5.3.3 Half-lives in the v f7/2d§/12 particle hole multiplet

The 4830-keV 47 and 4949-keV 57 levels are identified as members of the v f7/ody /12
particle-hole multiplet. These levels are not populated with noticeable intensity in the
B-decay of 13?In. Nevertheless they receive a strong population via y-rays, mainly from
the de-excitation from the Gammow-Teller-fed 7210-keV 6~ level. The measured -
ray intensities indicates that, after the B-decay of '32In, the tin isotope de-excites in
~25% of the cases via the 4830-keV level, and ~21% goes through the 4942-keV state.

Therefore, both levels emit y-rays of strong intensity, which makes them very suitable

to explore their lifetimes via the fast-timing technique.

5.3.3.1 Lifetime of the 4830-keV 4~ state

The half-life of the 4830-keV level can be measured by means of both the Syv(t) and
~v7(t) fast-timing methods.

In the Bvyy(t) delayed coincidence, the mean-life is derived from the centroid shift
measured in the time distribution of the 479-keV ~ that de-excites the 4830-keV level.
Three different coincidence gates on the HPGe detectors can be used to cleanly select
the 479-keV peak on the LaBrs(Ce) spectra, these are the 2380-, 310- and 4352-keV tran-
sitions. Figure (left) shows the three LaBrs(Ce) spectra measured in coincidence
with these three y-rays.

The centroid shift analysis of the Svy7(t) events for one of the -LaBrs(Ce) pairs in
the 2016 data set, is depicted in A mean life of 32(6) ps was derived for this pair.
This analysis has been extended to all four 8-LaBrs(Ce) and data sets combinations
providing a total of four independent measurements which turn out to be, all of them

compatible between each other within their error bar.
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Figure 5.25: Energy spectra measured in the LaBr;(Ce) gated by the 310-
keV, 479-keV and 4351-keV ~v-rays in HPGe detectors. All three coincidence y-rays
achieve a high selectivity of the 479-keV ~-ray in the LaBrs(Ce) detector. The highest
statistics is provided by the 2380-keV germanium gate.
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Figure 5.26: 8vyy(t) Centroid shift analysis for the 4830-keV 5~ level.
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This same half-life can also be measured using the 7v(t) method. Figure
shows the energy region of the LaBrs(Ce) coincidence matrix where the 2380-479-keV
delayed coincidence peak is observed. The statistic is insufficient to require a third
coincidence in the HPGE detector, and consequently the contribution from Compton
events is sizable. Only 1/3 of the events within the selected gates are FEP-FEP events,
hence corrections of the Compton background are of upmost importance here. Figure
(left) depicts the energy region around the 2380-479-keV coincidence peak, along
with the energy gates used to select the coincidence peak and the Compton background
contributions. The same analysis was applied to the anti-delayed coincidence peak.
Figure (right) shows the «7(t) time distributions for the delayed and anti-delayed
2380-479-keV coincidence peak, separately for both datasets. The mean-life is obtained
from the centroid-shift between the two time distributions. The two values that are
derived are compatible between each other and also with those measured from S+(t)
events.
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Figure 5.27: ~v(t) analysis for the half-life of the 4830-keV level. (Left)
LaBr3(Ce)-LaBr3(Ce) energy matrix in the region around the 2380-479-keV delayed co-
incidence peak. (Right) Delayed and anti-delayed yv(t) time distributions and centroid
shift analysis for the 2380-479-keV cascade.

Summarizing the analysis has been done for both LaBrs(Ce) detectors and both data
sets, including also the 7(t) method, yielding six independent values for the 4830-keV
57 level mean-life that are shown in Table The weighted average of 7= 39(3) ps
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Table 5.6: Summary of T/, values derived for the half-life of 4830-keV 4~ state.

Dataset ‘ Method 7 (ps) ‘
2016 Byv(t) LaBrs(Ce)-1 32
Byy(t) LaBrs(Ce)-2 44

(6)

(8)

v(t) 38(7)

2018 By7(t) LaBrs(Ce)-1  43(7)
(8)

(8)

(3)

Byvy(t) LaBrs(Ce)-2  44(8
7(t) 39
’ Final value ‘ Weighted average 39(3 ‘

or Ty /9=28(2) ps is adopted as the final result. The half-life is in very good agreement
with the 26(5) ps reported by Fogelberg et al. [FHIJT95].

5.3.3.2 Lifetime of the 4942-keV 5~ state

The procedure to measure the half-life of the 4942-keV 5~ level is almost identical to
that performed for the 4830-keV 4~ level. It can both be measured by using the Svy~(t)
and y7v(t) methods, representing six independent measurements for the lifetime. In this
case the analysis focused on the time distributions for the 526-keV ~-rays which carries
~85% of the total de-excitation of the 4942-keV level.

The time delay distribution of the 526-keV ~-ray in the LaBrs(Ce), were built sep-
arately requiring a coincidence in the HPGe with the 375-, 2269- and 4042-keV ~-rays.
The S-LaBrs(Ce) spectra measured in coincidence with those peaks are shown in Figure
[5.28] all three HPGe gates provide high enough selectivity for the 526-keV ~-ray.

The time delay spectra of the 526-keV ~-ray for the three HPGe gates and one of
the LaBrs(Ce) detectors, are shown in Figure [5.29] The measured shift of the centroid
position relative to the estimated prompt position indicates a 7=33(5) ps value. This
analysis was extended to the remaining three data-sets, yielding three similar values for
this mean life.

Another two measurements for this lifetime were provided by the analysis of the
2269-526-keV yv(t) delayed coincidence. Figure[5.30|contains the LaBrs(Ce)-LaBrs(Ce)
coincidences energy-matrix for the energy region where the 2269-526 delayed coincidence
peak appears. The energy gates set in the spectra to built the time delayed distribution

are depicted in the same plot. Similar to the 4830-keV level case, the contributions from
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Figure 5.28: [yv(t) analysis for the 4942-keV 5~ level. (Left) 8-gated LaBrs(Ce)
spectra measured in coincidence with the 375-, 2269-, and 4042-keV transitions on the
HPGe detectors. .All three coincidence v-rays provides a high selectivity of the 526-keV -
ray in the LaBrs(Ce) detector. The larger statistics is provided by the 375-keV HPGe gate.
(Right) Compton corrected Syvy(t) Time-delayed distributions for the three combinations.
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Figure 5.29: 8vyy(t) Centroid shift analysis for the 4942-keV 5~ level.
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the Compton background beneath the peaks provides 2/3 of the total area within the
energy gates. Thus correction for the background contributions are necessary in this
case. The corresponding energy gates set in the nearby background are also drawn in

the plot.
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Figure 5.30: 7v(t) analysis for the half-life of the 4942-keV level.(Left) LaBrs(Ce)-
LaBr3(Ce) energy matrix in the region around the 2269-526-keV delayed coincidence peak.
(Right) Delayed and anti-delayed yy(t) time distributions and centroid shift analysis for
the 2269-526-keV cascade.

In Figure the lifetime analysis using ~7(t) events for this level is depicted.
The centroid shift measurement yielded two new values for the mean-life, both of them

compatible between each other and with those derived from yv(t) events.

Table 5.7: Summary of T/, values derived for the half-life of 4942-keV 5~ state.

Dataset ‘ Method T (ps) ‘
2016 Byy(t) LaBrs(Ce)-1  33(6)
Byy(t) LaBrs(Ce)-2  40(8)
7(t) 27(9)
2018 By7y(t) LaBrs(Ce)-1  30(8)
By (t) LaBrs(Ce)-2  32(10)
(1) 26(14)

Final value ‘ Weighted average  33(3) ‘

141



5. DOUBLY MAGIC '*2SN

The six values obtained for this lifetime are compiled in[5.7] All of them in agreement
between each other, hence we adopted the value derived as a weighted average of these
six measurements, which yielded a 7=33(3) ps or T;/,=23(2) ps. This new value is

compatible,within the error bars with the Ty 5=17(5) ps measured in|FHJ94].

5.3.4 Lifetimes in the 7rg7/ggg_/12 particle hole multiplet

Among the excited levels in '32Sn, some of the positive parity states, located in the 5-6

MeV region, are related with the wgy; /299_/12 proton particle-hole multiplet.

5.3.4.1 Lifetime of 5399 (6) state

The lifetime of the 5399-keV state, can only be extracted from the Sv(t) coincidences
for the 683-keV transition. Unfortunately this y-ray cannot be selected alone in the
LaBrs(Ce) via triple coincidences. Only the 299 or 375 keV peaks in the HPGe detectors
provide enough statistics for the 683-keV. However, in both cases the 683-keV peak
overlaps with the 710-keV ~-ray with a similar intensity. Hence, due to the narrow
gates that need to be set to reduce the influence of the 710-keV peak along with the low
~ 0.8 peak to background ratio, the centroid position of the time distribution cannot
be determined with precision. The centroid shift analysis of the S-LaBrz(Ce)[682]-
HPGe[299] time delay distribution, were carried out for the four S7(t) combinations.
This result of the four combinations is compatible with 0. The average of the errors

sets an upper limit for this lifetime of Ty /5 < 17 ps.

5.3.4.2 Half-life of 5478 (8*") state

The half-life of the 5478-level was measured from the centroid shift in the S(t) dis-
tribution of the 630-keV transition in the LaBrs(Ce). The events were selected with a
coincidence in the HPGe detectors on the 1766-keV 7-ray that populates this level. This
analysis could only be carried out for the data measured in 2018, since the statistics
measured in 2016 was insufficient. The centroid shift measured in both LaBrs(Ce) de-
tectors indicates a half-life compatible with a prompt transition. Hence, an upper limit

of Ty < 14 was adopted as the average of the errors provided by each measurement.
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5.3 Lifetime measurements

5.3.4.3 Half-life of 5629 (71) state

The half-life of the 5629-keV can be measured by analyzing the 5v(t) time distribution
of the 913-keV ~, the strongest transition that de-excite the level.

The 5629-keV state has 5 «y-rays de-exciting it, however only the 913-keV has enough
statistics in triple coincidence to perform a reliable analysis. This level is very weakly
populated by ~-rays, for this reason, the 299-keV and 375-keV from lower-lying levels

were used as coincident HPGe transitions in this case.

60 Gate on HPGe 375 —— I B-LaBrs(Ce)[913]-HPGe[375]
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Figure 5.31: [3v7(t) Centroid shift analysis for the lifetime of 5629-keV (71)
level.

Both HPGe coincident v-rays provide enough (v~ statistic for the analysis, and
allow a clean selection of the 913-keV peak in the LaBrs(Ce). In Figure there
are depicted the energy spectra measured for each germanium gate, along with the
time distribution derived for each combination of gates after subtracting the Compton
contributions. The centroid position for the 913-keV peak was estimated averaging the
centroid of both time spectra.

Figure [5.32] shows the centroid-shift estimation of 7 for each measurement. The
four measurements provide a short lifetime, in agreement between each other. A final
value of 7 =13(4) ps or Ty /2=9(3) ps was adopted from the weighted average of the 4

measurements. This new value is in good agreement with the T, ,=13(4) ps measured

in [FHJT94].
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Figure 5.32: 3vyv(t) centroid shift analysis for the lifetime of 5629-keV (77)
level.

5.3.5 T, upper limits for the high-lying energy levels.

The analysis was extended to the remaining levels. Although the statistics was insuffi-
cient it was possible to determine upper limits for the half-life of additional 7 levels in

1328n. The adopted limits are compiled in

5.3.6 Reduced transition probabilities

The corresponding B(X\) values have been derived from the lifetimes and branching
ratios obtained in this work, as well as the theoretical internal conversion coefficients,
calculated using Bricc [KBTT08|. Transition rates have been calculated assuming a
pure multipolarity character of the transitions, using the assignments from [FHJT94].
For those levels where no previous assignment had been made, the B(X\) values corre-

sponding to the most likely multipolarities are presented. These results are summarized
in Table 5.9
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Table 5.8: Measured T/, Upper limits for states in 132G,

Elever | J© Gateon  Gate on Prompt ref. T1/2
(keV) | J7 HPGe  LaBrs(Ce) y (ps)
4351 | 3~ 479 310 479-keV <5
5387 | (47) 1823 1036 2380- and 2269-keV <17
5754 | (67) 1457 1038 2380- and 2269-keV <17
6235 | (7T) 975 1766 2380- and 2269-keV <10
6710 | (77) 502 1766 1823  2380- and 2269-keV <20

Table 5.9: State half-lives and reduced transition probabilities in '32Sn. See text

for details.

Ei(keV) Config; | Ef(keV)  Configy J' E,(keV) XA  B(AL) (W)
4351.6 Oct. Vibr 0 g-s. 0t 43515  E3° >7.1

J =3 40416 vfrpphiy, 2T 3105  E1°  >1.2x107*
T2 <5 ps

<5 ps [FHI"94|
=3.4(*3°) ps’

4416.6 v fz/2hiy 0 g.s. 0" 44167 E4 7.7(4)

JI =4+ 40416 vfrpphyy,, 2T 3749  E2° 0.40(2)

Ti/2 =3.99(2) ns 4351.6  Oct. Vibr 3~ 64.4 El  257(13)x10°°
=3.95(13) ns |[FHJIT94|

4715.9 vfz/2hi) 4416.6  vfrpphyy,, 4T 299.3  E2° 0.268(6)

JI =6+

Ty/o = 21.3(4) ns
=20.1(5) ns [FHIT94]

4830.5 Vfr/2dy), 4351.6  Oct. Vibr 37 4789  MI1°  7.3(5)x107?
T =4 4416.6  vfrpphiy, 4T 414.5 El  2.3(3)x107°
T1/2 :27(2) ps

=6(5) ps [FH.IT94|

4848.3 v fz/2hiy AT15.9  vfrphiy, 67 1324 E2° 0.1039(14)

Jih=8*

T2 =2.108(14) ps
=2.080(17) us [KRSS05)

4885.7 v fz/2hiy 4416.6  vfrpphiy,, 4T 469.1 M1 >6.5x107°

JI =5+ E2 >19

Ty /2 <30 ps 47159 vfrphyy,, 67 169.5 M1 >4.6x107°
<40 ps [FHJ 94| E2 >94
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Table 5.9: (Continued)

E;(keV) Config; ‘ E;(keV) Configy Jl}l E,(keV) XA B(AL) (W.u.)
4918.8 v fz/2hiyY AT15.9  vfrphiy, 67 202.9 M1 1.74(9)x107?
=1t 48483  vfrphiy,, 8T 70.9 Ml  6.0(7)x107?
Ty/2 =104(4) ps
~62(7) ps [FILIT04]"
4942.4 vfrjads 4351.6  Oct. vibr. 37 590.4  E2 0.24(3)
Ji =57 4416.6  vfrpphyy, 4T 5259  E1°  6.7(7)x107°
Ti/s =23(2) ps AT15.9  vfrpphil, 67 2265  El  1.7(2)x107°
=17(5) ps [FHIT94] 4830.5  wpsphy, 47 1113 M1 5.2(7)x1072
5387.3 (vfr/257)5) 4416.6  vfrphyy, 4T 299.3  E2° 0.268(6)
I =(47) 4351.6 Oct. vibr. 37 1036.0 M1 >0.8x107°
Ty /2<17 ps E2 >0.5
4830.5 Vfr/2ds ), 4- 557.1 Ml >4.5x107*
E2 >0.9
4942.4 v frjads )y 5~ 444.6 M1 >1.5x107°
E2 >5.1
4949.0 Vfrppdy)y,  (37) 4372 Ml >1.7x107°
E2 >5.6
5478.4 (797/2952) 4848.3  vfrpphiy,, 8T 630.2 Ml >6.4x107°
JT=(8%) E2 >10
T/ <14 ps
5628.9 (797/295 ) AT15.9  vfrphiy, 67 913.1 M1  2.0(f2)x107?
T =) E2 1.5(17)
T1/2=9(3) ps E2 >0.5
—13(4) ps[FHIT94]° 4830.5 v frjady), 4= 557.1 Ml >4.5%x1074
48483  vfrpphiy, 8T 780.6 Ml  1.3(*%)x107®
E2 1.4(*%)
4918.8  vfrphiy,  TT 7101 M1 7(F3)x107*
E2 0.9(*3)
5398.9  (mwgr290)5)  (67) 2208 M1 6(*3)x107°
E2 76(135)
54784 (mgr295/5)  (8%) 1503 M1 9(*3)x107°
E2 215(13))
5753.9 (vps/2hiy)s) A715.9  vfrphy, 67 10382 M >7.1x107*
I =(6T) E2 >0.4
T, /2<20 ps 5398.9  (mgr2g5/5) (67) 3543 M1 >5.5%x1073
E2 >28
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Table 5.9: (Continued)

E;(keV) Config; ‘ Ef(keV) Configy Jl}l E (keV) XX B(AL) (W.u.)
6235.5 AT15.9  vfrphyy, 67 1519.6 M1 >1.6x107*
It =(7) E2 >0.04
Ty /2<10 ps 4918.8  vfrpphyy,, 7T 13171 M >1.4x107*
E2 >0.05
5398.9  (mgr295)5)  (67)  836.3 M1 >1.1x1073
E2 >1.0
5753.9  (vpsohiy,,)  (67) 4818 Ml >4.8x107°
E2 >13
6709.7 4918.8  vfrpohyy,,  TH 17910 El >3.6x107"
I =(77) 4942.4 v f7/2d;/12 5~ 1767.2 E2 >6x1072
T2 <13 ps

® The uncertainties are taken from [FHJT95| since those in [FH.IT94].
contain several typographical errors [Macl14].

® Calculated from the B(E3) rate measured in Coulomb excitation [RSR71§]

© Assigned multipolarity in [FHJT94]

5.4 Discussion

All the new levels in '32Sn observed in this investigation are candidates for the remain-
ing unidentified states within the particle-hole multiplets. In Figure the energies
for the 24 particle-hole multiplets in 32Sn expected to appear below the neutron sep-
aration energy are represented. The energies and the splitting of the different levels
for the same multiplet are estimated by taking into account the single particle energies
from neighboring nuclei, and the analogous particle-hole states in 2°*Pb, taken from
IMFH™95, [FHJ ™95, BIo98], introducing a A~1/3 scale to take into account the change
in the nuclear potential depth. These empirical calculations provide guidance for the
location of the p-h states, which allows to propose spin-parity assignments to the new
levels found in this work.

Another piece of information is provided by the vast number of new transitions which
connect the new states to known levels. Assuming that the transitions are predomi-
nantly of dipole character (mainly of M1 multipolarity) and using the electromagnetic
selection rules it is possible to make tentative spin-parity assignments of the newly-
identified levels. The transition rates obtained from the measured lifetimes and lifetime

limits of the new levels provide additional constraints. Together with the information
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from the systematics of p-h states, tentative configurations for the new levels are pro-
posed. In the level schemes presented in Figures [5.8 and [5.12] the tentative spin and

parity assignments are already shown.
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Figure 5.33: Calculated energies for the different particle-hole multiplet states
in '32Sn, adopted from J. Blomqgvist IMFHT95|. The energies and energy
splitting within a given multiplet are estimated by scaling the analogous particle-hole
states in 2°®Pb and taking into account single particle energies from neighboring nuclei.
Previously identified levels are plotted with continuous lines. The experimental energies
from our work are shown for the newly identified states. The levels whose energies appear
between brackets correspond to tentative assignments.

5.4.1 Low energy neutron particle-hole states

Given the large number of states that may arise from all the possible particle-hole
multiplets, it is very complex to do an unique identification of the observed levels. The
interpretation of the levels has been done following the same methodology employed
in previous -decay studies [FHJT94, BBBT86|. The assignments has been done by
comparison of the 32In [(7gg /2)_11/f7 /2| B-decay with those observed for the S-decay of

its two neighboring ?19In [7rg§/12] and 133Sn [v f7/2] isotopes.
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5.4 Discussion

The strongest transition in '3'9In decay corresponds to the Gamow-Teller connection
between the 7799_/12 and 1/97_/12 states, see subsection in Chapter |§| The equivalent
transition in the '32In 8 decay corresponds to the strong B-feeding intensity observed for
the 6 and 7~ levels above 7 MeV. This is the reason why these two levels are attributed
as part of the v f /2 97—/12 Conﬁguration. The second most intense 3 transition in the 13'9In

decay is the 7gy. /2 — vhi},, first-forbidden transition that feeds the (11/ 2*) state. Its

11/2

equivalent transition in '32In decay would populate states from the v f; /2h multiplet,

11/2
and thus the low-lying positive parity states can be assigned to this configuration.

Following the analogy with the '319In $-decay, the strongest v-ray is at 2434-keV,

which corresponds to the vg. /2 — vd; L between single hole states. An equivalence can

3/2
be traced back between the 2434-keV transition and the 2380-keV and 2268-keV ~-rays

n 132Sn. This strongly suggest the identification of the 4~ and 5~ populated by those

transitions as members of the v fr /2d p-h multiplet.

3/2

Among the states that can be built from the low lying v f7 /2h and vf; /2d

11/2 3/2
configurations, there are several levels which lack experimental 1dent/1ﬁcat10n. In t}/le
vfr /ghfll/Q p-h multiplet, the 37 and 8" states remains missing. A level at 5280 keV,
which was observed in a previous 248Cm spontaneous fission experiment [BDZ*01], was
proposed as the 97 state. In this work, we have measured a small feeding to this level
in 32In -decay. This level, for which only one 7-ray transition to the 4848-keV 8+
has been measured, present a very large apparent logft value ~7.2. All these features

supports the assignment of the 5280 keV level as the 9T state in v f; /2h multiplet.

11/2
Within this same energy range, there are predicted the 27 and 3~ states from the

vr /2d3 /2 configuration. Including the missing 37 state from the v f, /2h multiplet,

11/2
there are a total of 3 states in this energy range. This number match the number of new
states that have been identified in this region, the 4949-, 4965- and 5131-keV states.
1339m1y B-n decay. Of these only the

4949-keV level can be observed in ¥?In decay, fed via a v-ray transition from the 5387

These three levels are only fed directly in the

keV (47) level. This suggests a low spin for the three states, indicating that these three
levels are indeed the three aforementioned unidentified states. On the other hand, the
slightly favored population of the 5131-keV state in the $-n decay of the (1/27) 33mIn
isomer, and the 5131-keV transition that connect that level to the 0% g.s., suggest that
the 5131-keV level is most likely the 27 state from v f; /2d3 /2
4949- and 4965-keV states, their «-ray indicate a J=3 assignment for both of them.

multiplet. Regarding the
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Several similarities can be drawn between the 4949-keV level and the 5~ 4942-keV state
from the v f7/2d§/12 multiplet. Firstly, the 5387-keV state, identified as v f; /231_/12 (47),
populates both levels via a ~-ray transition. Secondly, both levels have two transitions
that de-excite them into the 4352-keV 3™ and the v f7/od; /12 4~ states, being the intensity
ratio between the two transitions of 10:1 in both cases. Taking into account these
similarities, we can assume that the 4949-keV state is indeed the 3~ level from the
v f7/2d§/12 multiplet. Consequently, by elimination the 37 state of the vf /2h1_11/2 p-h

multiplet corresponds to the 4965-keV state. The new assignments are shown in Figure

b33l

5.4.2 Particle-hole states from 5 to 6 MeV

In the S-decay of 133Sn, the dominant decay transition corresponds to the v f; /2 = TG7/2
f.f. transition. In '32In decay, the analogous transition would populate states belonging
to the proton gz /2 99_/12 p-h configuration. Taking into account this analogy, Fogelberg et
al. proposed the 5399-keV (67), 5629-keV (71) and 5478-keV (81)to be states from this
proton p-h multiplet [FHJT95, [IFHJT94]. This assignment was based on the intense
feeding measured for the 5629 keV (71) level, which would be analogous to the f.f.

transition in 33Sn decay.

-1
11/2

vf, /231_/12 p-h multiplets are also expected to produce levels in the 5-6 MeV energy range.

In addition to the states from the proton mg7/, gg_/l2 configuration, the vpzsh and
In this work, 7 new states have been observed at these energies, whose y-ray transitions
suggest a relatively high angular moment for them, J =3-8. These new levels are very
likely built on those configurations. Nonetheless, given the limited information that is
available, as well as the possibility of configuration mixing, it become very difficult to
do an unambiguous identification of those levels. Nevertheless several conclusions about
them can be drawn.

Regarding the 5431-keV state, which was only populated in '33In decay, a J = 3
was suggested based on the transitions connected to this level. There are two possible

configurations for this state, the 3% from the proton mg; /29;/12 configuration or the 37

-1
1/2

In this energy range two levels with a J™ = (47) are expected. They are built on the

from the v f7 /58, configuration.

g7 /Qgg/lz and vps /Qh;11/2 configurations. In this work, two states have been identified

whose transitions points towards a angular momenta compatible with 4. The 5446-keV
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level has an expected J™ = (41)value. This state is populated either indirectly via

1339y B-n decay. Hence, this level can be

y-rays in '32In decay, or directly in the
associated to the 47 member of the two aforementioned configurations. The 5790-keV
is only observed in the '339™In B-n decay. Taking into account the y-rays de.exciting
it we suggest an angular momenta between 3 and 4. Thus this level is also a good
candidate as 47 member of both configurations. However, it is also compatible with

the 3T state from Wg7/29;/12 configuration.

-1
11/2

levels can be related with the 5698- and 5766-keV states, which are observed in the

Two 5T state can be built on the 7g; /2 gg_/l2 and the vps/sh respectively. Those
decay of both '32In and '33In isotopes, and their transitions suggest a J™—(57) for both
of them.

The last two newly identified levels are the 5754-keV (67) and the 6008-keV (77)
states. Taking into consideration the assignment of the 5399-keV (61), 5629-keV (71)
to the ﬂg7/29;/12 proposed by Fogelberg et al [FHIT95, [FHIT94|, we suggest that the
5754-keV and the 6008-keV states are the (67) and the (77) of the Vp3/2h;11/2 p-h
multiplet.

These tentative assignments are reflected in Figure [5.33]

5.4.3 States from 6 to 7 MeV

An unique identification of the observed states with their respective p-h multiplets,
becomes even more difficult for levels with excitation energies above 6 MeV. The reason
is the large number of expected p-h multiplets at these energies and the possibility of
configuration mixing. Most of these levels are populated exclusively in the decay of
132In (77), thus several conclusions can be drawn relying on the selective character of
the S-decay.

Regarding the configurations with negative parity, there are two states at 6598- and

6709-keV, which are populated exclusively in ¥2In decay. Their y-rays transitions indi-

-1 -1
3/2 5/2

predict a 6~ state at this energy range, hence the 6598- and 6709-keV levels are most
likely built on those two configurations. On the other hand, The 6297- and 6476-keV

cate a (67 ) assignment for both levels. Only the vhg od; ), and v f75d; , configurations

states are assumed to be (57) states. Taking into consideration the 7-rays connected
to those levels,one can conclude that these two states are built on the 5~ states of the

th/ng/lz and I/f7/2dg/12 configurations also.
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Regarding the positive parity states, the number of expected multiplets is even
larger. A total of 8 states with expected positive parity have been observed. All of them
are populated only in the decay of 3?In. The 7-rays connected to these levels suggest
a spin between 5 and 8 for those 8 states. There are a total of 4 p-h multiplets that can
produce positive parity states with J=>5-8, the th/thll/Q, Vf5/2h;11/2, Vp3/2h;11/2) and
wds /Qg;/é configuration. Each of these 8 states are most likely members from one of
those 4 configurations. However, given the large number of possibilities it is not possible
to do an unique identification.

Among these levels, only the 6631-keV stands out slightly from the rest. It shows
an enhanced S-feeding in comparison with the rest, receiving around 1% intensity with
a logft=6.4 value (Figure . We can interpret this enhanced feeding using the equiv-
alency between '32In and '®3Sn decays. The strongest transition in 33Sn decay corre-
sponds to the v f7/5 — mgy /o transition that populates the g.s.. This transition takes of
86% of the total 8 intensity, which corresponds to a logft ~ 5.5 [SVFM™99|. The re-
maining 3 intensity mainly proceeds via the v f7/5 — mds/; transition, Iz ~11%, which
corresponds to logft ~ 6.1 [SVFM™99]. In the case of '32In decay, these two transition
populate states in the mg7 29, /12 and 7ds /2g9_/12 configurations respectively. Comparing
the feeding of the 5629 keV state in !32In decay, identified as the (77) member the
7rg7/2gg_/12 multiplet, with the feeding to the 6631-keV state, a 8:1 ratio is obtained. This
ratio is very similar to that observed for the '33Sn decay transitions. This similarity
indicates that the 6631 keV (67) state might be predominantly built on the wds /299_/12

configuration.

5.5 Conclusions

Experimental information about the 32Sn structure plays a crucial role in the shell-
model interpretation of nuclei around N = 82, because it provides direct knowledge
about the particle-hole couplings for both protons and neutrons. In this chapter the
properties of excited states in 32Sn have been studied from the 3 decay of '3?In. By tak-
ing advantage of the isomer selectivity capabilities of the ISOLDE RILIS, independent
investigations of the -decay of the 338In (9/2%) g.s. and the '33™In (1/27) isomer
were performed as well. Thanks to the use of both decay modes, the knowledge of

the 1328n structure has been largely expanded in this work. A total of 17 new levels
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and 68 new ~-transitions have been added to the level-scheme (including those already
quoted in the previous publication [PKF™19| derived from the same experiment). A
complete fast-timing investigation of the excited levels in 32Sn has been performed as
well, confirming and extending previous results.

An interpretation of the level structure is provided in terms of particle-hole con-
figurations arising from core breaking states across the gap, both from the N = 82
and Z = 50 shells . The interpretation is based on empirical calculations [MFH™95,
FHJ ™95, Blo9§| leading to positive and negative parity particle-hole multiplets, where
the energies are obtained from the single-particle energies from neighboring nuclei and
from the analogous particle-hole states in 2°®Pb. These empirical calculations, together
with the experimental information on the 5 and S-n feeding, the level lifetimes and the
~ decay branching ratios provide guidance for the identification of the levels as members
of the proton-hole multiplets, facilitating tentative spin-parity assignments to the new
levels.

The number of states is consistent with the one calculated from the angular momen-
tum couplings. An identification of all remaining missing levels from the v f; /Qh;11/2 and
vfr /Qd?j/l? neutron-hole configurations has been obtained. A tentative interpretation has
been provided for the rest of observed states, where we have been able to observe most
of the expected p-h levels with angular momenta close to 7.

Most of the missing information is related to the anticipated low spin states, which
are very unlikely to be populated in the '32In (77) B-decay. However, the identification
of many 7-rays around 7 MeV from the 1339In 3-decay strongly suggests feeding of
those missing low-spin multiplet states. Enhanced statistics for this decay in future
measurements could provide more firm assignments.

In conclusion the knowledge about states in the doubly magic 2Sn has been largely
expanded by the investigation of the B-decay of 32In and B-n decay of '33In performed
at the ISOLDE facility at CERN. The identification of particle-hole multiplets both for
protons and neutrons and the transition rates connecting different p-h configurations
and states within multiplets provide new input for the two-body matrix elements and
single particle states in this region. The new data challenges the theoretical description

of 1328n, which is relevant for the understanding of nuclear structure in the region.
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The structure of the single

neutron-hole nucleus °'Sn

6.1 Introduction

The nucleus 3'Sn, with N = 81 and Z = 50, having one neutron less than the doubly-
magic 132Sn, is specifically relevant from the point of view of nuclear structure. From
its investigation, several key observables can be extracted and particularly the ESPEs
of the single-hole states, and transition probabilities, which are employed as the main
ingredient in large scale shell model calculations. This is the reason why '*'Sn has been
investigated repeatedly since the 1980s.

The main tool employed to gain access to the excited structure of '3'Sn has been
the B decay of 13'In. Three SB-decaying indium states have been identified for this
mass: the ®19In ground state, and two higher lying isomers. The J™ = 9/2F ground
state 1319In, corresponds to the proton hole configuration 71'9;/12. The low lying isomer
18lmlTy s found at 302(32) keV [FGM¥T04al] with J™ = 1/27, which can be related to
the proton hole configuration WSI/IZ. Lastly, a third isomer is also found at a very high
energy 3764(88) keV [FGM™04a], for which a high angular momenta of J™ = (21/2%)
is assumed and can be identified as a member of the core-excited W9§/12Vh;11/2 Jr2 1-
particle 2-hole (1p2h) configuration. This complex set of isomers with such diverse
angular momenta gives the opportunity of populating a large range of excited state in

1318, when the selection rules of 3 decay are considered.

The first investigation of '3'Sn was carried at OSIRIS by De Geer et al. [DGHS0],
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6. THE STRUCTURE OF BISN

where the population of excited levels in 13'Sn through the 8 decay of 13'In was observed
for the first time. This investigation led to the first identification of the vg. /12 and 1/51_/12
neutron-hole states. Further studies performed at OSIRIS [FB84, [FGM™04al, expanded
notably the knowledge of the level scheme. The observation of the I/d5_/12 state was
reported in those studies, as well as the population of a large set of core-excited states
located at high energies, around 4 MeV. A set of levels populated in the 5 decay of the
high-spin ¥172In isomer were also identified. The excited levels populated in the decay

of this isomer showed a strong resemblance to the decay of 132In. The populated levels

were de-excited in cascades with two or more steps until they reach the 11/27 isomeric

-1
11/2

In spite of the experimental information about '®!Sn being rather complete there is

state of 131Sn, which is associated to the vh configuration.

a key piece of information that remains missing, namely the energy of the single-hole

-1
yhn/Q.

energy core-excited levels are populated, which de-excite to the vh

It was mentioned before, that in the decay of the ¥!2In isomer, several high-

-1
11/2

no transition connecting the levels populated in the decay of *1"2In with those pop-

state. However,

ulated in the decay of other two indium isomers has been observed so far. This is to
be expected due to the large angular momenta difference between the 3!™2In and the
other two. The large difference in spin between the 11/27 isomer, with an expected
excitation energy om 69(14) keV [FGM™04a|, and the 3/2" ground state, would require
a highly forbidden direct M4 ~ transition. Due to the lack of v rays that could provide
the precise energy of the uh;ll/z SPE, in Fogelberg et al. [FGMT™04a] the position of
this level was determined by measuring the differences in the Qg from the decay of
the 131Sn isomers. A more precise value of 65.1 keV was also proposed by Fogelberg
et al. |[FGMT04a| based in the assignment of a 2369-keV M2 ~-ray connecting the
2434-keV vy, /12 level to the I/hl_ll/2 isomer. However, this assignment has been never
confirmed by =7 coincidences, and nowadays remains as a tentative value, awaiting for
an experimental confirmation.

The understanding of the ®!Sn excited structure has been recently expanded. In the
early 2000s, this tin isotope was investigated at Argonne National Laboratory, where
the excited levels in '3'Sn were populated in the spontaneous fission of 248Cm. The
results derived from this work were published by Bhattacharyya et al. |[BDZT01], and

led to a better understanding of the yrast excitations in 3!Sn, providing also a rather

complete interpretation of the high-spin states, in terms of (1p2h) configurations.
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6.2 Investigation of '*'In decay at ISOLDE

Two B-decay studies of 3!In populating '3'Sn have been recently performed. One of
them is the subject of this PhD thesis. The other one was performed at TRIUMF and
the results are published in [DSA™19]. That investigation further expanded the known
excited states in ®1Sn, specially on the high-spin excited levels populated in the decay
of 131m2[n In addition to the new spectroscopic information on '3'Sn, measurements
were provided for the lifetimes of the indium S-decaying states, as well a new value for

the 300-ns high-spin isomer in '3'Sn.

6.2 Investigation of *'In decay at ISOLDE

In spite of the existing literature, there are still relevant pieces of information that

remain missing. One of the most important ones is the aforementioned lack of confir-

-1
11/2

out at the ANL |[BDZ™01], and TRIUMF [DSAT19|, the 65.1 keV energy of has not

mation of the position of the vh state. Despite all the complementary studies carried
been confirmed by vy coincidences. In addition, there is scarce information about level
lifetimes and transition rates in this nucleus, which could shed light on the structure of
excited states.

The structure if 131Sn was investigated again in the framework of the IS610 campaign
with the aim of addressing these issues. The method employed to populate the excited
levels in '31Sn was the B decay of indium. A great advantage of this new [-decay
experiment is the use of RILIS in a narrow band mode to ionize the indium isotopes.
This setup made it possible to study the decay of ®'In isomers independently. The
measurements of 3'In decay were carried out using three different RILIS configurations.
For the first two configurations the ionizing lasers were configured in a narrow-band
mode. The laser was set at the optimal wavelength for the ionization of the 319In and
13ImlTy jsomers respectively. In Figure the high selectivity achieved in the ionization
of the ground state and the first isomer can be appreciated. For the optimal 319In
wavelength (Figure top), the 2434-keV ~-ray emitted in 3'9In decay is the strongest
one, while the 332-keV ~-ray from '3'™!In decay is highly suppressed. On the other
hand, when the lasers are set at the optimal 31™1In wavelength (Figure Center),
the 2434-keV line has almost disappeared, while the 332-keV v becomes the dominant
transition in the spectrum. The third RILIS configuration used to ionize indium was a

broad band mode. By using this configuration the total ionization efficiency is higher,
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6. THE STRUCTURE OF BISN

however is not possible to select a specific isomer. In the bottom of Figure [6.1] the
B-gated spectrum measured with the broad band configuration is depicted. In this
case, the v rays emitted by all three isomers show up with similar intensity. The figure

highlights one of the advantages of the study performed at ISOLDE.
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% 6.0x10* -
S 4.0x10% +
8 2.0x10% |

=5 SO L R Ev—
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Figure 6.1: p-gated HPGe energy spectra recorded for each RILIS configura-
tion. Measured (-gated spectra for the 8 decay of *!'In. (Top) RILIS lasers are set in

narrow-band mode, with the optimal wavelength for the ionization of the '3'9In isomer.

(Center) Narrow-band mode with the optimal wavelength for the ionization of the 31™!In

isomer. (Bottom) RILIS lasers are set in broad band mode, where maximum ionization

efficiency is attained.

The selectivity achieved for the ¥19In and '3'™!In isomers was very high. On the
other hand the '3'™2In isomer could not be separated, and one needs to resort to
spectroscopy. Since there are three separate measurements, each with a different isomer
composition of the beam, it is possible to use the ~ intensity ratios to compare the
measurements and deduce the states populated in the decay. The previous S-decay
studies [FB84, [FGM™04a, DSAT19|, did not have this capability to distinguish the /3
emitting isomer and hence, the distinction was solely based on 77 coincidences with
the most intense ~ lines from each decay. Although this approach showed to be quite
effective, the transitions from levels that only decay to the ground or isomeric state may

suffer from wrong allocation.
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6.3 Half-life measurement of the '*'In 3-decaying states.

The decay of 3'In was measured in both the 2016 and 2018 experimental campaigns.
During the first data-taking campaign measurements were carried out by using the three
laser configuration aforementioned, while during the second one, the data for this mass
was collected using the broad band configuration to enhance the statistics.

Another asset of this new S-decay study is the use of the complementary fast-timing
setup. The information on the lifetimes of the excited levels is very scarce. So far, only
the half-life of the 300 ns high-spin isomer from '3'Sn has been measured. Thanks to
the fast-timing setup, the lifetimes of the excited states down to the ps range will be

accessible in this work.

6.3 Half-life measurement of the *'In 3-decaying states.

The lifetimes of all three '3'In 3-decaying states have been measured by analyzing the
time distribution of events with respect to the time of proton impact on the target. For
this analysis we have used the events recorded in the HPGe clover detectors without
applying any extra condition. The events have been selected by using the narrow-band
RILIS data set when available, and by choosing the strongest v rays emitted after the
decay of each state. The choice of y-rays in itself grants a high selectivity of the isomer
under study. Given the large differences in angular momentum of the parent indium
isomers in this mass, J = (9/2, 1/2, 21/2), it is not expected to observe states in 13!Sn
that can be populated in the decay of more than one isomer.

Due to the large count rates sustained for this mass, a noticeable dead-time effect
is observed. The large count rates were partly caused by yields achieved for the lower
masses, and partly by the short lifetimes of the indium, of the value of 300 ms for A =
131. In the 2018 data-taking campaign, for only one HPGe crystal a nominal intensity
of 10* counts per second (cps) was registered during the implantation time. However,
1.5 s after closing of the beam gate the count rate dropped down to 300 cps. Hence,
the impact of the dead time due to these sizable rates is mainly located during the
implantation time and for a couple of indium half-lives of ms after it. For the 2016
campaign the count rates achieved were a factor of 10 times lower, therefore the dead
time for this dataset was significantly lower in comparison with the 2018 dataset.

For the purpose of measuring the 3'In S-decay lifetimes, the decay curves of each

isomer needs to be analyzed. However, this analysis might be hampered by the afore-
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Figure 6.2: Dead time characterization for the '3'In decay. Obtained x? from
the fit of the 2434-keV ~-ray time distribution. The lines represent the measured x? as a
function of the starting point of the fit range. For the 2016 data set, exponential behaviour
is quickly recovered after the end of the implantation, it can be seen that at 500 ms the
x? reaches a minimum. For the 2018 dataset, it takes longer the x? to converge to 1, but

1 second after the start of the implantation the x2 has already been reached a minimum.

mentioned dead-time data loss. In order to avoid this unwanted effect we move forward
the range considered for the fit of the decay curve, until the dead time has disappeared.
In order to select the optimal fit range of the analysis, a x? fit test has been performed.
This test was done using the time distribution of the 2434-keV transition, the strongest
v-ray in the '319In decay. The time distribution has been fitted to an exponential de-
cay, changing the starting point of the range considered in the fit. The results from his
analysis are depicted in Figure [6.2] It can be appreciated that for the 2016 data set
the exponential decay behavior is quickly recovered after the end of the implantation,
and 500 ms after the proton pulse, the x? is already minimized. For the 2018 case it
takes longer for the x? to converge, but 1 second after the pulse the exponential decay

behaviour has already been recovered.

Decay of the '319In 9/2% g.s.

For the analysis of the ground-state half-life, the 2434-, 3990- and 4487-keV have
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6.3 Half-life measurement of the '*'In 3-decaying states.

been selected. Those three transitions were chosen because they are identified to be
populated only by the decay of the 319In[FGMT04al, identification confirmed by their
enhanced intensity in the narrow-band [9/27] spectra. As it was mentioned in the pre-
vious section, the 3'In decay has been measured in the two IS610 experimental cam-
paigns. These means that there are two different datasets, which give us the possibility
of perform the same analysis independently in for each measurement, and so this study
has furnished 6 different values. The time distributions employed for this analysis were
generated by gating on the corresponding peaks for three aforementioned transitions,
the contribution of the Compton background under the FEP was estimated by at the
background located at both sides of the peak, and subtracted from time distribution.
The time distributions from 2016, were generated employing only the measurements
carried out using the narrow band mode with the wavelength tuned to the 9/2% isomer.
The broad band mode measurements in 2016 were designed with the tape moving with
the arrival of every proton pulse, and therefore they are not included in the analysis.

The time distributions were fitted to a single exponential with a constant component.
In Figure[6.3]the decay curves for the 3 y-rays considered in this analysis in both datasets
are shown. The six values obtained for this half-life are statistically compatible between
each other. As a final value the weighted average of these six measurements has been
adopted, yielding T, /2:261.8(4) ms. This new value is in agreement with, but with
a much higher precision, than the 280(30) ms value reported in the last evaluation
[IKMROG6|. This new value is fully consistent also with the values reported by other two
recent measurements, the 261(3) ms half-life by Lorusso et al. [LNX"15], and the value
of 265(8) ms reported by Dunlop et al. [DSAT19].

Decay of the '3™!In 1/2~ isomer

Similarly to the ground state case, the half-life for the '3'In first isomer has been
measured by the analysis of the most intense v rays emitted after 5 decay. The 332-,
3578- and 4430-keV ~-rays have been chosen. The 332-keV transition is emitted from
the quasi single-particle 1/2% state, which could be indirectly fed also in the 38 decay
of the ¥In g.s. However the effect is very small since the population is minimal. To
verify this we take advantage of the data set from the 2016 campaign employed in this
analysis, where a narrow band laser was employed maximizing the ionization of the

131m]y jsomer while minimizing the 3'9In one. The other two high energy transitions
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Figure 6.3: Time distribution analysis of the '3'9In lifetime. Time distributions
relative to the arrival of the last proton pulse and exponential decay fit curves. The top
panel represent the analysis for the 2016 dataset measured with the RILIS Narrow-band
[9/27] enhanced configuration, while the bottom panel shows the same analysis but using
the dataset measured in the 2018 campaign with the RILIS Broad-band settings.

are much weaker, and can only be distinguished from the background in the 2016 spectra
measured with RILIS in narrow band mode. From the 2016 narrow-band data set, the
lifetime can be independently extracted from the three aforementioned v-rays. Besides
those three, an extra measurement can be obtained from the 332-keV time distribution,
by using the data recorded in 2018 with the broad band configuration of RILIS.

The time distributions analyzed in this section are shown in Figure [6.4 This anal-
ysed have furnished 4 independent values for the half-life of 1™!In isomer, all of them
in good agreement between each other, within their uncertainties. The adopted final
value for the half-life proposed in this work is T /,=335.7(6) ms, which was obtained
as the weighted average of the 4 values from Figure [6.4] This new measurement in in

full agreement with the 350(50) ms value reported in the last evaluation [KMROG6|, and
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Figure 6.4: Time distribution analysis of the '3!!In lifetime.!'™!In decay curves
for the narrow-band (1/27) configuration (Top) and broad-band (Bottom) selected by the
332-, 3990 and 4487-keV ~-rays. The fit curves are shown with dashed lines.

with the newer 328(15) ms half-life value reported by Dunlop et al. .

Decay of '3"2In 21 /2% isomer

To conclude this subsection, the results derived from the analysis applied to the ~y
rays emitted after the 3 decay of the high spin isomer in 3'In will be discussed. In
the decay of the '31™2In isomer, excited levels are populated in a wide range of energy,
up to 7 MeV. The decay is quite complex, with a good number of transitions emitted
cascades of two or more 7-rays, with energies ranging from 100 keV up to 4 MeV.
Therefore, there are a lot of transitions which carry the time distribution of 3172In
decay. We have selected the 4 the strongest ones for this analysis. As it mentioned
before, the production of !™2In could not be separated from the others isomers by
using narrow-band laser ionization. Thus, for this analysis three different data have

been used, the two of 2016 campaign with the narrow band laser configuration, as well
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as the data set from 2018 in broad band. The 2016 in broad-band cannot be employed

due to the fast tape movement mentioned before.
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Figure 6.5: Time distribution analysis of the 3!™2In lifetime. (Middle) 31™2In
decay curves for the narrow band (9/2%) configuration. (Top) *1™2In decay curves for the

narrow band (1/27) configuration. (Bottom) Decay curves measured for the broad band

configuration during the 2018 measurements.

The lifetime analysis is shown in Figure for the different data sets and ~ rays
altogether. The final value we have adopted is the weighted average of all these mea-
surements, which yields T /o= 343(2) ms. This new measurement is in complete agree-
ment, and with a notably higher precision, with the reported value in the last evaluation

Ty /o= 320(60) ms [KMROG6|, and also with the new measurement in the latest 3 decay
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experiment T o= 323(55) ms [DSAT19).

6.4 Structure of 1*!Sn populated in the 5-decay of *'In

In this section, the analysis of the y-ray spectra measured for the decay of 3!'In isomers
will be discussed. Determining the origin of all the different 7-lines that show up in the
spectra is a complex task. The «-ray identification was carried out by three different
methods. Firstly, the analysis of the time distribution of the events relative to the arrival
of the last proton pulse on target makes it possible to assign the y-rays that have been
emitted to the 8 decay of indium isotopes, and to separate them from those emitted after
the S decay of tin daughter isotopes. Secondly, the identification the v rays based on -
~ coincidences with previously known transitions provides unambiguous assignment of
new ones. Lastly, the comparison between the spectra measured with different ionization
configurations in RILIS, offers the possibility of identifying the '3'In isomer from which
the v rays have been emitted.

Apart from the ~-rays emitted after the 5 decay of the indium isomers, there are
different types of background radiation that may appear in our spectra. The main
contribution to the background is due to the decay products of 13'Sn. The tape system
described in Chapter [3.2] was employed to remove most of the activity of the long-
lived daughters from the spectra. However, most of the measurements for A = 131
mas were performed with the tape moving only once every super-cycle, roughly every
40-50 s. For the 8 decay of '31Sn, the ground state and isomer have a 56 s and 58 s
half-life respectively [KMROG6], thus around 22% of the implanted isotopes have already
decayed to 1Sb when they are removed by the tape movement, and only We estimate
that only a 0.2% manged to decay to '3'Te before the end of the super-cycle, so a
noticeable contribution to the spectra from the remaining isotopes of the decay chain
is not expected.

Another source of background are surface ionization contaminants. Alkali elements
such as caesium are heavily produced and easily surface ionized, and they can travel
through the mass separator and reach the experimental station, since the mass resolution
is insufficient to reject the elements with the same A. Nonetheless, for this mass the
contaminant would be '31Cs, which is an isotope that decays via electron capture and

does not emit y rays. Other kinds of backgrounds, such as the laboratory background, or
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neutron-capture induced 7-rays can also be observed in the singles spectra, however they
can be easily removed by imposing conditions in the time, or by requiring a coincidence
with the 3 detector.

The Qg of ¥1In is 9240(5) keV [WAKT17], This large S-decay energy window opens
up the possibility of populating states in *'Sn up to that high energy. The one-neutron
separation energy in '3!Sn is 5204(4) keV [WAKT17]. Normally, excited levels is pop-
ulated above the neutron separation energy predominantly decay by the emission of a
neutron. However, recent studies in this and others regions have reported the phenom-
ena of competition between the emission of neutrons and ~-rays from unbound states
[VIDT17, PKFT19]. This feature is also present in 13!Sn, where y-emitting excited
levels above the neutron separation energy are already reported in previous studies
[FGM™04b|. In the latest published S-decay study [DSAT19], the knowledge about
those levels was expanded with the identification of a good number of y-decaying levels
above the neutron separation energy. They were populated through the § decay of the
high spin isomer '31™2In (21/2%) and are characterized by an expected large angular
momentum (/& 21/2). Some of them are located 1 MeV above the neutron separation
energy.

Our analysis is illustrated in Figures and showing the [-gated spectra
recorded for mass A=131. The black spectrum drawn in these figures corresponds to
the full statistics measured in the 2016 campaign. In the three complementary spectra
the same data set is drawn, but with the three different RILIS ionization conditions
employed in the measurement, the narrow-band enhanced [9/27| (red spectra), the
narrow-band enhanced [1/27] (Blue spectra) and the broad band (brown spectra). A
partial identification of the peaks is also included. The classification of the peaks has
been carried out on the basis of v-y coincidences, the time distribution, and the intensity
ratios between each ionization laser condition. The =y lines are labeled with their energy
in keV along with the parent isotope.

In Figure the HPGe spectra from up to 1 MeV is depicted. Within this energy
range there are two peaks that stand out. One of them is the 332-keV ~-line due to the
1/2T —3/2% transition from the first excited level to the ground state in !3'Sn. This
level is populated only in 1!In decay with sizable intensity, thus it is mainly seen in
the narrow band [1/27| and the broad band spectra. The other one is the 798-keV peak

corresponding to the transition from the first excited level in 3!Sb to the ground state.
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Figure 6.6: Beta-gate HPGe-spectra recorded for !*'In decay up to 1 MeV.
Gamma lines are labeled with their respective energy and the assumed isotope from which
they have been emitted. The strongest lines in this energy region is the (1/27 —3/2%)
332-keV transition in '3'Sn, and the (5/2% —7/27) 798-keV in 131Sb.
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This ~-ray appears with similar intensity in all the spectra, except for the one measured
with broad-band RILIS. The cause of this suppression for the daughter activity is that
the tape was set to move after every proton pulse for those particular measurements.
A large number of weaker transitions appears also in this energy region. Many of these
peaks are mainly due to y-rays produced in '31"2In decay, such as the 158-, 173- and
284-keV lines which are related to transitions between high-spin levels located around
4 MeV in 3!'Sn. The remaining peaks mostly belong to transitions in '3'Sb, except for
the 391-keV transition, which has been identified as a y-ray from '39Sn emitted in the
B-delayed neutron decay of 3'In.

Within the energy region from 1 to 2.5 MeV, Figure [6.7] the strongest ~-line cor-
responds to the 7/2% —3/2% 2434-keV transition, together with its two escape peaks,
between single-hole 1/97_/12 and py /12 states in !Sn. Another strong peak is the 1655-keV
line that has its origin in a transition between single-hole states in 3!Sn, l/dg/IQ — Dy /12.
Regarding the other peaks in the spectra, most of them can be ascribed to ~-rays emit-
ted either from the '3'Sn or 131™2In decays. Another peak that stands out notably
in this region is the one originating from the 1221-keV transition from the $-delayed
neutron decay branch in !3'In, that seems to be strengthened in the narrow band [1/27]
spectrum.

Gamma-rays can be observed up to very high energies in the HPGe spectrum, up to
the detection limit around 7 MeV. Due to the energy available in the 3!'Sn decay Qs =
4717(4) keV [WGK™17|, the +-lines from this decay do not appear in this energy range.
Luckily almost all of them arise from the decay of '3'In. The analysis of the spectra
becomes more complex from this point onwards, due to the presence of the escape peaks.
Most of the peaks are due to the de-population of high-energy core-excited levels that
decay directly to the ground state or to the 11/2 isomer in '3!Sn.

In this region 7-rays from the decay of the three indium isomers can be observed.
However the situation changes above the neutron separation energy of 31Sn, S,, =5204(4)
keV [KMROG]. A large number of y-rays emitted with the time distribution of indium
can still be found. A remarkable fact is that all these transitions are emitted only by

the decay of the ground state, 1319In.
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Figure 6.7: Beta-gate HPGe-spectra recorded for *'In decay, in the 1-2.5 MeV

range. The strongest peak corresponds to the 2434-keV v-ray, along with its escape peaks,
which arise from to the 7/27 —3/2% transition between single-hole states in '31Sn.
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Figure 6.8: Beta-gate HPGe-spectra recorded for '3'In decay, in the 2.5-7 MeV
range. Mostly all the transitions observed at this high energy have been identified as

y-rays from the decay of *!In, owing to the agreement between their time distributions

with the short lifetime of indium isomers. These v rays can be related to the transitions

from high-lying core-excited levels to either the ground state or the 11/2~
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6.5 Level scheme of ?'Sn populated in the 3In decay.

6.5 Level scheme of *!Sn populated in the ¥"In decay.

In this subsection the population of excited levels in 3'Sn through the 5 decay of the
BlmlTy jsomer with J™ = (1/27) will be discussed. The '3!In isotope, with Z = 49
and N = 82, has one proton less than the doubly magic '32Sn. Similar to the 13'Sn
case, its structure can be interpreted as the coupling of a hole to the closed '32Sn, but
in this case a proton hole in the Z = 50 shell. From this interpretation, two types of
states are expected. The first one concerns single particle levels at low excitation energy.
They correspond to the proton orbitals close to the Fermi energy where a proton hole
can be created (see Figure in Chapter . The second kind of states are the core-
excited levels that appear at much higher excitation energies, above 3.5 MeV. Those
levels are generated by excitations of the core, where one nucleon, either a proton or a
neutron, is promoted across the shell gap. The (1/27) isomer is the first-excited state
of 13n, located at 302(32) keV [FGMT04b]. Due to the large difference in angular
momentum with the ground state (9/2%) the 7 transition between these two states is
highly forbidden. An M4 multipolarity would be required for a direct transition, thus

[ decay becomes the dominant decay process for this level.
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Figure 6.9: Shell model configuration for '3!™!In.
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6. THE STRUCTURE OF BISN

In the extreme shell model, the (1/27) isomer is identified with the 7Tp1_/12 single
particle hole configuration, see Figure [6.9) The S decay of this isomer leads to two
first forbidden transitions, vsy;, — mpi/ and vdz/; — wp1so. Therefore, the 1 /2t
first excited level and the 3/2% ground state of *!Sn are expected to be predominantly
populated during this decay. The direct population of the remaining single particle
levels, would require forbidden transitions, of second or higher grade, and thus is not
expected to populate those states in this decay. However, the large Qg = 9240(5) keV
[WAK™17| opens the possibility of populating levels at high excitation energy such as
core excited levels, for which a low angular momentum of J = (1/2,3/2) would be
expected given [-decay selection rules.

The y-rays emitted after the S-decay of the 3!™!In isomer have been identified as
those v lines whose intensity is enhanced in the RILIS [1/27| spectrum, but suppressed
in the RILIS [9/2"] one, as is illustrated in Figures and The strongest ~
line associated with 31"!In decay is the 332-keV ~-ray. In addition to this this peak,
a total of 8 transitions emitted by the de-excitation of 7 different excited levels, have
been confirmed in this work. In the previous S-decay studies |[FGMT™04al, DSAT19],
the only transitions that were associated with this level were those confirmed by ~-v
coincidences with the 332-keV ~-ray. In this work all those assignments were confirmed
(see coincident spectrum in Figure , with the exception of the 1322-keV ~-ray
from the 1654—332 keV transition, which was not observed in the 332-keV coincident
spectrum. Nevertheless the population of the 1655-keV (5/21) single particle level was
confirmed in '3'™!In decay by the comparison of its relative intensity in the RILIS
[9/27] spectra. In addition, two new high-energy ~-rays at 4712.6 keV and 5139.9 keV
were assigned to this decay (supported by their relative increase in intensity observed in
the RILIS [1/27] ~-ray spectra compared to the RILIS [9/27| y-ray spectra), see Figure
0.5]

The observed decay-scheme from '3'™!In populating both 3!Sn and '3Sn is de-
picted in Figure and the y-rays in 3!Sn with their relative intensity are listed in
Table The intensities for the direct S-feeding was determined from the balance be-
tween the populating and de-exciting transitions to each level. The direct ground state
feeding to !3'Sn and '3°Sn, was estimated from the balance between the y-ray feeding
and the total decays intensity of each tin isotope. The total number of 13!Sn—!31Sb de-

cays was estimated from the v-ray intensities in 3!Sn. The previous measurements for
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Figure 6.10: Compton subtracted 77y energy spectrum gated on the 332-keV
vs1/2 — vdg/p transition. Within this energy range it can be found the 3107-, 3578- and
4098-keV v-rays can be found.

Table 6.1: 7-ray intensities from 13!™1In—131Sn 3 decay

E; (keV) J7 Ef (keV) J7 B, (keV) 12 (%)
331.6(3)  (1/2T) 0.0 (3/2%)  331.6(3) 100
1654.7(3)  (5/2%) 0.0 (3/2%) 1654.7(3) 3.7(4)
3438.4(4)  (3/27)  331.6(3) (1/2%) 3106.8(4) 0.20(4)
3910.0(3) (1/2,3/2) 331.6(3) (1/2%) 3578.4(3) 0.65(8)
4429.6(3) (1/2,3/2) 0.0 (3/2F) 4429.8(3) 1.2(2)
331.6(3) (1/2F) 4097.9(4) 0.8(1)
4712.6(5) (1/2,3/2) 0.0 (3/27) 4712.6(5) 0.11(3)®
5139.9(4) (1/2,3/2) 0.0 (3/2%) 5139.9(4) 0.21(4)®

@ Relative ~ intensities normalized to 100 units for the 332-keV
1/2T —3/2~ transition.
For intensity per 100 decays of the parent 3!In, multiply by 0.42(12).

b Intensity derived from S-gated spectrum.

13181 decay did not decouple the S-decay of the (3/2%) and (11/27) isomers [HPRSS]I].
However, in the decay of the (1/27) '3'In isomer it is not expected to populate the

(11/27) '31Sn isomer due to the large spin difference. Thus, the absolute intensity of
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Figure 6.11: Decay scheme of '3!™!In (1/27) to '3!Sn and !3°Sn.

the 131Sn (3/2%) —131Sb decay has been calculated from the analysis of the y-ray in-
tensities in the RILIS [1/27] spectra. In particular, an absolute intensity of 57(3)% was
estimated for the 798-keV 7-ray, the most intense transition in the 3-decay of the 131Sn
ground state. On the other side, the total intensity of *Sn decay was estimated using
the absolute intensities from [Sto87]. In this case only the transitions coming from the
0 ground state were considered, since it is not expected either that the 3%Sn (77)
isomer is populated in the 1"!In decay.

In order to compare the number decays measured for the 3!Sn and '3°Sn daughters,
it is necessary to correct by the fraction of decays that are not observed due to the

movement of the tape at the end of the super-cycle. This fraction has been calculated
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6.5 Level scheme of ?'Sn populated in the 3In decay.

from Bateman equations, where the indium implantation pattern has been taken into
account. It is defined by the proton pulse structure from the super-cycle, and the
lifetimes of the In parent and Sn daughter considered in each case. Due to the short
half-life of 13!™1In 335.7(6) ms, it is estimated that that only 1% of the total decays are
not observed. The '!Sn isotopes have a much longer lifetime, Ty ,=54.0(6) s [KMRO6],
and our calculation yielded that only 20% of the implanted indium isotopes have already
decayed into '3'Sb. For the 8-n decay branch the half-life of 13°Sn is even longer, T, /2
= 3.72(7) min [KMROG|, thus the measured intensity fraction is only a 6% in this case.
These factors have been taken into account for the estimation of the total number of
Sn decays. They have been used to normalize the feeding intensity and to calculate the
ground state feeding.

Considering the 131Sn decay intensities, it was estimated that the 31Sn (3/2%) g.s.
receives 54(7)% of the [ feeding, while the 332-keV (1/27) state receives a 42(7)%.
These results differ significantly from the 68.1(22)% and 27.8(7) % values reported in
IDSAT19| or the 95% and 3.5(9)% reported in [FGM™04al]. These difference seems to be
motivated by the inability of these previous studies to separate the production of each
indium isomer. Because this limitation, an important fraction of the Vg;/é — l/hﬁl/2
transition intensity in '9In decay was erroneously assigned to the g.s. feeding in the
18lmlly - Using the -feeding derived in this work, two similar logft values of 5.34(5)
and 5.40(4) were obtained for the (3/2%) and (1/2%) states respectively. These values

are coherent with the expected f.f. behaviour of the Vp;/12 — I/dg/IQ and uplf/l2 = VS3,

transition.

6.5.1 [-delayed neutron decay of *'™In decay

Apart from the excited levels in 13'Sn, we have studied also the population of the excited
levels in 139Sn via the S-delayed neutron emission from ®1"!In. The emission of y-rays
was already reported in [DSA™19], however it was not possible to distinguish which
levels were populated from which isomer. Thanks to the isomer selectivity, in our work
it is now possible to study A-n branches for each isomer separately. In the decay of
131mIQy  the most intense vy-ray from the B-n branch observed is the 1221-keV peak,
which corresponds to the de-excitation of the first excited (2¥) in *°Sn. Besides this
level, the population of the levels 1995 keV (47), 2028 (27) and 2491 (37 ,4") was also
confirmed by y-v coincidences with the 1221-keV transition.The small 96- and 396-keV
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6. THE STRUCTURE OF BISN

v-peaks arise from the contaminant for the others two isomers in the RILIS [1/27]
indium decay spectrum. Taking into account the estimated g.s. feedings the g-delayed
one neutron emission can be estimated. From this calculation a small P,=1.2(6)%
value was derived for this decay, where only the decay intensity of the '319Sn (3/2%)

and 13%98n 0% ground states have been considered.

6.6 Decay scheme of the *9In to *'Sn.

In this subsection, the excited structure populated in the 3-decay of 319In (9/2%) will
be discussed. The ground state in 3'In (9/2%), similarly the (1/27) isomer, is built
from the 7rg9_/12 proton hole configuration (see Figure . Given this interpretation,
the most favorable decay-path for this state is the Gamow-Teller (GT) vg7/2 — 7gg/2
allowed transition. This GT transition would feed the vg. /12 level in !31Sn, which is
identified with the 2434-keV (7/2%) level. The second strongest transition would be
the first forbidden (f.f.) vhyy/o — mgg/o transition, where the (11/27) isomer in 1319
is directly populated. This interpretation is coherent with the experimental results
obtained by previous works, where the (7/2%) and (11/27) states, were estimated to
receive 90% and 5% of the total decay intensity respectively [DSAT19]. Apart from
these two single particle states, is not expected to observe a direct population to the
remaining states due to the higher degree of forbiddeness. Besides the single particle
levels at low energy, the large Qg from indium decay makes it possible to populate
high energy states above 4 MeV, which are built from the coupling of a neutron hole to
excitations of the 132Sn core.

The investigation of v-rays emitted in this decay has been performed following the
same methodology than for the 31"™!In (1/27) decay. The transitions in 3!Sn have
been identified by the compatibility of their time distributions with the decay of indium.
We have assigned to the decay of the ground state those transitions whose intensities are
strengthened in the RILIS [9/27] spectra but suppressed in the RILIS [1/27] (Figures
and , and the y-rays from '3!Sn with their relative intensity are listed in
Table The strongest v-lines in the spectrum, assigned to (9/27) decay, are the
2434-, 780-, 1655-keV peaks, which arise from transitions connecting the GT fed (7/21)
state to the 5/2% and 3/2% single particle states. There are two peaks at 3990 and 4487

keV with sizeable intensity, which can be assigned to this decay. They are interpreted as
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Figure 6.12: Shell model configuration for the *'9In to '*'Sn decay.

transitions from core-excited states to the (3/27) ground state. Along with them, there
is a good number of states from 3.5 to 5 MeV with a small feeding, which de-excite via

transitions to the (3/2%, 5/2% and 7/2%) single particle levels.

Table 6.2: ~-ray intensities from 3'9Ing decay

E; (keV) JT Ef (keV) J5 E, (keV) 12 (%)
1654.7(6) (5/27) 0.0 (3/2%)  1654.7(6) 2.4(4)
2434.1(6) 0.0 (3/2%)  2434.1(6) 100
(7/27)  65.1(5)  (11/27) 2368.7(7) 0.20(4)
(7/27) 1654.7(6) (5/27)  779.6(7) 2.2(4)
3989.6(6)  (7/2T) 0.0 (3/27)  3989.6(7) 3.7(6)
(7/27) 1654.7(6) (5/27)  2335.9(8) 0.12(3)
(7/27) 2434.1(6) (7/27)  1555.4(7) 0.15(4)
4259.1(10) 0 0.0 (3/27)  4259.1(10) 0.15(4)
4352.4(10) 0 0.0 (3/2%)  4352.4(10) 0.06(3)
4404.5(5)  (7/2%) 0.0 (3/27)  4404.6(8) 0.15(4)
(7/2%7) 1654.7(6) (5/2F)  2750.6(8) 0.08(2)
(7/2%) 2434.1(6) (7/2%)  1969.4(8) 0.08(2)
4486.8(6)  (7/21) 0.0 (3/2%)  4486.7(7) 3.6(7)
(7/27) 1654.7(6) (5/27)  2833.8(7) 0.19(4)
(7/2%7) 2434.1(6) (7/27)  2053.0(7) 0.10(2)
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6. THE STRUCTURE OF BISN

E; (keV) 7 By (keV) T} E, (keV) I (%)
A771.1(8) 0.0 0 4770.9(7) 0.23(6)
1654.7(6) (7/27)  3116.8(8) 0.12(3)
5110.3(11) 2434.1(6)  (5/2%)  2676.2(9) 0.08(4)
5214.3(6) 0.0 (3/27)  5214.0(8) 0.19(5)
1654.7(6)  (5/27)  3560.0(8) 0.12(3)
5412.7(10) 0.0 (3/27)  5412.7(10) 0.07(3)
2434.1(6)  (7/2%)  2978.4(6) <0.1
5594.7(13) 1654.7(6)  (5/2%)  3940.1(12) 0.12(3)
5646.6(11) 0.0 (5/2%)  5646.5(11) 0.07(2)°
1654.7(6)  (5/27)  3993.5(8) 0.004(2)°
6193.6(7)+y y 6193.6(7) 0.026(6)°
6321.7(8)+y y 6321.7(8) 0.041(10)¢
6345.8(7)+y y 6345.8(7) 0.12(2)°
6457.0(7)+y y 6457.0(7) 0.065(14)°
6557.3(7) +y y 6557.3(7) 0.12(2)°
6591.2(8)+y y 6591.2(8) 0.024(7)°
6694.1(7)+y y 6694.1(7) 0.035(8)°
6743.3(7)+y y 6743.3(7) 0.08(2)°
6800.0(8)+y y 6800.0(8) 0.058(14)°
6806.0(11)+y y 6806.0(11) 0.028(9)°
6870.2(7)+y y 6870.2(7) 0.068(14)°
7003.3(9)+y y 7003.3(9) 0.023(8)°
7090.9(10)+y y 7090.9(10) 0.028(10)°

@ Relative v intensities normalized to 100 units for the 2434-keV 7/2% —3/2~
transition. For intensity per 100 decays of the parent '3!9In, multiply by 0.65(11).

b Intensity derived from v coincidences.

¢ Intensity derived from (-gated spectrum.

6.6.1 Feeding to f-decaying states and -delayed neutron decay branch.

The direct ground state feeding to '®!'Sn and '3°Sn, was estimated from the balance
between the «-ray feeding and the total decays intensity of each tin isotope. In the case
of 13%9In decay it is possible to populate both the two -decaying states in 3!Sn, as
well as the 0% and (77) S-decaying states in 139Sn. The total number of decays for each
decay have been derived from the v-ray intensities. However, the previous studies on
1318n did not disentangle the decay of the two (-decaying states. Hence, the absolute
intensities for the y-rays from 3*Sn (3/2%) and (11/27) states, have been obtained from
our data. In particular, the absolute intensity for 13'Sn (3/2%) decay is taken from the

131mlTy decay dataset, while the intensities from 13!Sn (11/27) have been measured
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6. THE STRUCTURE OF BISN

from the !32In (77) decay. For the S-n branch, the y-rays absolute intensities for both
0" and 7~ states have been taken from [Sto87].

Our analysis yields a negligible population to the (3/2%7) 13°Sn and (07) '3°Sn
levels. This result was to be expected due to the spin difference with the 319In (9/2%)
initial state. The (11/27) state receives a 26(6)% of the total feeding. This value
contrast notably with the 5'%% B-feeding reported in [DSAT19]. As mentioned in the
131mlTp decay subsection, an important part of the (11/27) state feeding was erroneously
assigned to the g.s. feeding in '3"In, resulting in a reduced apparent feeding to
(11/2—) state. However, the 1226-keV ~y-ray from 31™1Sn (11/27) decay is notably
enhanced the narrow-band [9/27"] spectrum. This indicates a non-negligible population
of the (11/27) state in *19In decay. This new value indicates a logft=>5.6(1) value for
the first forbidden Vgg_/12 — uhl_ll/Q transition, which is compatible with the other two f.f.

transitions measured in 31 In decay. Taking into account the estimated g.s. feeding

from this work we have calculated a P,,=2.4(6)% value for the 13'9In decay.

6.6.2 High-energy v-rays emission in *'9In decay

An interesting feature observed in this decay is the presence of a large number of « lines
of very high energy, up to 7 MeV, see Figure 6.8, These y-lines appears in the S-gated
spectra and show a time distribution compatible with the decay of indium, thus we can
assign them to the decay of 13'In. The presence of such y-rays is already reported in
IDSA™19], but without assignment to the decay of any specific isomer. Thanks to the
isomer selectivity provided by RILIS, we were able to confirm that almost all of them
belong only to the decay of the !319In (9/2%) ground state. A certain inconsistency has
emerged between the energy of the high-energy y-rays reported in [DSA™19], and those
measured in this work. Actually, it was not possible to identify any of the y-rays at the
energy values that were reported in the work by Dunlop et al. The energy calibration in
our work has been cross-checked using neutron capture -lines in *Fe (from the set-up
frame) and 3Ge (from the detectors). These lines are produced by the neutrons emitted
from the target area during irradiation. Thanks to this, we have -lines available up to
7.6 MeV in the same indium decay data set, which can be used for internal calibration.
This makes us confident of our calibration.

The analysis of this energy region is complex due to the low FEP efficiency and the

large number of escape peaks. To distinguish the escape from the full-energy ones, the
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6.6 Decay scheme of the '319In to !3'Sn.
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Figure 6.14: High energy v-rays emitted in '3'9In decay. (Top) Beta-gated energy
spectrum recorded following the decay of *!In. (Bottom) y7 coincidence spectrum, gated
on the 511-keV peak.

~7 coincidence spectrum with a gating on the 511-keV peak has been analyzed (Figure
(Bottom)). This spectrum was built without applying add-back correction, in
order to avoid losing efficiency for the escape peaks Therefore, we have confirmed these
~-rays for which the full-energy peak in the g-gate spectrum, along with their two
corresponding escape peaks in the vy 511-gated one, has been identified

Another uncertainty of these high energy 7-rays is where their position in the level-
scheme is. None of them show any detectable coincidence, so they must be directly
populated in the 3 decay of indium and they de-excite directly to either the (3/27) g.s.
or the (11/27) isomer. Given the expected J™ = (9/2%) from the parent isomer, it is
safe to assume that these levels will have an angular momentum within one unit from
that of the parent, J —=(7/2—11/2). Given those possibilities, only these levels with J™
= (7/27) would rather decay via an E2 v transition, the remaining ones (7/27,9/2,11/2)
would decay predominantly to the 11/27 isomer via E2,M1 and E1 transitions. Having
this into consideration, we can assume that most of those transitions are connected to

the 11/2~ isomer, since only the 7/27 states would rather decay to the ground state.
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6. THE STRUCTURE OF BISN

However, the lack of confirmation by 7+ coincidences does not allow us to rule out any
of the two possibilities for any state. To conclude, we have included those y-rays to the
level-scheme (see Figure , de-exciting level whose energy has been labeled as E, +Y,
where Y can be either 0 or X (the energy of the 11/27), but not necessarily the same
for all levels.

An striking feature of these levels is that they appear at very high energies above
the neutron separation energy S,, =5204(4) keV [KMRO6|, which means that they are
particle unbound, and that ~-ray emission is a competitive process to the neutron
emission. There is a large amount of states and they carry ~0.5% of the 8 population
from the 9/2% state. In the level-scheme shown in Figure it can be noted that
among these levels that exist above the energy of 139Sn g.s., a large number of them
placed above the 6425(4) keV limit corresponding to the energy of the first-excited
1221-keV (21) level in 13°Sn. However, there are no y-rays from excited levels above 7.1
MeV. This might be caused by the insufficient efficiency of the HPGe detectors at that
energy. It should be also noticed that the energy at which these unbound levels are no
longer present, corresponds to the energy at which the (77) isomer in 3°Sn, along with
other excited high-spin levels, starts to appear. One may hypothesize that the presence
of those high spin levels reduces the possibility of decay by = emission. Above that
energy, the unbound levels would have below them a lot of levels in 3°Sn with a low
difference in angular momentum, thus they will rather decay via neutron emission with
low I. However, for the unbound levels below the energy of the (77) isomer, the only
possibility to decay via neutron emission are the 27 and 07 levels in ¥°Sn. Therefore,
the levels populated in the '319In decay for which a J = (7/2-11/2) is expected, would
require a large change in angular momentum for some cases Al =1—5. Hence, neutron

emission would be suppressed.

6.6.3 Analysis of 7y coincidences.

To conclude the study of the y-rays emitted in the decay of '39In (9/2%), the vy
coincidence spectra for the two strongest transitions from this decay, the 1655- and
2434-keV ~-lines have been analyzed. In Figure (Top) the coincidence spectrum
for both transitions is shown. The strongest coincident transition is the 779-keV ~-ray
which belongs to the (7/2%)—(5/27") transition that de-excites the single particle 2434-

keV level. Besides, there is a number of smaller peaks which arise at higher energies.
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6.6 Decay scheme of the '319In to !3'Sn.

They arise from by transitions from high-energy core-excited levels, which de-excite via
the 1655-keV level. There are no new transitions identified besides those quoted in

[FGMT04a, DSAT19].
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Figure 6.15: Compton subtracted <y energy spectrum gated on the 1655-keV

—1

transition vd; ! — vdg J2° (Top) Compton subtracted v energy spectrum gated on the

5/2
1655-keV transition vds/, — vdsse. (Bottom) Compton subtracted vy energy spectrum

gated on the 2434-keV transition vg. /12 — Vd;/lz.

The coincident spectra for the 2434-keV transition has been also studied, see Figure
6.15| (Bottom). However, the very weak feeding to this level by « rays made it very
difficult to identify new peaks. This large background is mainly produced by the de-
tection of high energy [-particles in the HPGe-detectors, and by a small contribution
of random coincidences. The 8 background from the HPGe clover detectors can be

removed by requiring an extra coincidence with the -detector. However, the amount
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6. THE STRUCTURE OF BISN

of statistics of vy-rays that feed the 2434-keV level is very low, thus in the v~ spectra
for 2434-keV there is not enough statistics to identify new peaks.

6.6.4 Search for the vh;,/, single-hole state.

As discussed above, a precise determination of the energy of the vhy/ single hole state
in '318n is still lacking. One of the aims of the present work is to find its position via v~y
coincidences. In the work of Fogelberg et al. [FGM™04a] an energy of 69(14) keV was
reported, derived from the measurement of the Q3. In addition, a more precise 65.1 keV
value was also proposed by Fogelberg et al. on the basis of the assignment of a 2369-keV
as a M2 v-transition between the 2434-keV (7/27) and the (11/27) isomer. Nevertheless
this assignment has never been confirmed by v~ coincidences, thus it remains tentative.

The 2369-keV ~-line can also be observed in the spectra recorded in this experiment.
It is emitted with the time distribution of indium decay. In addition, its intensity is
stronger in the RILIS [9/27] spectrum while it is reduced in the RILIS [1/27] configu-
ration, see Figure 6.7 Both features indicate that the 2369-keV transition is emitted in
the 319In (9/2%) decay. However, it has not been possible to confirm its placement in
the level-scheme via 7y coincidences. In fact, no v+ coincidence has been observed with
the 2369-keV transition. Given the low intensity of the v-rays feeding the 2434-keV level,
see Figure (bottom), it would be very unlikely to observe any coincidence with the
2369-keV v-ray, whose immensity is 0.2% of the 2434-keV transition. Thus the lack of
coincidences for the 2369-keV line does not rule out its placement in the level-scheme.
Nevertheless, it was not possible to confirm its placement in the level-scheme.

We have attempted a different approach to confirm the energy of the (11/27) isomer.
By searching for a level that de-excites both into the (11/27) and into one of the other
single particle levels, whose energies are known. The difference in J™ between the
(11/27) isomer and the (3/2%) g.s. would require a competition between an M2 and
a E2) in the best case, in order to directly feed both levels. For the 2434-keV level,
which receives almost the entire [-feeding, it may seen reasonable to observe a M2
2369-keV transition competing with a 0.2% of relative intensity with the E2 2434-keV
~-transition. However, this is not possible for any other transition, since they are much
weaker. Another option would be that a level could de-excite into both the (7/2%) and
the (11/27) states. For example, a level with hypothetical J™ = (7/27 9/27 or 11/27)

would be able to de-excite via M1 or E2 transitions to the (11/27) isomer, but also
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6.7 Level scheme of 'Sn populated in 3!2In decay.

to the 2434-keV (7/27) level (and 1655-keV (5/271) state in the 7/2~ case) by means
of an E1 ~-transition. In those cases the energy difference would help to balance the
competition between both decay branches. The population of high-energy levels with
those J™ values is only expected in the decay of the 31In (9/2%) ground state. As
pointed out earlier, in this work the existence of a large amount of high-energy levels
populated from the 319In (9/2%) g.s. has been observed. Thus, it is likely that some
of those levels de-excite both to the (11/27) and the (7/2%) or (5/27) single particle
states.

This possibility has been exhaustively investigated by comparing the ~-rays that
are emitted in the decay (Table , with those observed in coincidence with the 1655-
keV and 2434-keV transitions. Unfortunately, this analysis did not bring any definitive
conclusion, primarily due to the low intensity of v-rays feeding the 2434-keV level.
Nonetheless, a possible combination of ~v-rays that fulfill the required condition has
been found. There is a small peak at 4503 keV, in coincidence with the 2434-keV ~-ray,
that has been observed in the spectrum from Figure[6.15] (bottom). Its intensity is weak,
but it clearly stands out from the background. If we assume that peak is real, it would
lead to the assignment of a level at 6937 keV. This tentative energy was compared with
the list of high energy ~-rays observed in this decay, Table If we assume that these
transitions populate the (11/27) state, together with the 65.1 keV energy suggested by
Fogelberg et al. [FGM™04al, the 6872 keV ~-ray would also fit a level at 6937 keV.
Nonetheless, given the unclear 2434-4503-keV coincidence, along with the absence of
some other possible levels like this one, it is not possible to draw a definitive conclusion

from this analysis.

6.7 Level scheme of *!Sn populated in ¥'?In decay.

This last subsection devoted to the decay of the second isomer 3'™2In with tentative

spin-parity assignment (21/27%) isomer. Unlike the other two S-decaying single-particle

-1
11/2°

see Figure [6.16] This second isomer, which appears at a very high excitation energy

of 3764(88) keV [FGM™04a)|, decays by S emission due to the lack of a de-excitation

states in 13!In, is assumed to be built from a three particle configuration 7rg;/121/f7/2h

path that connects it with any of the two other (B-decaying single particle states in
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6. THE STRUCTURE OF BISN

131n. Similarly to the decay of the two other isomers, the dominant 3 transitions can
be interpreted as transitions between single particle configurations.

From the expected J = (21/2%) [FGMT04a], the allowed transitions would feed
directly states with J = (19/2—23/2). Given the shell model interpretation, the vg; /5 —
7ggs2 GT transitions would be allowed. Therefore it is expected to observe a strong
population to states built on the Vg;/zhﬂlﬂ J7/2 multiplet. In a second level of intensity
first forbidden transitions are foreseeable. As shown in Figure there are two
possible first forbidden transitions in this decay. Firstly the vf7/5 — mg7/o one, which

feeds states from the mwgy; /Qg;/éyhilﬂ multiplet, mainly of proton nature. The second

one is the vhyy/y — mgg o transition, which populates levels built on the Vf7/2h;12/2

multiplet.
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Figure 6.16: Shell model configuration for '3'™2In.

There is also a possibility of decays via G'T transitions from the N=82 shell to their
equivalent proton shell. However, such transitions would populate states involving one
neutron and one proton above their respective shell gaps, together with one proton and
two neutron holes. Such core-excited configurations are expected at very high energies,

and the levels based on them will give rise to unbound states.
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6.7 Level scheme of 'Sn populated in 3!2In decay.

6.7.1 Identification of new y-transitions in '3!Sn.

For 131m21n decay, there was no isomerically purified measurement. Its y-rays are present
in the spectra measured for all RILIS settings with a similar intensity. A 2% !31"2In
beam composition for both narrow-band configurations, and around 5% in the broad-
band mode, has been estimated. The transitions can be distinguished from those emit-
ted by the other two states by analyzing their relative intensities. However it is not so
straight forward in this case. The population of states with spin (19/2—23/2) in the
B-decay of (21/2%) 131m2[n does not allow direct feeding of the (11/27) isomer. Conse-
quently they are de-excited by cascades of two or more y-rays. Thus, the identification
of the 132In ~-rays, has been carried out based on vy coincidences. The high spin
of the populated levels, forbids de-excitation to any other of the states populated in
the decay of 319In and 131! except for the (11/2)~ isomer with a yet unconfirmed
excitation energy. For this reason, the energy of the levels are written relative to the
excitation energy (X)f of the (11/2)~ isomer.

The strongest y-ray emitted in the "2In decay corresponds to the 4274-keV tran-
sition. This ~-line is identified with the direct de-excitation of the 4274-+X-keV level to

the 11/27 isomeric state. The 4274+X-keV state is assumed to have a (17/2%) assign-

-1
11/2

vibration of the 132Sn core. Its analogous state in 32Sn is the 4351-keV 3~ level, with

ment and would would arise from of the coupling of the vh hole to the 3~ octupole
less than 100 keV energy difference between them. This level does not receive measur-
able direct [-feeding from indium, but it is very intensely populated by ~-rays from
higher-lying levels. In fact, around 84% of the total decays de-excite via the 4274-X
keV level, which is de-excited almost entirely by the 4274 keV ~-ray. Hence this level is
key to investigate v coincidences, since most of the y-rays emitted from the high-lying
levels should be visible. The HPGe energy spectrum measured in coincidence with the
4274-keV line is depicted in Figure Within this spectra there is a good number of
strong transitions that can be clearly identified. Among them the 173-, 284-, 302- and
2380- keV transitions, which directly populate the 4274+ X keV state. The remaining
peaks correspond to transitions between higher levels. It is possible to identify almost
all the new «-rays observed in this study. However, none of them populates directly the
4274-keV level. Hence, their placement in the level scheme has been deduced by the

analysis of their vy coincidences with other transitions in the spectrum.
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Figure 6.17: Compton subtracted vy coincidence spectrrum gated on the 4274
keV (17/2%)— (11/27) transition The previously known ~-rays are labeled in black.
The new transitions identified in this work for the first time are labeled in red.

In figure [6.18] the ~-ray spectrum measured in coincidence with the 284-keV tran-
sition is plotted. This transition de-excites a level at 4558+X keV to the 4274+X keV
level. This state was assumed to be a (19/2%) state, member of the uh;11/2f7/2d§/12 mul-
tiplet. It is mainly populated by y-rays owing to its participation in the 2096-284-4273
cascades which de-excite the 6654+X keV (21/27)level, member of the yg;/12h;11/2f7/2
multiplet. Besides, the 4458+X-keV level is also fed by transitions from a good number
of other levels, with a suspected positive parity. In the spectrum several new transi-
tions, not reported in previous works, are observed. Specifically, weaker « lines has been
found at 496, 2085, 2298 and 2332 keV, which point out to the existence of new levels
at 5053+X, 6644+X, 6857+X and 6890+X keV respectively.

Another important excited level in this decay is the (19/27) 4447-X state, which
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Figure 6.18: Compton background subtracted vy coincidence spectrum gated
on the 284 keV (19/2%)— (17/27) transition The previously known ~y-rays are labeled
in black. The new transitions identified in this work are labeled in red.

is assumed to be a member of the yf7/2h1_12/2 multiplet [FB84, [FGM™04a, BDZ"01].
Although this level is not populated directly in 8 decay either, around 50% of the
decays proceed through it. There are three de-exciting. The most intense one is the
173-keV E1 transition that which connects it to the 4274+X keV (17/27) level. The
two other «-rays are the E2 transition of 344 keV, which connects it with the (17/27)
4103+ X-keV state, and the 4447-keV E4 transition to the (11/27) isomer. An analogy
can be drawn between the 4447+X level and the 4416-keV 4% state in '32Sn. In the
1328 the 4416-keV level is also de-excited by three transitions, an E1 « of 64 keV to the
(37) 4351-keV level, an E2 of 375 keV to the 21 4042 keV level and an E4 transition of
4416 keV to the 0. However, in the 132Sn of the strongest de-exciting transition is the
E2 to the 2~ transition, probably due to the lower energy (64 keV) for the E1 transition
in 1328n.

In Figure the v+ coincidence spectrum gated on the 173-keV peak is shown.
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Figure 6.19: Compton background subtracted vy coincidence spectrum gated
on the 173 keV (19/27)— (17/27) transition The previously known ~-rays are labeled
in black. The new transitions identified in this work are labeled in red.

The strongest peak arises from the 158 keV ~-ray that de-excites the 4606+X-keV level.
Such level is assumed to be the (23/27) member of Vf7/2h;12/2 configuration, and it
would be the analog state to the 4715-keV 6% level in the !'32Sn core, coming from
the vfy; /2h1_11/2 multiplet. Half of the peaks that appear in coincidence with the 173-
keV line are connected to it through the 158-keV transition. The remaining ones feed
directly the 4447+X-keV state, which corresponds to transitions from levels from 4.8
to 6 MeV. Sticking to the '32Sn analogy, those levels can be related to the members
of the I/f7/2h1_12/2, Vd3/2h1_12/2 and 7rg7/299_/121/h1_11/2 configurations. However due to the
large number of options, altogether with the lack of extra information, the assignment

to a specific configuration is not possible. From the s.tudy, four «-rays are identified to

directly populate the 4447+X-keV level the 388-, 543-, 546- and 722-keV ~-rays. These
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6.7 Level scheme of 'Sn populated in 3!2In decay.

peaks show the existence of three new levels at 4836, 4993 and 5328 keV above the
(11/27) isomer energy.

At 4606+ X keV a high-spin isomer of 3'Sn, with a measured half-life of 300 ns
IKMROG|, exists. Figure shows the detected delayed coincidence spectrum with
the 158-keV de-exciting 7-ray. Due to the long lifetime of this level, the standard
coincidence time window of 200 ns needs to be modified in order to measure the true
coincidences. We have used a time window of 200 to 1000 ms in order to observe the
feeding transition to the 4606-+X-keV level. The strongest ~-lines in the spectrum are
the 100-, 104- and 270-keV ones that originate from the de-excitation of the 4706+ X-
, 4710+X- and 4876+X-keV levels. Several new v-rays have bee found revealing to
transitions and levels in '3'Sn, not observed in previously. In some cases these y-rays
are not directly feeding the 4605-+X-keV level, hence, their placement in the level scheme
has been confirmed by ~~-coincidences. A small but clear peak at 75 keV appears in
delayed coincidence with the 158-keV transition. This y-ray might point out to the
existence of an excited level at 4680-+X keV. This level would be a good candidate for

another possible long-lived high-spin isomer, which corresponds to a predicted (27/27)

-2
11/2

support this assignment, and its energy overlaps with the lead X-rays energies. Thus,

state from the vdsz/sh multiplet. However, there are no further v+ coincidences that
the existence of this level remains very tentative. The intensity ifjjof this y-ray suggest
a 2.8(8)% feeding to this state, however this intensity has not been taken into account
for the other levels, due to the uncertainty of the assignment.

Apart from the vy spectra discussed in this section, a systematic investigation of
the coincidences shown by all y-rays identified in '3'Sn has been performed. The results
from this work are condensed in the new level-scheme, shown in Figure[6.21] and in the
transitions listed in Table [6.3] The (8 intensities have been obtained from the balance
between the v-rays that feed and de-excite each level. Due to large amount of low
energy ~-rays branches, special care was taken to account for electron conversion. The
internal conversion coefficients were calculated using the Bricc tool [KBTT08], assuming

the most likely transition multipolarities.
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Table 6.3: y-ray intensities in the 3'™2Ing decay

E; (keV) J7 E; (keV) J7 E, (keV) 12 (%)
4102.7(6)  (15/27) 0.0 (11/27)  4102.7(6) 11(2)
4246.2(5)  (15/2%) 0.0 (11/27)  4245.6(5) 3.2(6)
4273.9(3)  (17/2%) 0.0 (11/27)  4273.3(3) 100
4102.7(6)  (15/27)  171.2(3) 1.2(3)
4422.2(13)  (15/2%) 0.0 (11/27)  4421.5(13) 0.5(2)
4447.2(3)  (19/27) 0.0 (11/27)  4446.8(5) 2.7(5)
4102.7(6)  (15/27)  344.4(2) 6.6(8)
4273.9(3)  (17/2%)  173.4(2) 42(5)
4510.9(7) (15/2%)  4102.7(6) (15/27)  408.2(4) 0.36(11)
4558.4(4)  (19/2%)  4273.9(3) (17/2%)  284.6(2) 43(5)
4575.7(4)  (17/27F) 0.0 (11/27)  4574.7(6) 4(1)°
4102.7(6)  (15/27)  473.4(2) 1.8(3)
4246.2(5)  (15/2%)  329.6(3) 3.6(10)°
4273.9(3)  (17/2F)  302.0(3) 0.7(2)°
4422.2(13) (15/2%)  153.3(5) 0.7(4)°
4605.8(4) (23/27) 4447.2(3) (19/27)  158.7(2) 28(3)
4680.8(6)  (27/27) 4605.8(4) (23/27)  75.1(5) 0.7(2)°
4705.3(3)  (21/27) 4447.2(3) (19/27)  258.2(2) 3.2(4)
4605.8(4)  (23/27)  99.7(3) 1.9(2)
4709.3(4) 4605.8(4) (23/27)  103.6(2) 2.4(3)
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6.7 Level scheme of 'Sn populated in 3!2In decay.

E; (keV) JT Ef (keV) J7 E, (keV) 12 (%)
4744.9(4)  (21/27) 4447.2(3) (19/27)  297.8(3) 1.0(2)
4835.3(4)  (15/2%) 4447.2(3) (19/27)  388.2(3) 1.7(2)
4875.8(4) 4605.8(4) (23/27)  270.2(2) 14(2)
4705.3(3)  (21/27)  168.3(3) <20
4990.4(3) (21/2%) 4558.4(4) (19/2F)  432.0(3) 0.8(2)
4447.2(3)  (19/27)  543.3(3) 0.82(14)
4992.8(3) 4447.2(3)  (19/27)  545.9(3) 1.0(2)
4705.3(3)  (21/27)  287.4(5) 0.7(4)°
5054.6(4) 4558.4(4)  (19/2%)  496.2(3) 1.2(2)
5221.2(5) 4705.3(3)  (21/27)  515.9(4) 4.5(10)
5232.5(4) 4558.4(4) (19/2%)  674.0(2) 1.4(2)
5328.0(4) (15/2%)  4605.8(4) (17/2F)  722.2(3) 0.64(10)
5529.6(3) 4605.8(4)  (23/27)  923.9(3) 1.3(2)
4709.3(4) 820.4(3) 0.66(10)
4875.8(4) 653.6(2) 1.17(15)
5543.5(4) 4447.2(3)  (19/27)  1096.3(3) 0.96(14)
5579.0(4) 4605.8(4)  (23/27)  973.8(2) 1.3(2)
5221.2(5) 357.2(3) 1.1(2)
5674.1(5) 4709.3(4) 964.8(2) 2.7(3)
6109.8(4) 4447.2(3)  (19/27) 1662.4(3) 0.5(2)°
6180.6(4) 4558.4(4)  (19/2%)  1622.0(2) 3.0(4)
6266.6(4) 4447.2(3)  (19/27) 1819.3(3) 0.6(2)°
6493.8(6) 5232.5(4) 1261.2(4) 0.48(9)
6644.0(5) 4558.4(4)  (19/2%)  2085.3(4) 1.5(2)
6654.5(2) (21/2%) 4273.9(3) (17/2F) 2380.4(3) 17(2)
4447.2(3)  (19/27)  2207.4(3) 2.4(3)
4558.4(4)  (19/2%)  2095.9(2) 32(4)
4575.7(4)  (17/2%)  2078.3(3) 10.0(12)
4705.3(3)  (21/27) 1949.7(4) 0.7(3)
4835.3(4)  (15/2%) 1818.5(6) 1.0(4)
4875.8(4) 1778.6(3) 2.9(4)
5221.2(5) 1432.9(3) 1.5(2)
5232.5(4) 1422.3(4) 0.6(2)
5543.5(4) 1111.3(3) 0.9(2)
6857.6(5) 4558.4(4)  (19/2%)  2298.8(3) 0.44(7)
6890.1(6) 4558.4(4)  (19/2%)  2331.4(5) 0.7(1)
6987.6(4) 4558.4(4)  (19/2%)  2429.4(3) 4.0(7)°
4605.8(4) (23/27)  2379.3(6) 1.1(6)°

@ Relative v intensities normalized to 100 units for the 4273-keV 17/2% —11/2~
transition. For intensity per 100 decays of the parent 3'™2In, multiply by 0.75(6).
b Intensity derived from v coincidences.
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6.7 Level scheme of 'Sn populated in 3!2In decay.

It should be noted that the decay of 31™2In B-decay populates a lot of states lying
above the neutron separation energy, which de-excite by ~-ray emission. These levels,
contrary to those populated in the decay of the ground state, are de-excited by cascades
of two, three or even more ~-rays. They give rise in some cases to transitions between
unbound levels, which shows the weak competition of the neutron emission process for
those levels. Once again, excited levels are found also above the energy of the (27) state
in 139Sn. Similar to the '3'9In decay, no levels has been identified above the 7~ isomeric
state. Given the large multiplicity of the y-ray cascades that dominate the decay, the
detector efficiency should not be a problem to detect the presence of levels above 7 MeV.
However, none have been seen with energies above the location of the (77) isomer in
1308n. This clearly shows that the neutron-emission competition is strongly influenced
by the available 139Sn states to decay via neutron emission with a low orbital angular

momentum.

6.7.2 [(-n delayed branch.

The population of levels in '3°Sn via S-delayed neutron emission, seems to be also
possible in this decay. This is suggested by the observation of y-rays from high-spin
states in 139Sn, observed in the spectra measured with the RILIS [1/27] configuration.
In the decay of 131™2[n (21/2%), is not expected to observe population the 131Sn (3/27)
nor the ¥°Sn 0% in the S-n decay branch, neither directly or by ~-rays. Hence, the
P, values can be derived by comparing the decay intensities from 31™1Sn (11/27)
and 13971Sn (77) isomeric states. By comparing the relative y-ray intensities emitted
after the decay of these two states, measured in the RILIS [1/27] spectra, a P,,=7(4)%
is derived. A more precise value can be measured if we assume that the direct
feeding of 31Sn (11/27) and the 39Sn (77) can be neglected. Thus, the whole 31"2n
intensity can be obtained directly from the ~-rays intensities emitted in this decay.
Using this approach, a P,,=8.9(8)% is derived for this decay, which is perfectly consistent
with the one derived from activity of the daughters. This value is notably larger than
those obtained for the other two S-decaying '3'In states, and it is very similar to the

P,—=12(3)% measured for the 32In decay
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6. THE STRUCTURE OF BISN

6.7.3 Similarity to the decay of **In (77)

An interesting feature of the 1312In (21/2%) decay is the high resemblance with the
132Tn decay-scheme. It has been mentioned before that, except for the single-hole levels,
the reaming ones are built by coupling single-particle states in 13'Sn to core-excited lev-
els in 132Sn. Even though this connection has been already pointed out, the similarities
of the high-spin indium isomer decay and the decay of '3?In are worth to underline. In
Figure , the 131Sn states, that are populated in 1312In decay, are drawn along with

p-h multiplets in '3?Sn, only the most intensely fed in 3?In decay.

The cause probably lies in the fact that the (7ng_/l2u f7/2h1_11/2) 131m21y shell model

-1

112 neutron hole to the ¥2In ground state

configuration arise from the coupling of a vh
(7199_/12V f7/2) configuration. This suggests that the p-h configurations of the 131891 states
populated in the 131™2In B-decay would be the same than those in 132Sn populated from
13215, but coupled to the l/hil/2 neutron hole component.

Continuing with this analogy, the configurations populated in the decay of the 3!Sn
(11/27) state should be found. However, this would lead to the population of 2p-3h
states in !Sn also, including excitation across both neutron and proton shell gaps.

Such states would be characterized by very high energies and they would be probably

neutron unbound. Therefore, it is not expected to observe strong contribution from the

-1

112 neutron-hole component.

decay of the vh

Another factor that favours the similarity to the '32In decay is the high-spin of
the 131m2[n (21/2%) isomer. The selective feeding of 3 decay leads to the population
of high-spin levels, which can only be built by including at least a hole in the vhy; /sy
orbital. Hence, the number of possible combinations that can give rise to states with
large angular momentum is reduced. In addition, the difference in angular momentum
between the parent isotope and the final level in the daughter nuclei for the A=131 case,
131m21y (21/2+) — 1318n (11/27) AJ =6 and A7 =yes, is very similar to the A=132
case, ¥2In (77) — 32Sn 07 AJ =7 and Am =yes. Therefore, the number of y-rays
that the populated levels in 3"!Sn need to emit to reach the 11/2~ isomer are also

similar to those required in the '32In decay to reach the '32Sn ground state.
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6.7 Level scheme of 'Sn populated in 3!2In decay.
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Figure 6.22: Comparison between the p-h multiplets in '32Sn and the core-
breaking states mmore intensely populated in '*!™2In decay. The p-h multiplets
in 1328n are illustrated with colored lines, labeled with their configuration. Their spin and
parity correspond to their position in the upper horizontal axis. The core-breaking levels
in '31Sn are drawn with black lines. Their spin and parity correspond to their position in
the bottom axis.
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6. THE STRUCTURE OF BISN

6.8 Gamma emitting neutron unbound states in *!Sn

One of the most interesting results observed in this mass, is the large amount of -
rays at very high energies, above the one-neutron separation energy. The presence of
high-energy 7-rays is reported in the results from TRIUMF |[DSAT19|, however, they
did not allocate them to the S-decay of any specific *'In state. An unambiguous
assignment of these new high energy ~-rays to the decay of 319In is done in our work
thanks to the isomer selective RILIS ionization. This result indicates a very different
decay pattern for each indium isomer. In Figure the lowest lying states of 3°Sn
are represented as well. If we compare the energies of 13°Sn levels and the upper limit
of the high-energy ~-emitting levels in '3'In, we can find a clear correlation. The
phenomenon of competition of v-ray emission with neutron emission is attributed to
a large hindrance due to by the large [ required for the neutron emission. The states
above S,, populated in the 131™1Sn (1/27) decay can be connected to the 0" g.s. or 2F
first-excited state in '¥°Sn with a low orbital momentum [=0,1, hence, they can freely
decay by neutron emission. Consequently there are no y-rays emitted from excited levels
above the S,, from 13"™18n cay. On the other hand, in the decay of 13%9In (9/2%) and
131m2[p (21/2%), the levels have a much larger spin, J >7/2, and thus neutron needs
to carry an large orbital angular momentum, [ >3. Neutron emission, even though is
energetically possible for these levels, is highly forbidden due to the large [. Hence,
the threshold between y-emitting and neutron-emitting levels is shifted upwards 2 MeV
from the S,,. At these energies, states in °Sn with a high-spin begin to appear. They
can be reached by neutrons emitted with low [, even by the unbound levels populated
in 319In and 31"2In,

In the 31™!n (1/27) B-decay, the population of high-energy levels up to the one-
neutron separation energy is observed. Beyond that energy, no ~-ray emitting states
are observed. The levels that are populated in the decay of '31!In, de-excite directly
to either the (3/2%) g.s. or the 1/2% 332-keV single particle states. In the decay of the

13191y (9/2%) g.s., there are strongly populated Vg;/12, Vg;/12, Vhl_ll/2 and Vd§/12 single-
particle states. Besides, y-emitting core-excited levels are populated from 4 to 7 MeV,
with energies significantly higher than the neutron separation energy S, =5204(4) keV.

They are commonly de-excited by high-energy transition that connect them directly
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6.8 Gamma emitting neutron unbound states in '3'Sn
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Figure 6.23: Global level-scheme of '3'Sn populated in the 5 decay of the three
131Tn B-decaying states. In this figure, all the identified levels in 13'Sn are plotted. In
the low energy region the single-hole states depicted in black, while the core-excited levels
appear in the energy region from 3 to 7 MeV. Additionally, the 3-decaying states in 3'In

(red) and the lowest lying states from 39Sn (violet) are shown.

with the 3/2% g.s. and the 11/27 isomer states, and in some case with the 7/2% 2434-
keV and 5/2% 1655-keV single particle levels.

Finally, in the decay of '31™2In, the population of y-emitting excited levels above

S, up to 7 MeV is observed. In this case, there are core-excited levels from 4 to 7 MeV,
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6. THE STRUCTURE OF BISN

which cannot de-excite directly to any of the single-particle states due to the large
spin difference. Therefore, they usually undergo a series of consecutive transitions, ans
sometimes several low-energy ~-rays connecting the levels in the 4-5 MeV region. Once
the spin is sufficiently reduced, they decay to the 11/27 isomer via a 4 to 5 MeV ~-ray.

As can be observed in Figure , the levels 131Sn can be separated in two regions.
The low energy region below 3 MeV, characterized by a small density of levels, which
can be identified with single-hole neutron states from the N=50-82 shell. In the high
energy region, above 3 MeV, there is a high density of states covering a wide range of
spins. These high energy levels are identified as core-excited states, which are mostly
built from 1p-2h configurations. In the $-decay of each indium isomer, a large number
of states with a similar angular momenta to that of the parent isomer are populated,
respectively. Several gaps can be found in the regions in between the states populated
by each of them. These gaps of missing levels are caused by the low probability in

B-decay studies of populate directly levels with J= 5/2 and 13/2 to 17/2.

6.9 Lifetimes of excited states in *!Sn

An important part of our investigation of the structure of '3'Sn is the measurement
of excited-state lifetimes. The information available prior to this work regarding the
lifetimes of the excited levels in ¥!Sn is very scarce. Only a Ty /2=316(5) ns for the
high-spin (23/27) 4605+X isomer has been reported [DSA™19|. The reason behind this
lack of information is that none of the previous investigations have been directed to the
lifetime measurements in a shorter range. The use of the fast-timing set of detectors
in the IS610 experimental campaign carried out at ISOLDE, offers the possibility of
measuring lifetimes down to the ps range. In this section the fast-timing analysis for
the 3'In decay will be discussed.

6.9.1 The [-forbidden 1/351_/12 — 2d§/12 M1 transition

All the single -particle states of 13'Sn are intensely populated in the S-decay of '3'In,
either directly or by ~-rays. Only the 332-keV (1/27) level, attributed to the 1/51_/12
single-particle configuration, is expected to have a half-life in the range of the fast-
timing technique. All the other levels, are expected to show lifetimes below the ps

range, below the time resolution of the technique.
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6.9 Lifetimes of excited states in ¥'Sn

The lifetimes of single-particle state are of key importance for the shell-model in-
terpretation of the nuclear structure. The lifetime measurement of the 332 keV (1/2%)
level in '3'Sn provides a direct measurement of the electromagnetic transition strength
between the single particle states V3Sl_/12 — 1/3d?72.

pretation, the dipole magnetic transition between them would be [-forbidden transition

Sticking to the shell model inter-

due to the Al = 2 change required. However, the experimental measurements shows
that most of the transitions classified as magnetic dipole transitions do not satisfy the
Al = 0 rule. They are I-forbidden, and usually imply much larger lifetimes than for
levels de-exciting by allowed M1 transitions. These [-forbidden transitions are explained
by considering configuration mixing from [AHS57|, and/or by the re normalization of
the free M1 operator, induced by core-excitations. Given the single particle nature of
the low energy levels in ®!Sn, configuration mixing between is not expected, therefore
the enhancement of the M1 operator would be produced by core-polarization effects.
Other possibility is electric quadruple transition. In the shell model interpretation, the
E2 transition would be allowed. In this case, given the single particle nature of those
level we could assume an B(E2) strength of 1 W.u. which would led to a lifetime of 3.5

ns.

6.9.1.1 Fast-Timing Analysis

The 332-keV level is only populated with sufficient intensity in the decay of the 31™1In

(1/27) isomer. The preliminary analysis of 57(t) events shows that the lifetime is short,
and needs to be analyzed via the centroid shift methods. In this decay the 332-keV ~-
ray is the only intense one. The rest of the transitions are weak, and cannot be used
as prompt references, nor to select the 332-keV peak in triple Syv(t) events. For this
reason, the analysis was done using the 2434-keV transition from 319In as reference
using double 7(t) coincidence events.

In Figurethe p-gated LaBrs(Ce) and HPGe energy spectra for the RILIS broad-
band settings are depicted. Both the 2434-keV and the 332-keV dominate the spectrum
without overlapping peaks. Under these conditions it is possible to select both peaks in
the B~y(t) safely, without the need to employ a third coincidence in the clover detectors.

Another possibility is to use the 798-keV transition in '3'Sb as prompt reference.
However, this option was discarded due to the dependence of the response of the

detector on the energy of the electrons, see section The energy of the 8 particles
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Figure 6.24: Beta-gated 7-ray energy spectra recorded by the LaBr;(Ce)(Top)
and HPGe detectors (Bottom). These spectra were built using the data set measured
with RILIS set in the broad-band configuration, and the tape moving at every pulse. These
conditions offer us the possibility of measuring both 332- and 2434-keV transitions at the
same time, with a very high suppression of the long-lived contaminants.

emitted in 13n decay, Qg (13!In)= 9240(5) keV [WAK™17], is much higher than the
maximum energy of the 3 emitted in '3'Sn decay, Qg (}3!Sn)= 4717(4) keV [WAKT17].
This difference becomes more prominent taking into account that the 798-keV state in
1318h receives around half of the feeding from higher lying levels close to 3 MeV. Hence,
the average energy of 3 particles in 3!Sn decay is much lower than in ¥'In decay,
resulting in sizeable difference in the time response. Thus the 798-keV transition is not
valid as prompt reference.

There is also a difference in the energy of the § particle that populates the 2434-keV
level. The maximum energy of the 8 particles that feed it is 6.8 MeV but for the 332-
keV level the maximum energy can reach up to 9.2 MeV. The reliability of the 2434-keV
~v-ray as a good prompt reference has been verified by comparing the 5 time-walk with
~-ray gates. The result of this analysis can bee seen in Figure We may conclude
that there is no noticeable difference in the time response of the beta detector between
the 1319In and ®1"!In decay, thus the 2434-keV can be used as a prompt y-ray reference.
On the other hand, the time response of the 5 detector for the 798-keV ~-rays shows a

slightly shifted curve, therefore it cannot be employed, as discussed above.
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Figure 6.25: Beta-walk curves gating on the most intense y-rays observed for

mass A = 131 The blue spectrum depicts the time distribution used as prompt reference.

By using 8v(t) events the statistics for both transition is very high. On the con-
trary, the contributions from the Compton background are sizable for both. The
FEP:Compton ratio is 2:1 for the 332-keV peak and 5:1 for the 2434-keV, in the 2016
dataset. Narrow energy windows have been set for both peaks. Nonetheless, the con-
tribution from the Compton background is still significant. The contribution of the
Compton background has been subtracted from the peak time distribution, using the
correction method described in section of Chapter

This analysis was done separately for all the LaBrs(Ce) detector and dataset com-
binations, resulting in four independent measurements for this lifetime. The centroid
shift analysis for one of them is illustrated in Figure [6.27, The four resulting values
are compatible with each other, with the exception of the one obtained for the first
LaBr3(Ce) from the 2018 dataset, which is 20 away from the other ones. The reason
behind these differences might be an underestimation of the error propagated from the
Compton background correction. This is specially the case for the 332-keV peak, which
sits on top of a non-constant background, which is very difficult to estimate with preci-

sion. For the final value, we have adopted the weighted average of the 4 measurements
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Figure 6.26: Energy gates and time spectra for the 332-keV and 2434-keV tran-
sitions. (Left) 8 gated LaBrs(Ce) energy spectrum, measured in one of the two lanthanum
detectors during the 2016 campaing. The colored areas illustrate the selected regions to
estimate the peak and background contributions. (Right) Derived time distributions for
the 332-keV and 2434-keV peaks. The corresponding background contribution have been
removed from both time spectra. The vertical lines represent the centroid positions.

assuming a 2o for each value to deal with the variance of the values. Hence, a 7 =26(5)
ps or Ty = 18(4) ps for the 332-keV state is obtained.

From this Ty, = 18(4) ps we can derive the reduced transition probabilities for
the 332-keV transition. Assuming a pure M1 character, the half-life yields a B(M1) =
0.059(12) w3, or B(M1) = 0.033(7) W.u. for this transition. On the other hand, by
assuming a pure E2 multipolarity it leads to a very unrealistic B(E2) = 195(42) W.u.
or B(E2) = 8(2)-10% e?fm* value. The M1/E2 mixing ratio for the 332-keV transition
is unknown, hence those values should be understood as upper limits, but in the view

of the B(E2) value, the E2 branch should be negligible.

6.9.1.2 Comparison to '??Sn.

The Ty = 18(4) ps in 13181 compares very well with the Ty/2 = 19(10) ps for the
(1/27) 315-keV level in '2°Sn [LMF*16|. In the work Lica et al., realistic shell model
calculations were performed in order to explain the, also unexpected, short lifetime. The
calculations yield a large enhancement of the M1 matrix element by taking into con-
sideration microscopically the effect of core excitations. The calculations also showed

that the E2 operator did not substantially change by considering the same microscopic
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Figure 6.27: 3v(t) Centroid shift analysis and mean life of the 332 keV (1/2%)
state. Each plot correspond to the centroid shift analysis done for each of the four detector
and dataset combination.

framework, concluding that the 315-keV transition was mainly of M1 nature. Never-
theless, the estimated enhancement for the [-forbidden M1 transition did no manage to
fully reproduce the short lifetime of the 315-keV level, accounting only for a lifetime of
about an order of magnitude larger. The conclusion was that the re-normalization of
the M1 operator was strongly influenced by core-polarization effects, and their inability
to reproduce the experimental result was probably due to by higher-order diagrams not
included in the calculations [LMF¥16].

We can expect a very similar situation in ®!Sn with the expectancy that the single-
particle nature of the state is even purer in our case. The remarkable similarity between
both lifetime, seems to indicate that reason behind is the same in both cases. It should
be noted that in '3'Sn there is only one neutron hole in the shell, thus the effect produced

by excitations of the core requires requires that proton or neutrons are excited across
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6. THE STRUCTURE OF BISN

the shell gap. Therefore, this might indicate that the excitations of the 132Sn core, plays

a major role in the re normalization of the effective electromagnetic M1 operator.

6.9.1.3 Comparison to the 2®Pb region.

It is also worthwhile to compare these results to the information available for transition
rates near 2°8Pb. The measured B(M1) = 0.033(7) W.u. upper limit, derived from
the 332-keV lifetime in '3!Sn, is totally consistent with the B(M1) I-forbidden M1
transitions from the lead region, (see Table , specially with those measured for the
neutron hole 2°7Pb (which would be the equivalent) and proton-hole 27T nucleus. On
the other hand, the allowed E2 transitions near 2°®Pb, are not compatible with the

B(E2) = 195(42) W.u. derived pure E2 multipolarity of the 332-keV 7-ray.

Table 6.4: Experimental B(X)\) for the I-forbidden M1 transitions and allowed

E2 transitions in the 2°°Pb region

Nucleus Ji = Jf B(M1) W.u.®
2TPb w3pg, = v2fs,  0.028(5)
2TTL w3py s, — w2 0.013(3)
209pp vliyg o — 12992 0.0055(6)
29Bi  w2f75 — mlhgy  0.0026(5)

Nucleus Ji = Jf B(E2) W.u.
TPb w2fon = vdp,  0.972(6)
v3pgy = U3y, 0.92(22)
MTTL w3py g — w2fs 2.7(7)
209pn v3ds /o — 1299/ 2.7(7)
vdsy 9 — v3ds /o 2.13(8)
29Bi  w2f7/0 — mlhg ) 0.44(9)
® Values taken from [KL11] or [CK15|

Therefore, we can conclude that the single particle V3s;/12 — l/3d§/12 332-keV v
transition is predominantly of [-forbidden M1 character, with a negligible E2 contribu-
tion. Its enhanced B(M1) strength may be produced by the influence of core-excitations
across the shell gap. However, there are no shell-model calculations that fully reproduce

this enhancement. The large value for the B(M1) transition rate is consistent with the
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reported strength for others [-forbidden M1 transitions between single particle levels in
the 20%Pb region.

6.9.2 Lifetimes of high-spin levels populated in the '*'"?In decay

Apart from the single particle (1/2%) 332-keV level, there is also a set of core-excited
levels, populated in both the decay of the high spin 3!2In isomer, whose lifetimes
were accessible for the first time in our analysis. For the high energy levels above 4
MeV is quite uncommon to observe lifetimes longer than picoseconds. In this decay,
there is a lot excited levels with a very large angular momentum J = (19/2,21/2,23/2).
Due to the large spin difference with the (11/27) state in '3'Sn, they usually lack a
low-multipolarity transition that could connect them and, there are no intermediate
levels available either. Thus those levels can only de-excite by reducing their spin step
by step via emission several low energy «-rays until they reach a level that can decay to
the (11/27) state. This situation is analog to the observed in the '32In decay-scheme. A
clear example of this situation the 4607-+X-keV (23/27) level, it can only be de-excited
into the 4607+ X-keV (19/27) via a E2 158-keV ~-ray, giving rise to a long half-life of
315(6) ns [DSAT19]. In 131"2In the (17/27) 4273+X keV level is the one that collects
most of the de-excitations from the higher-lying levels, and connects them with the

(11/27) state via the 4273-keV E3 transition.

6.9.2.1 Half-life of the 4447+X (19/27) level

The 4447+ X-keV level in '31Sn is strongly populated in the S-decay of 1312In, (~42%
of the decays). However, it is not directly populated, but indirectly -rays from "upper"
levels. The strongest feeding is due to the 159-keV transition from the 4606+X (23/27)
state, which accounts for ~30% of the 42% total intensity. The level de-excites by three
~-transitions, the strongest one is the 173-keV ~-ray which has 80% of the branching
ratio. Given this situation, the best method to measure the lifetime of the 4447+X level
is to analyse the time distribution of the 159-173-keV ~~(t) coincidences measured by
the LaBrs(Ce) detectors.

Figure shows the y7(t) coincidences energy matrix measured by the LaBrs(Ce)
detectors for A = 131. The 158-173-keV coincidence peak can be clearly observed,
as it stands out from the background. Given the proximity of the energies of both

transitions, the peaks arising from delayed and anti-delayed events appear very close to
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Figure 6.28: 4446+X vv(t) fast-timing analysis. Time distributions measured for the
158-173-keV 77y coincidences. The red circles correspond to delayed coincidence events, the
anti-delayed events that show an inverted time-distribution are depicted in blue triangles.

Along with the time distribution the fit curves are represented, with the derived Ty /5.

each other, slightly overlapping. The energy gates employed to get the time distributions
are also drawn. The contribution from Compton events to the time distributions has
been estimated from the nearby backgrounds regions and subtracted. The final time
distributions used to extract the lifetimes are depicted in Figure [6.28] The analysis
provides 4 different time spectra, corresponding to the delayed and anti-delayed time
distributions from the two data sets. The half-life was extracted by fitting the time
distribution to an exponential decay convoluted with a Gaussian function to account
for the limited time resolution of the system. A constant was also included in the fit,
to account for possible random background contributions. The fit and half-life results
are shown in the plots.

The four values obtained are compatible with each other. Thus the final value was

adopted as the weighted average of the 4 measurements, yielding a T/, = 555(8) ps.

6.9.2.2 Half-life of the 4558+X (19/2%) level

The 4558+X keV (19/2%) is very strongly populated in the 3~ 31™2In decay, around
37% of the total decays go through this level. The main feeding is provided by -
rays from higher-lying levels, being the 2096-keV ~-ray from the 6654+X keV level the
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6.9 Lifetimes of excited states in ¥'Sn

strongest one, which contributes with ~26% of the 36% of the feeding. On the other
hand, the 4558+X keV level only decays by a 284-keV ~-ray that connects it to the
4274+X keV. This level level was identified in [BDZ01] as a (19/2%) member of the
vfr /2d3 /2 1 /2 configuration, which would be analogous to the 4830 keV 4~ state in
1328 from the v f; /ng_/lz particle-hole multiplet.

T
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Figure 6.29: vy Energy spectrum for one of the LaBr;(Ce) detectors gated
on the HPGe detectors by the 2096-keV (top) and by the 4273-keV (bottom)
transitions. The spectra hava been generated by applying gates in the HPGe detectors
in the designed ~-rays. The contribution from the Compton background underneath the
peaks in the HPGe detectors has been subtracted. The coloured bins in the spectra depict
the selected events to built the time distributions used to measure the lifetime of the
4558+X—keV level.

The lifetime of this level has been measured by analysis of the S(t) time difference
distributions of the 284—keV ~-rays measured in the LaBrs(Ce) detectors. Since the 284
keV peak cannot be selected cleanly in the double coincidence S-LaBrs(Ce) spectra by
itself, a third coincidence in the HPGe detectors has been required in order to clean the
spectra. There are two «-rays that can be used to achieve a clean selection of the 284-
keV peak in the LaBr3(Ce) energy spectra, one is the 2096-keV feeding transition, while
the other one is the 4274-keV v-ray that follows the 284-keV emission. The remaining
transitions have not been considered due to the insufficient amount of statistics. Figure
shows the spectra in one of the LaBr3(Ce) detectors after gating on these two y-rays
respectively. Both conditions provide a similar amount of statistics for the coincidences
and a clean selection of the peaks. Hence both time distributions have been analyzed.

The centroid shift analysis is depicted in Figures together with the derived

mean life value n each case. This analysis produces, four measurements for the half-life,
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Figure 6.30: Centroid shift analysis for the lifetime of the 4558+X keV (19/2")
level. (Left) 5-LaBrs(Ce) time difference distributions for the 284-keV ~-ray gated on the
2096-keV (violet) and 4274-keV (orange) transitions in the HPGe detectors. The blue
spectrum corresponds to the time distribution of the 2434-keV measured in double S-
LaBr3(Ce) coincidences, which was used as a prompt reference. The centroid position
for the 284-keV time spectra was adopted as the weighted average of both distributions.
(Right) Comparison of the measured centroid shift with the expected shift due to the

energy dependence of the time response in LaBrs(Ce) detectors.

consistent with each other. The centroid position for the 284-keV ~-ray is derived from
the weighted average centroid from the time distribution corresponding to both HPGe
gate conditions. For the prompt reference, the time distribution of the 2434-keV ~-rays
was used also for this lifetime, due to the lack of a intense prompt transition in this
decay. The final value was adopted as the weighted average of the 4 measurements,

which yielded a T;/,=58(4) ps value for the 4558+ X-keV level.
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6.9 Lifetimes of excited states in ¥'Sn

6.9.2.3 Half-life of the 4606+X (23/27) level

The 4606+ X keV level in 31Sn was proposed as the (23/27) member of the l/f7/2h11/2
configuration [BDZT01]. The lifetime of this level has been measured before in previous
f-decay experiments, the most recent value being T 1,5 = 315(6) ns [DSAF19]. In
our work a new measurement of this half-life has been performed, by analyzing the
B-HPGe time-difference spectra for the de-exciting ~-rays. The 159-keV transition is
the only one that de-excites the 4606+X keV, connecting it to the 4447+X level. Due
to the long lifetime all the ~-rays emitted from the 4447+X keV level, carry the same
time distribution of the 159-keV ~-ray. For that reason, we have analyzed the time
distributions of the 159-, 173- and 4274-keV transitions.

104
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Figure 6.31: S-HPGe Time difference distribution for the 159-, 173-, 4274-keV
~v-rays. (Top) 2016 campaign. (Bottom) 2018 campaign. The time distributions have
been built by selecting each of the treee v-rays separately. The contributions from the
Compton background, over which these peaks sit on have been estimated from the nearby
background, and subtracted from the time spectrum. The lifetime is obtained by an y?
fit of each time distribution to a exponential decay, plus a constant, to account for the

background distribution of random coincidences.

The time distributions for the trio of y-rays from each data set are depicted in Figure
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Table 6.5: Reduced transition probabilities of the 4447.2+X in !31Sn. The B(AL) were

calculated assuming a pure multipolarity for the transitions.

E;(keV) Configi | Ep(keV) Config; JT Ey(keV) XA B(AL) (W.u)
331.6 (ys;/lz) g5 (ud;/g) (3/2T) 3316 M1 0.033(7)
Jit=(1/2)
T1/2 = 18(4) ps
447.24X (Ufrpahil)y) X (uh;ll/z) (11/27) 44472 FE4 19.7(3)
I = (19/27) 4102.7+X (v fryahitss) (15/27)  344.3  F2 0.655(9)
Ty o = 555(8) ps 4273.9+X  vhi,®(Oct. Vibr.) (17/2F) 1733  El1  6.9(10)x107°
4558.44+X v f7/2d;/12h,;11/2 4273.9+X uh;11/2®(oct. Vibr.) (17/2F)  284.6 M1 1.59(12)-1072

Jit = (19/2%)
Ty = 58(4) ps
4606+X  (vfrphi,) | 4447.24X (uf7/2h1_12/2) (19/27) 132 E2 0.340(3)
JI = (21/27)
T1/2 316(2) ns

The analysis of each time spectrum furnished an independent measurement for this
lifetime. The half-life was extracted by fitting each time distribution to an exponential
decay function plus a constant background. The first 300 ns from the spectra were
removed to reduce the influence of the prompt y-events. We adopted the weighted
average of the six measurements, T /o = 316(2) ns as the final value. This new value is

in perfect agreement with the 315(6) ns reported by Dunlop et al. [DSAT19].

6.9.3 B(X)\) values

Using the lifetimes derived in this work, the reduced transition probabilities for the most
likely multipolarities have been determined. The values are summarized in Table [6.5]

The lifetime of the 4447+X-keV (19/27) state, Tj /5 = 555(8) ps, is much shorter
than the Ty /o = 3.99(2) ns measured for its analog 4417-keV state in 132G, From this
value, and the relative y-ray branching ratios (Table[6.3), the B(X)) reduced transition
probabilities for the three transitions that de-excite it have been obtained. The E2 and
E4 transitions are very consistent, the E2 being of the same order of magnitude and the
E4 being stronger by a factor of 2.5 in #!Sn. On the contrary, the E1 transition that
connects this level to the octupole vibrational state is enormously enhanced in !3'Sn,
having 40 times larger B(E1) for this mass than in 32Sn.

This value is similar to the Ty, = 27(2) ps of its analog 4830.5-keV (47) state in
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1328, In the doubly magic tin, the 4830.5-keV de-excites also only to the octupole vi-
brational state by a 478.9-keV ~-ray, which was assumed of predominantly M1 character.
Assuming also in ¥1Sn M1 multipolarity for the 285-keV transition, the B(M1) rate has
been calculated. Using the the theoretical internal conversion coefficients [KBTT08], a
B(M1) = 0.028(2) p4 or B(M1) = 15.9(12)x10~3 W.u. was obtained. This value com-
pares well with the B(M1) = 7.3(5)x10~3 W.u. measured for the 478.9-keV transition
in 1329n.

The 4606+X keV state is assumed to be the (23/27) member of the yf7/2h1_12/2
configuration, whose equivalent in '32Sn would be the 4716-keV (4%) state from the
uf7/2h;11/2 p-h multiplet. The 4716-keV level has a T/ = 21.3(4) ns half-life, being de-
excited only by a 299-keV ~-ray of E2 multipolarity. Assuming a pure E2 multipolarity
also for the 159-keV transition, a B(E2) = 13.44(10) e?fm* or B(E2) = 0.340(3) W.u.
transition strength is derived. This value compares well to the 0.268(2) W.u. measured

for the 299-keV transition in 32Sn.

6.10 Conclusions

The excited structure of the neutron single-hole '*'Sn has been investigated in detail
at ISOLDE, where the '3!Sn excited levels were populated in the B-decay of '3'In.
The results obtained in this work have been discussed in this chapter. They can be

summarized as follows:

e The half-lives of the three [-decaying states in ®'In have been newly mea-
sured with increased precision compared to previous values, Section These
three new values, T1/2['319In] = 261.8(4) ms, T1/2[*3'™!In] = 335.7(6) ms and
Ty o[**1™2In] = 343(2) ms, are in good agreement with the previous measure-

ments.

e The level-scheme of '3'Sn has been notably expanded in the framework of this
thesis with the addition of 28 new 7-lines and 22 new excited levels. The decay

schemes of the three 8-decaying states of 319In, 311[n and 312[n, are depicted

in Figures [6.13] [6.11] and [6.21] separately.

e The population of a us isomeric state in !Sn at 4680+ X-keV has been suggested,
based on the analysis of the y-v delayed coincidences with the 158-keV transition.
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This level would correspond to the 27/2~ member of the vds /2h1_12/2 multiplet. A

more detailed measurement is required to confirm this tentative assignment.

-1
11/2

single-hole state in 3!Sn, via v — coincidences. Evidences that supports the 65.1

e An exhaustive analysis have been carried out to confirm the energy position vh

keV assignment proposed in [FGM™04a] were found in our analysis. Nevertheless,
there is no definitive confirmation yet. Our analysis suggests that a more detailed
investigation off the high-lying excited levels that are populated in '*'9In decay
will likely shed light on the position of the (11/27), via the identification of several
levels that de-excite to both the 2434-keV (7/2%) state and the (11/27) state of

unknown energy.

e The direct feeding to the S-decaying levels in 31Sn has been derived in this work
from the daughter decay intensities. The isomer selectivity allowed us to separate
the contributions from the S-decay of the 1319In, 1311y and B1™2[n states. As
result, a strong revision of the values with regard to previously reported ones
is proposed. This revision has a sizable effect in the logft values, which solves
the problem of the apparent disagreement between the different first-forbidden
transition reported in previous investigations [FGM™04a, DSAT19]. Our new
values indicate similar logft values for the three f.f. transitions: 7Tg9_/12 — vhil!

11/2
with logft=>5.5(2), 7Tp1_/12 — I/d3_/12 with logft=>5.34(13), and 7Tp1_/12 — vs} with
logft=5.40(4).

1/2

e The three separate P,, values for three '3'In B-decaying states have been derived
independently for the first time in this work. The new values are

Pn[l?)lgln] _ 2.4(6) (%7 Pn[l?’lgln] — 1,2(6) % and Pn[131m21n] = 8.9(8) %.

e A complete investigation of y-emitting excited levels placed at very high energies
above the neutron separation energies in ''Sn has been performed. There is a
large number of these states in !Sn, showing in some cases transitions between
two neutron-unbound levels. Our analysis shows a clear correlation between the
appearance of these states and the feeding 3-decaying '3'In state. This indicates
the correlation between the competition of v-ray and neutron emission with the

spin of the available levels in 3°Sn, see Figure
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e The first sub-nanosecond lifetime measurements for this isotope have been per-
formed. The half-life of the neutron single-hole 332-keV (1/27) state has been
derived, T;/,=18(4) ps. This short lifetime indicates an enhanced I-forbidden
M1 character for the 332-keV v3s;/, — v3d3/; transition. This value is similar
to those measured for the corresponding I-forbidden M1 transitions in the 2°*Pb

region.

e Regarding the high-spin levels, the half-life of the 4447+ X keV and 4558-+X-keV
levels have been measured for the first time, and a new value has been obtained
for the long-lived 4606+X-keV level. The transition strengths derived from these
lifetimes compare very well with those of their corresponding transitions in 132Sn,
which reinforces the analogy between the 131™2In and the '32In decays, see Chap-
ter[f] The only striking difference is the 173-keV E1 4447+X—4274+X transition,

whose strength is ~40 times larger than the analogous E1 transition in 32Sn.

The results detailed above provide new information on the [-decay properties of the

B-decaying 13!In states and on the structure of 3!Sn.
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7

Lifetime measurements in °°Sn

The 33Sn isotope is built by adding a single neutron in the N = 82—126 shell to the
doubly magic ¥2Sn core. Consequently, its low lying excited structure is determined by
the neutron located above the N = 82 shell gap. Due to the simplicity of this system,
along with location far from stability, this tin isotope has attracted the attention of
experimental investigations in the last decades.

The level scheme in '33Sn is very similar to that observed in '3'Sn, by replacing a
neutron particle by a neutron hole, see Figure from Chapter [1] Its low-lying levels
are identified as single particle states, in this case one neutron in the N=82—128 shell.
The excited structure of ®3Sn has been investigated using a number of experimental
techniques. A previous S-decay study, carried out at ISOLDE by Hoff et al. [HBHT96],
lead to the first observation of excited states in !33Sn. Three single neutron states
were identified, which were populated in the 8-n decay of '3*In. In a later experiment
[ASB*14], 133Sn states were populated in a neutron transfer experiment performed at
HRIBF, which expanded the level-scheme in 33Sn, and identified another of the single-
particle levels. From all the expected single particle states in '33Sn, the excitation
energies for the single particles for vf7/, (ground state), vps/s (854 keV), vpy /o (1367
keV), vhg/o (1561 keV) and v f5/5 (2005 keV) have been experimentally identified. So
far only the excitation energy for the vi;3/; remains missing. The purity of the single-
neutron excited states in 33Sn was proven by the large spectroscopic factors (S=1)
measured for these states, |[JABT10].

At higher energies, above 3 MeV, it becomes possible to excite the 132Sn core, giving

rise to a multitude of core-excited levels. Nonetheless, the 133Sn is characterized by a
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very low neutron separation energy, S,=2398.7(27) keV [WAK™17|. Most of the core-
excited states appear above this energy and thus they are neutron unbound. In a recent
investigation carried out at RIKEN [VJD™17| the population of states above the S,
de-exciting by y-ray emission was observed. This feature is similar to what is observed
in ¥1Sn, and described in the previous chapter.

Apart from the energies of the single-neutron states, the information about the
lifetime of these levels is interesting from the shell model point of view. Lifetimes
provide direct access to matrix elements of pure electromagnetic operators that are
expected to connect the single particle levels. To date, the half-life of three of the states
in '¥3Sn have been measured, the vp3 /o 854-keV state, 7 = 30(15) ps [VID™17|, and
the vf5/o 2002-keV and vp; ), 1367-keV states, 7 = 480('%})) fs and 7 = 13(19;) fs
[ASBT 14|, respectively. This chapter focuses in the investigation of lifetimes of the

excited single-particle levels in 133Sn.

7.1 Feeding of ?3Sn states in the $-decay of '**In and '*In

The excited structure of ¥3Sn has also been studied in our experiment. The excited
levels were populated both in the 8 decay of 3In and '3*In. In Figure the y—ray
spectrum measured in the decay of each of the '33In B-decaying states is shown. In
the spectrum we can identify y-rays both in ®3Sn and '32Sn, as well as several struc-
tures arising from inelastic scattering of the delayed neutrons in the HPGe detectors.
As discussed in Section in Chapter the B-delayed neutron emission is the
dominant decay branch for both '33In decaying isomers, with P,[*339In]=90(3)% and
P, [*33™In]=93(3)%. Therefore, the population of excited levels in 33Sn is not much
favored in this decay. Nevertheless, several y-ray transitions belonging to 23Sn can be
identified in the spectra.

The investigation of the y-ray spectra revealed the population of the neutron single-
particle states v2f7/5, ¥3p3/2, V3p1/2 and v2hg 5 in the 133Tn decay. In addition, three

states above the neutron-separation energy were also identified in ¥3Sn, which decay

-1
11/2

v f72 1297, /12 configurations. The results derived from our investigation were summarized

and published by Piersa et al. in [PKFT19|. Figure illustrates the decay-scheme of
133In.

by emission of «-rays. These levels were suggested to arise from the v f72/2h and
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Figure 7.1: HPGe spectra measured in the decay of '*3In.

The decay of 134In is also characterized by a large intensity of the 5-n decay branch,
P,—65% [HBHT96|. For this reason, the S-decay of 34In is the best method to populate
the excited levels in '33Sn. This feature can be clearly observed in Figure where
the B-gated HPGe spectrum measured in the decay of 34In is displayed. The strongest
~ rays correspond to transitions in ¥3Sn. Several « rays in 13*Sn were identified in this
13411 decay for the first time. Additionally, several weak ~ lines from '32Sn can also be

observed, which indicates that 34In has a 3-2n decay branch.

Population to the single-particle states in '3Sn has been observed in the 3*In -n
decay. In particular, the vhg/; and vf7/; states are the ones that receive most of the
feeding. Population to the vps /5 and the v f5/, levels can also be observed, but they are

more weakly populated in this decay.
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Figure 7.3: (-gated HPGe spectrum for the decay of 34In.

7.2 Half-life of vps/, single neutron state

Among the single-particle states observed in '33Sn, only the lifetime of 854-keV vps /2

state that can be measured using the fast-timing technique. The remaining levels are
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7.2 Half-life of vp3/9 single neutron state

not reachable either due to their short lifetime, below the ps range, or due to the limited
statistics of the de-exciting «-rays. The population of the 854-keV level has been re-
ported in both the ¥3™In (1/27) § decay and *In S-n decay [HBHT00]. Nevertheless,
only for the data measured the decay of 3*In there is enough statistics to derive a reli-
able lifetime from the fast-timing analysis. For '33"In decay the direct 3 decay branch
is very weak 8(3)%, see subsection in Chapter |5 thus an extra coincidence with
HPGe detectors would be required to cleanly select the 854-keV 7-line in the LaBrs(Ce)
detector. However this is not possible given the insufficient statistics recorded in triple

coincidence for the higher masses.
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Figure 7.4: 3-gated ~-ray spectra measured during '**In decay within the first
600 ms after the proton pulse. The tree dominant ~-lines in the spectra belong to
the 1561- and 854-keV transitions in '33Sn, and the 962-keV transition from the daughter
133Sh. Neutron-induced lines are seen in the HPGe detectors, but not in the LaBrz(Ce)

crystals.

The half-life of the 854-keV (3/27) state has been measured by analyzing the 5+(t)
time distribution of the 854-keV ~-rays, selected in the LaBrz(Ce) detectors. Since this
level shows a short lifetime, it has to be measured by the centroid shift method, hence
the use of a prompt reference is required. The best option to fulfill this role is the

1561-keV ~y-ray in !33Sn, which de-excites the 1561-keV (9/27) single-particle state, for

221



7. LIFETIME MEASUREMENTS IN 33SN

which a short lifetime of ~1ps is expected.
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Figure 7.5: $v(t) Time-delayed analysis for the half-life of 854-keV state (2016
dataset). (Left) 8-LaBr3(Ce) energy spectra at the energy regions of the 854- and 1561-
keV peaks. The colored areas identify the regions used to estimate the time distributions
from the peaks and the background beneath them. (Right) 8v(t) time-delayed distributions
for 854- and 1561-keV transitions, after applying all the corrections for the background
contributions. Only the events recorded in the first 600 ms after proton impact have been
used.

To check that the 854- and 1561-keV peaks can be selected in the LaBrs(Ce) detec-
tors, without admixture of other v-rays of similar energy, we have studied the g-gated
HPGe spectrum obtained under the same conditions. Figure [7.4] shows the comparison
between the g-gated v-ray spectra measured for the HPGe and LaBrs(Ce) detectors
restricted to the initial 600 ms after the proton pulse. Regarding the 1561-keV peak,
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Figure 7.6: fv(t) Time-delayed analysis for the half-life of 854-keV state (2018
dataset). Same as in Figure but for the 2018 dataset.

there is no other « line with similar intensity close to it, so it can be safely selected in
the LaBr3(Ce). On the other hand the 854-keV peak does sit on a structure that has
been identified as the interaction of delayed neutrons with the germanium of the HPGe
detectors. These broadened lines will not appear in the LaBrs(Ce) detectors and thus
the 854-keV ~-line it is also clean in the LaBrs(Ce) spectra.

Figure [7.6] shows the analysis carried out to derive the time-delayed spectra for the
854-keV and 1561-keV ~-rays. The 854-keV ~ line sits on a high Compton background.
Its contribution has been estimated from the nearby regions of the spectrum and its
been removed from the time spectrum. Nevertheless, the low FEP to Compton ratio of

~0.4 notably increases the uncertainty of the 854-keV peak centroid position.

223



7. LIFETIME MEASUREMENTS IN 33SN

In the measurements carried out in 2016, the limited statistics recorded for the 854-
keV peaks was far insufficient for a full fast-timing analysis, see Figure Hence it
was only possible to obtain an upper limit for this lifetime from this dataset, 7 < 49 ps
[PKET19]. A second analysis, performed for the dataset from the 2018 campaign,
provided a reliable value thanks to the increase in the statistics accumulated for the

1348n decay.
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Figure 7.7: Centroid shift analysis for the 854-keV state.

Figure [7.7] shows the shift of the centroid position of the 854-keV time distributions,
relative to its position from the FEP calibration curves. Both values have a large
uncertainty, consequence of the low peak-to-background ratio. Nevertheless, in both
cases the centroid is shifted from the prompt by more than 1o. In addition, both values
are in excellent agreement with each other. The final result was adopted as the weighted
average of the two measurements, which gives 7=36(18) ps, equivalent to T} ,=25(12)
ps. This new measurement obtained for the mean-life of the single particle 854-keV

single particle level vps /5, is in full agreement with the 7=30(15) ps value obtained by
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7.3 Comparison with the 2°Pb region.

Vaquero et al. [VJDT17] from the Doppler shift analysis of the 854-keV ~-ray at RIBF
(RIKEN).

7.3 Comparison with the *Pb region.

Using the new lifetime a strength of B(E2)=50("3}) e*fm?* = 1.2(7§%) W.u., was derived
for the vps /5 — v f7/5 transition. It is worth comparing this value with the B(E2) mea-
sured for single particle transitions in the region around ?°®Pb, which are summarized in
Table . The B(E2) strengths from the doubly-magic lead region have similar values,
all the strengths are close to 1 Weisskopf unit, but showing a certain scatter between
isotopes. The B(E2)=1.2(§*) W.u. measured for **Sn vp3 /5 — v f7/5 is comparable to

the values from lead region.

Table 7.1: B(X)) for allowed E2 transitions near 2°°Pb

Nucleus Ji = Jy B(E2) W.u.
2TPb w2fsn — vdp,  0.972(6)
v3pgy = v3pyy  0.92(22)
2TTL w3pyy = w2fy, o 2.7(7)
29Pb  v3dye — 12992 2.7(7)
vdsy g — v3ds )9 2.13(8)
209Bi  w2f7/9 — wlhy o 0.44(9)
@ Values taken from [KL11] and [CK15]

7.4 Conclusions

The excited structure in ®3Sn was populated in the S-decay of both 33In and '3*In.

Thanks to the use of RILIS it was possible to perform an independent investigation
of the decay of the 1339In (9/2%) g.s. and the !33"In (1/27) isomer. Three neutron-
unbound states were observed, all of them decaying by 7-rays to the g.s. They can
be identified with dominant two-particle one-hole configurations. The competition of
electromagnetic and neutron decay is due to the matching of initial and final states.
The results concerning the structure of 33Sn populated in the 8 decay of 33In have
already been published, see M. Piersa et al. [PKFT19].
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7. LIFETIME MEASUREMENTS IN 33SN

The lifetimes of the excited levels in '33Sn states measured using the fast-timing
technique were the main focus of this PhD thesis. We have measured a new value
for the mean-life of the p3/, single-particle state, 7=36(18) ps. This measurement is
in very good agreement with the previous 7=30(15) ps [VJD™17|, derived by Doppler
shift methods. The corresponding B(E2) strength for the 854-keV ~-ray transition yields
B(E2) = 1.21%3 W.u. for the the vp3 /5 — v f7 /5 transition in 13380, The strength is com-
parable to single-particle transitions in the Pb region. The new measurement provides
a benchmark for transition rates above '32Sn, although a more precise measurement

will be required to draw strong conclusions.
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Lifetime measurements in °*Sn

Nuclei with few valence particles outside closed shells are sources of information on
fundamental nuclear properties. The 34Sn nucleus, having only a couple of neutrons
above the doubly-magic 32Sn (Z = 50 and N = 82), is an excellent example to study the
nucleon-nucleon interaction, as well as the single particle nature of their excited levels.
The investigation of the excited structure of '3*Sn, populated through the 8 decay of
indium, is summarized in this chapter. The work described in this PhD focuses on
lifetime measurements of the excited states.

The task of reaching experimentally nuclei far from the valley of stability has been
always very challenging. Hence, the empirical information available for tin isotopes be-
yond N = 82 is very scarce. A first insight into the excited structure of ¥*Sn was pro-
vided by prompt-vy spectroscopy measurements, performed with the EUROGAM2 array,
from the fragments produced after the spontaneous fission of 248Cm. Results concerning
134Sn were presented by Zhang et al. [ZBD*97| and Korgul et al. [KURUY00]. Four
levels were identified, the first three ones were interpreted as members of the V(f? /2)j
multiplet, while the other state at 2401 keV was identified to be the v(f7/9hg )5+ state.
These assignments were supported by the comparison to analogous multiplet states in
the 21°Pb region. In Figure the level scheme of 134Sn from Korgul. et al. is shown.

The existing experimental information about transition rates in '34Sn is scarce.
There is only a direct measurement for the 1248-keV isomeric state lifetime. A value
of Ty /5=80(15) ns is reported [ZBD™97, IKURU™00], obtained from the time difference
distribution of the 726-keV 7-ray relative to the prompt fission y-ray burst. A value
of B(E2; 67 —4%)=36(7) e?fm*, with relatively low precision, is reported [ZBDT97],
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Figure 8.1: Partial level scheme of !3*Sn observed in the spontaneous fission of
248Cm. The figure is taken from [KURUT00]. The four levels identified were proposed to

correspond to two-neutron configurations.

which is consistent with the assignment of the 61 state to the v/(f2 /2) two single particle

multiplet [KURUT00).

Another piece of experimental information was provided by J.R. Beene et al. [BVB™04],
where the B(E2;0" —2%) transition rate in 34Sn was investigated via Coulomb exci-
tation at the Holified Radioactive Ton Beam facility (HRIBF) at ORNL. A preliminary
experimental value of B(E2; 2* —0%)=58(10) e?*fm* is reported in [BVBT04, VBB 05,
RBB™05], which translates in a 7=70(12) ps mean life.

The direct measurement of lifetimes of the states built on the v(f2 /2) configuration,
will help to support their assignment to the multiplet and identify admixtures in the

wave functions.
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8.1 Population of excited states in'3*Sn

8.1 Population of excited states in'*Sn

In the IS610 campaign, the excited levels in 34Sn were populated in the S-decay of In,
specifically y-rays in 34Sn level scheme were observed following the B-decay of 134In
and, for the first time, the 8-delayed neutron decay of ¥°In was detected. This provides
us with an excellent opportunity to study the excited structure in **Sn populated in
a complete different process than those previously used. Furthermore, thanks to the
use of the fast-timing setup, it is possible to gain access to the remaining lifetimes from
the I/(f% /2)]- multiplet. We stress that the IS610 experiment carried out at ISOLDE
was the first time that 134Sn was populated in a S-decay experiment. Figure shows
the v-ray spectra measured for the decay of 3In (Top) and '*°In (Bottom). Gamma
rays belonging to transitions between the u(f? /2) multiplet in 34Sn, can be very clearly
observed in both spectra.

The indium yield drops enormously as we move to higher masses, hence the amount
of statistics recorded for the 34135In 8 decays is significantly lower in comparison with
the high statistics attained for the lower masses. In the course of the IS610 campaign
performed in 2018, we estimate a total of about 107 *In ions, and 106 3%In ions
implanted at the IDS collection point. For the decay of In with masses above 132,
due to the low neutron separation energy, the dominant decay process is the S-decay
with the emission of one or two neutrons (see previous chapters). In particular, the
probability of ¥4In decaying directly to '3*Sn is lower than 5%, while in '35In the most
likely process, more than 90%, is S-n decay to 34Sn. Hence, even though the amount of
statistics recorded for A = 135 mass is an order of magnitude lower than for A = 134, the
statistics attained for '34Sn is similar in both cases. However, the relative 7 intensities

are different.

8.2 Lifetime measurements

Taking advantage of the fast-timing detectors it is in principle possible to investigate
lifetimes in both '34In and '¥°In decays. But the limited statistics, even though sufficient
for a y-spectroscopy study, is barely enough for a precise timing analysis. Because of
this, we have relied on double coincidence events between  and LaBrs(Ce) detectors,
and skipped the use of a third coincidence conditions on the HPGe detectors. Therefore

a proper understanding of contaminants and background components is required.
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Figure 8.2: '?Sn y-rays observed in the (-decays of **In and '3°In. (Top) f-
gated HPGe spectrum recorded for the S-decay of 3*In. (Bottom) Spectrum under the
same conditions for the 8-decay of °In. In both spectra, only the events measured within
the time window of 10 to 510 ms after proton impact are included. The contribution from
long-lived contaminants has been removed by subtracting the spectra measured within the
700—1200 ms time window.

As stated before, 134In decays only to 34Sn with less of the 5%, consequently the
spectra is dominated by the y-rays from '33Sn. Looking at the '34In spectrum shown
in Figure we can identify an structure around 600-keV, generated by the interaction
of fB-delayed neutrons with the HPGe detectors. There is also activity arising from
the daughter isotopes. However this contribution is highly suppressed by the tape
movement. In addition, it can be easily removed by setting the proper conditions in
the time difference to the arrival of the proton beam on target. Another, source of
background that may arise is '3*Cs, which is surface ionized and mass separated for
A = 134. Fortunately in this case, the only contribution is the 127-keV 4-ray from the

internal decay of the isomeric state, which is fully removed by gating on the -detector,
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8.2 Lifetime measurements

and is located below our energies of interest.

The same kind of contributions are present for the A = 135 measurements. In this
case, the main one is due to the '3*Sn ~-rays, from the '3%In B-delayed neutron decay.
Activity from the daughters is reduced by the tape movement, and it can be removed
with the proper time conditions.

The most problematic source of background comes from the 35" Cs isomeric state,
which completely dominates the spectra. 3*™Cs decays by emitting a cascade of two
y-rays of 787 and 846 keV, above the energy of the y-rays in '3*Sn. In principle they
should disappear by (-gating, however, they are still present in the spectra due to
the contributions of events where one of the two 13*™Cs y—rays is scattered on the S-
detector. Due to the large amount of the ™ Cs contaminant in comparison to the 3°In,

these marginal events become the dominant contribution in the spectra. A solution for

the time analysis is provided below.

8.2.1 Lifetime of (vf;2)* 6T state

The lifetime of the 61 level in '¥4Sn, known to be T;/,=80(15) ns [ZBD*97], can be
obtained from our dataset from the time difference between the feeding 8 and the de-
exciting v-rays from the 61 level. Due to its long lifetime the time difference between the
plastic scintillator and the HPGe detectors is used. We can take advantage of the good
energy resolution of HPGe detectors to obtain a better selectivity of the -transition,
and the lifetime can be extracted from the slope in the time distributions. We use the
174-keV ~-ray, which directly de-excites the state. Besides, since the 174-keV transition
feeds the 47 and 27 levels, this lifetime can be also measured from the time distributions

of 348- and 726-keV ~-rays, because the 4™ and 27 have much shorter lifetimes.

Analysis of *In decay data sets

Figure (top) shows the HPGe spectrum measured in delayed coincidence with
the 8 detector within the 200-400 ns after the S~(t) prompt. As can be observed in
the spectrum, the contribution from Compton background is negligible with these con-
ditions, contrary to the situation observed the g-gated HPGe spectrum in Figure [8.2
This indicates that the Compton background contributions are much more important
in the prompt region, and thus they have a small influence in the slope of the time dis-

tributions. The three 57(t) time-delayed distributions are built by selecting separately
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Figure 8.3: Lifetime analysis of the 6% state in **Sn populated in the 3 decay of
134Tn. (Top) B-gated HPGe spectrum measured in the 134In B-decay. (Bottom) 3-HPGe(t)

time distribution of 34Sn 7-rays emitted after the '3*In decay.

these three relevant y-rays. The contribution from Compton events has been estimated
from the nearby background and subtracted from the time distributions.

In Figure (bottom) the time distributions for the three -rays are plotted. The
contribution from the Compton background has been estimated and subtracted. Each
time distribution has been fit to a exponential decay function convoluted with a Gaus-
sian. A constant background has been included in the fit to account the contribution of
random coincidences. The lifetimes of 4T and 27 states are much shorter and they do
not have a big influence on the time distributions of 348-keV and 726-keV ~-rays in this
time scale. Thus only one exponential decay component is considered in the fits. Due

to the reduced amount of data the statistical fluctuations are high. To reduce them a
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8.2 Lifetime measurements

bin size of 80 ns has been chosen.

The analysis has been performed separately for the datasets from the 2016 and 2018
campaigns. Hence, 6 separate values have been derived for the lifetime of 6 state.
The statistics obtained in the 2016 campaign was significantly lower, and consequently
the results obtained from this data set are less reliable. The six derived values are

compatible among each other, and with the previous value 80(15)ns |[ZBD™97].
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Figure 8.4: 3-HPGe(t) Time distribution of '**Sn ~-rays emitted after '3°In
decay. (Top) f-gated HPGe spectrum. (Bottom) Analysis performed on the time distri-
butions of 174-keV (orange), 348-keéV (blue) and 726-keV (red) -rays. Both 348-keV and
726-keV transitions show a prompt component due to the direct population of the 4T and
27 levels.

Analysis of %°In decay data sets

The half-life of the 67 states can also be derived from !3°In (-decay data. The

stronger feeding occurs to the 4T level, being the feeding to the 6T level relatively
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Table 8.1: Summary of T/, values measured during this investigation.

Dataset ‘ v-ray (keV) Ty /2(ns) ‘
Previous value 80(15)
174 75(7)
134T0 decay 2016 348 83(3)
726 83(2)
174 83(3)
134T0 decay 2018 348 78(3)
726 81(3)
174 74(18)
135Tn decay 2018 348 83(15)
726 82(21)
Final value Weigthed average 81.7(12)

small. Therefore the time distributions of the 348-keV and 726-keV transitions contain
two different components, a "prompt" distribution with Gaussian shape corresponding
to the direct population of the 47 and 2% levels, and a "slow" distribution with a slope
which corresponds to the population from the 6 level. Likewise for the analysis of
the 134In decay datasets, time distributions from the 174-, 348- and 726-keV transitions
were produced. The lifetime is derived from fit of the slopes. The results from this
analysis are displayed in Figure They are in perfect agreement with the values

measured for ¥#In B-decay, even though the error bars are significantly larger.

Adopted value and transition rate

Throughout this study 9 independent values were obtained for this specific half-life,
which are summarized in Table [8.I] All of them, measured under different conditions,
are compatible with each other. A weighted average of T /,=81.7(12) ns is adopted
for the 67 level in '34Sn. This result is in excellent agreement with the previously
reported value |ZBDT97, KURU™00] but with a much improved uncertainty. A reduced

transition probability B(E2; 67 — 47) = 35.4(5) e*fm* = 0.870(13) W.u. is derived.
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8.2 Lifetime measurements

8.2.2 Lifetime of uf?/z 4" state

There is no previous information about the v f72/2 4T state lifetime. The use of fast-
timing detectors along with the good statistics acquired for this isotope make it possible
to gain access to this lifetime. A priory, it is expected that the 348-keV transition has a
similar B(E2) to that of 174-keV. Since B(E2) oc E 5771 the energy scaling gives a half-
life for the 4T level of the order of 2 ns, which is ideally suited for the LaBrs(Ce) detectors
used in our experiment. As mentioned above, the 4 state is strongly populated in both
the 34In and the '3°In f-decays, therefore it is possible to study this lifetime in both

cases.

Analysis of the 3*In S-decay data

In the B-decay of 34In, the 47 level is indirectly populated by the 174-keV transition
from 6% level. Consequently, the S(t) time distribution of the 348-keV de-exciting
transition is influenced by the long lifetime of the 61 state. However, the large Compton
contribution of y-rays from the 8-n decay branch of 13*In, makes it impossible to cleanly
select the 348-keV in the LaBr3(Ce) energy spectra. The statistics is not sufficient to
apply triple Sv~(t) coincidences either. Hence, the only possibility to measure this
lifetime is the analysis of LaBrs(Ce)-LaBrs(Ce) coincidences.

The lifetime of the 4% state was derived from the time difference between the feeding
174-keV transition and the 348-keV de-exciting transitions. This method avoids the
influence of the long lifetime of the 6% level. The events recorded in coincidence between
the two LaBr3(Ce) detectors within the time interval of 10 to 600 ms after the proton
pulse are plotted in Figure (left). The coincidence between the 174- and 348-keV
transitions stands out very clearly without major Compton background contributions.
Both delayed and anti-delayed time distributions are depicted in Figure (right).

In this case, the lifetime of the level is long enough to show an exponential slope,
which can be observed in both time distributions. The half life was measured by a >
fit to an exponential decay convoluted with a Gaussian. A constant background was
included in the fit to account for the remaining background counts. This analysis yielded
two independent measurements, in full agreement with each other, T} /2:1.22(8) ns and

T, /2:1.19(13) ns for the delayed and anti-delayed coincidences, respectively.
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Figure 8.5: 7v(t) lifetime analysis of the 13*Sn 4" state. (Left) vy coincidence
energy matrix measured for the **In 3-decay dataset. The marked regions indicate the
energy gates used to select the 174-348 coincidence peaks, as well as the background con-
tributions. (Right) Time-distributions for the delayed and anti-delayed coincidence events.

The half-life values are derived by a 2 fit to the time distributions.

Analysis of the 3°In §-decay data

The 41 level is also populated in the 3%In B-decay via the B-n branch. In this case,
the main branch is the direct 8-n feeding. On the other hand, the 6% level is weakly
populated in this decay, therefore the lifetime of the 4% state cannot be measured from
the 174-348 keV 47(t) coincidences. Nevertheless, the weak population of 6 level opens
up the possibility of measuring the lifetime from Sv(t) coincidences.

In Figure the [-gated spectra measured in one of the LaBrg(Ce) detectors for
the 5In decay is depicted. As discussed for the measurement of the 67 level lifetime,
the spectrum is dominated by the v rays from '3°Cs, nonetheless the presence of this
contaminant is only important around the 57(t) prompt time position. Its influence is
notably reduced after 100 ns from the prompt time position.

The lifetime for the 1073-keV 47T level, can be derived by analyzing the 3v(t) time
distributions from both 348- and 726-keV ~-rays, which de-excite the 4™ and 27 states,
respectively. The contribution from the 27 level lifetime can be neglected, since it is

expected to be of the order of tens of ps. In order to reduce the contribution of the
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Figure 8.6: 3-gated LaBr;(Ce) energy spectra measured for the 3 decay of *°In
(Top) Full g-gated LaBrs spectrum, measured for the first 600 ms after proton impact.
(Bottom) Spectrum obtained after selecting only the delayed events, measured 100 ns after
the prompt [~ events.

135Cs contaminant, only the events measured for the first 600 ms after the proton pulse
were included. The time spectra obtained for both LaBrs(Ce) detectors, after gating
on the 348-keV and 726-keV transitions, are depicted in Figure 87 The contributions
from Compton evens has been estimated and subtracted. The lifetime was measured
via a x2 fit of the time distribution, convoluted with a Gaussian. In this case, the
prompt region was excluded from the fit in order to reduce the caesium background.
The contribution from the long 6T lifetime was small in both cases, nonetheless its
effect was also considered in the fit. The analysis yielded another four independent
measurements for this half-life (see Figure , which are in good agreement between

each other and with the other two values obtained from '34In S-decay data.

Final value

To conclude, the lifetime of the v(f2 /2)4+ level has been investigated. Six indepen-
dent values have been measured. They are summarized in Table The final value
from this work is adopted as the weighted average of the measurements, T} 5=1.18(4)

ns. From this result, we derive a B(E2)=2.25(7)W.u. rate for the 348-keV transition.
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Figure 8.7: 3-LaBr3(Ce)(t) analysis for the lifetime of the 4™ state. (Left) -
gated LaBr3(Ce) spectrum measured in the B-decay of '35In. The colored regions show
the energy gates used for the 348-keV and 726-keV 7-rays. (Right) Corresponding time
distribution for both transitions. The half-lives are derived by fitting the slopes in each

time distribution.

Table 8.2: Summary of T/, values measured in this thesis for the 4% state

Data set ~-ray (keV) T1/2(ps) ‘

134T0 decay Delayed 1217(84)
Anti-Delayed ~ 1192(131)
135Tn decay — 348-keV LaBrg 1 1182(59)
348-keV LaBrs 2 1273(70)
726-keV LaBry 1 1018(73)
726-keV LaBrs 2 1256(102)

Final value 1183(40) ps

8.2.3 Lifetime of (vf;5)* 27 state

To complete our investigation on the half-lives of 134Sn levels, the lifetime of its first ex-

cited state at 726-keV, corresponding to the 2% from the (vf; /2)2 configuration, has been

studied. There is no previous direct measurement of this half-life, but a measurement

of the B(E2) via Coulomb excitation [BVBT04] exists, yielding 58(4) W.u. Considering
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such B(E2) value, a half-life of 48(7) ps is expected for the 27 state, very well suited for
the centroid shift method. However, the limited statistics hampers the analysis. The
726-keV level is very weakly populated directly, both in the decays of *In and '3°In.
This implies that the 8v(t) distribution of 726-keV ~-ray is fully dominated by the long
lifetimes of the two high-lying levels. To avoid their influence, the only possibility is to
analyze the 348-726 LaBrs-LaBrs(t) coincidences.

The analysis is hindered in the f-n decay of ¥%In due to the strong presence of
135m (s, which decays by the emission of two y-rays of 846-keV and 787-keV in cascade.
The higher energy of both transitions, in comparison with the 348-726 keV cascade,
generates a very strong background in the v+ coincidence matrix, originated by coin-
cidences between Compton events from the 846-keV and 787-keV transitions. In the
[-decay of 34In there is not such a contaminant, allowing for the clean selection of the
348-726 coincidence peak. The main limitation is the scarcity of statistics, reduced by
the need of detecting two y-rays, and the lower efficiency at 726-keV. This causes that
the only option to study this coincidence is the use of the 2018 dataset.
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Figure 8.8: LaBr;(Ce)-LaBr;(Ce) y-v coincidence matrix. Coincidence -y events
recorded with the LaBrs(Ce) detectors during the 34In decay. In the

Figure shows the v+ coincidence matrix measured for the LaBrs(Ce) detectors,
for the 34In -decay. The gates imposed to obtain the time distributions are marked.

It can be noticed how the events from the 348-726-keV coincidence can only be slightly
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distinguished from the background. The ratio of FEP-FEP events to background events
is estimated to be 1:1. Hence, corrections for the contribution of this background are
particularly important in this case. The background contributions have been estimated
from the nearby regions and subtracted from the time spectra. At the right-hand side of
Figure [8.8| the time distributions for the 346-726 delayed and anti-delayed coincidence
peaks are depicted. Due to the low statistics, the uncertainty in the determination of the
centroids is very large. Assuming conservative large error bars, our analysis yielded a
value of T 5=55(28) ps. In spite of the large uncertainty, the T, ,=55(28) ps value is in
good agreement with the Ty /5 49(7) ps extracted from the previous Coulomb excitation
study|BVBT04].

In this chapter, the lifetimes of '4Sn states were measured by investigating the j3
decay of both 34In and '3°In using the fast-timing technique and time differences with
the HPGe detectors.

From our investigation a whole set of lifetimes has been measured for the (vf;/5)?
states in '34Sn. Table summarizes the half-lives and the B(E2) ~-ray strengths,

assuming pure E2 multipolarity.

Table 8.3: Summary of T/, values measured on the framework of this PhD.

ISIT ] Ty [ BE2J =) | BE2J; =)
(e*fm*) (W.u.)

2t 0% | 55(28) ps 52(150) 1.3(E1T)

4T -2+ | 1.18(4) ns 92(3) 2.25(7)

6t -4+ | 81.7(12) ns | 35.4(5) 0.870(13)

8.3 Theoretical Calculations for **Sn

Sn isotopes with few neutrons above !32Sn have been of great interest from the theo-
retical point of view. They are excellent test grounds to probe the validity of the shell
model description of the nuclear structure in this region. Information on the B(E2)
transitions strengths is particularly relevant, since shell model calculations are very
sensitive to them. As a consequence, there is a good amount of theoretical calculations

for the B(E2) strengths in 3#Sn that use different interactions and theoretical models.
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Coraggio et al. performed shell-model calculations in 2002 for the 3%135Sn isotopes
[CCGIO2]. A realistic effective interaction derived from the CD-Bonn nucleon-nucleon
potential [Mac01l (CACT97| was used. The shell model space included the 1f; /25 2D3)2,
Ohg /2, 2p1/2, 1f5/2 and 0iy3/5 orbitals. The single particle energies were extracted from
the experimental spectrum of '33Sn [HBHT96|, as known at that time. The energy
of the 0iy3/; remains without experimental confirmation. However, this energy has
been proposed at 2.7(2) MeV from the position of the (wg7/2,/i13/2)10+ state in 134G},
[WWAT99]. For the B(E2) calculation, an effective neutron charge of e/ = 0.7¢ was
assumed. Note that this value was chosen in order to reproduce the known B(E2;
6% —47%) transition rate [ZBDT97, KURU¥00]. The predicted B(E2) values for !3*Sn
states from Ref, [CCGI02] are summarized in Table

Kartamyshev et al. also carried out shell-model calculations for tin isotopes with
A = 134—142 |[KEHJOO07]. The same model space and single particle energies as Cor-
aggio et al. were used. A perturbative many-body scheme was employed to derive the
effective interaction starting with a realistic model for the free nucleon-nucleon interac-
tion [MSS96]. For the calculations of the B(E2) transition rates, an effective neutron
charge eflf I~ 0.64e was employed. This eif J value was chosen in order to obtain the
best agreement to both the experimental B(E2; 67 —47) |[ZBD797| and B(E2; 2 —0T)
[BVB*04] values in 13*Sn available at that time. The calculated B(E2) values for 34Sn
states from Ref. [KEHJO07| are summarized in Table

With the tuning of the effective charge an overall good agreement between the
theoretical calculations and the experimental measurements for the available B(E2)
rates is achieved. However, the experimental information was limited to the B(E2) rates
for the decay transitions from the 67 [ZBD¥97] and the 2+ [BVB*04] levels in !3Sn.
Consequently, the ability of the calculations to predict transitions rates from other
levels or in other Sn isotopes has not yet been verified. The limitation of the existing
calculations was pointed out in the publication in 2014 of the new measurements for
the 135:138Sn isotopes by Simpson et al [SGJT14]. In that experiment, the B(E2) values
of the decay transitions of the 6% isomers in both isotopes were measured. A striking
result was the quite large B(E2) value for *%Sn in comparison to the calculated values
from shell model calculations and the seniority scheme.

The appearance of new experimental data, along with the seemingly anomalous

behavior of 136Sn, motivated new shell-model calculations. Jain and Maheshwari per-
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Table 8.4: Theoretical B(E2) transition rates in 34Sn.

B(E2;J7 —J7F) [e*fm?]
[CCGIN2] | [KEHIO0T] [IM17]
JT —J7 | CD-BONN | CD-BONN | RCDBN RCDBN1 RCDBN2 RCDBN3 | Exp.
2t - 0f 70.6 61.1 64.5 64.9 65.51 65.9 | 52(*1)
4t = 2f 69.7 62.3 66.7 68.6 67.7 67.7 92(3)
6T — 4t 35.8 33.8 35.9 35.9 36.6 36.5 | 35.4(5)

formed calculations for 34=139Sn isotopes [JM17]. The doubly magic 132Sn was taken
as an inert core and a re-normalized charge-dependent (RCDBN) effective interaction
was used. The most recent values for the s.p. energies were employed and an effective
neutron charge of 0.65 was chosen. The calculations were able to reproduce the exper-
imental results for the B(E2) values in 134Sn, however they were not able to reproduce
the aforementioned 2%Sn anomaly. In order to resolve this issue, the RCDBN was modi-
fied in order to achieve the best agreement with the experimental data. In the RCDBN1
modified interaction, the position for the s.p. energy of the i;3/5 orbital was shifted up
by 1.2 MeV. In a second modified interaction, RCDBN2, the energy of the i3/, orbital
was left unchanged, while the two-body matrix elements (TBME) were reduced to 25
keV. For the third interaction (RCDBN3) both changes were applied at the same time,
achieving the best fit to the measured values, including the '36Sn anomaly. The results
reported in [JM17] are also summarized in Table

8.4 Discussion of the lifetime values

The experimental reduced transition probabilities calculated from the lifetime values.
They are compared to the theoretical calculations, described above, in Table Table

Regarding the 2% state, a B(E2;2t —01)=52(T19) e*fm* value was derived from
our measurement. This new value helps to support the previous B(E2;2T —01)=58(8)
e?fm* measured in Coulomb excitation [BVB¥04]. Due to the limitation in statistics it
was not possible to improve the precision. In Figure the theoretical values available
in the literature for the B(E2;2t —07) transition rate, along with the new value derived
from this work, and the previous experimental value, are plotted. Both experimental
measurements are drawn with their respective error bars. Since the error bar from our

measurement is so large, it is difficult to draw conclusions. The theoretical values are
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Figure 8.9: Comparison with theoretical B(E2) strengths in **Sn. The red tri-
angles correspond to the experimental measurements derived from this work. The blue and
orange points are the previous experimental measurements for the 2% —07 and 6T —4+
transitions respectively. The values predicted by the different shell model calculations from
Table @ are drawn, together with their reference.

in overall good agreement with the measurement reported by Beene et al, except for
the B(E2)=70.6 e*fm* calculated by Coraggio et al. [CCGI02]. However, it should be
noted that these calculations are the only ones that were published before the mea-
surement by Beene et al., when the only experimental information available was the
B(E2;6T —47%) for 13*Sn. The remaining two shell model calculations where performed
after the publication of the Coulomb excitation measurement by tuning them to both
experimental B(E2) values in 13*Sn.

We have performed the first experimental measurement of the 4™ level lifetime, from
which a B(E2;4T —27%) = 92(3) e?fm* is obtained. The result is very striking because all
the different shell model calculations are in agreement to each other, but underestimate
by ~40% the value measured in this work.

Regarding the transition rate for the 6% —4T transition, our new measurement

is in full agreement with the previous information, but with higher precision. The

243



8. LIFETIME MEASUREMENTS IN 134SN

9
8_ —
7_ —
. 6 .
>
= 5 .
0 o4r §
ED3_ n
2_ 1 —
Y i
0 | | | |

2+_)0+ 4+_)2+ 6+_)4+ 8+_’6+

Figure 8.10: Systematic of B(E2) values in equivalent two nucleons systems.
The B(E2) values of 134Te, 2!°Po and 2!°Pb transitions have been taken from their nuclear
data-sheets[Son04l Bas14]

values predicted by the different shell model calculations are also in agreement with our

measurements, some of them lying slightly off the error bars.

It is interesting to compare the B(E2) in ¥#Sn with those in similar two-nucleon
systems. In the region around '32Sn, the low lying states in '3*Te, are identified with a
system of two protons in the wlg;/, orbital. In the region around doubly magic 208p
we can find similar nuclei, whose transition rates are also measured. The ?'9Pb isotope,
which has two neutrons in the v2gqg /5 orbital, and the 210Po nucleus with two protons

in the mlhg o orbital.

The systematics of the B(E2) rate values for similar two nucleons systems is repre-
sented in Figure [8.10[ The transition rates have been taken from Ref. [Son04, Bas14].
For 134Sn, we use the values measured in this work. It can be observed in the figure that
the the trend of B(E2) rates in 3*Te, 219Pb and 2!%Po are similar. However, the values
are systematically lower for #Sn. The enhancement of the B(E2;4* —2%) strength
compared to the B(E2;67 —4%) one is common to all isotopes, and in the case of 34Sn

is almost equal to that in 219Pb, the analog two-neutron system in the 2°*Pb region.
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8.5 Summary of the chapter

8.5 Summary of the chapter

In this chapter the analysis of the excited structure of ¥4Sn, populated in the S-decay
of 4In and '3°In, is described. Our study focuses on the measurement of the lifetimes
of the excited levels in '3*Sn. The half-life of the three states from the v f72 /2 multiplet
have been measured. For the 27 state, the result confirms the B(E2) rate measured by
Coulomb excitation [BVBT04, VBB™05, RBBT05|, but with lower precision. For the
47 state, we have performed the first experimental measurement, yielding a half-life of
1.18(4) ns. A half-life of 81.7(12) ns was derived for the 6% level, whose precision is
notably improved with regard to previous measurements.

These new measured half-life values, where used to obtain the B(E2) transition
strengths. By comparing our experimental values to theoretical calculations, we found
that the theoretical predictions notably underestimate the B(E2; 47 —2%) transition
rate. A systematic study also showed that the B(E2) transition rates in 34Sn are
systematically lower than those measured for similar two nucleons systems in the '32Sn

and 208Pb regions, but they are consistent with the analogous two-neutron >'°Pb isotope.
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Conclusions and outlook

The evolution of the nuclear shell structure for nuclei with large neutron to proton
ratios is an open problem in nuclear physics. The experimental study of the regions
around exotic doubly-magic nuclei play an important role in the understanding of how
the shell structure evolves, and provides useful input to shell-model calculations, which
can be used over larger areas of the nuclear chart. The region around *2Sn is of utmost
importance, since it is the heaviest doubly-magic nuclei located outside of the valley of
stability that can be produced at several radioactive beam facilities at present.

The goal of this PhD Thesis is the investigation of the excited level structure of tin
isotopes around '32Sn (Z=50 and N=82) region. With this aim, we have investigated
the isotopes ¥1Sn, 1328n, 1¥3Sn and !'3*Sn, populated in the § decay of 1317135In. Our
study was performed at the ISOLDE facility in the framework of the IS610 experiment,
where low-energy radioactive beams were produced by neutron induced fission on a UCx
target. One of the key aspect of the experiment was the use of the ISOLDE resonant
ionization laser ion source (RILIS), with the capability of selective isomer ionization
for certain isotopes. The measurements were performed at the ISOLDE decay station,
and included high-resolution ~y-ray spectroscopy and fast-timing measurements using
LaBrs(Ce) scintillators as y-ray detectors.

The main achievements of this PhD thesis are outlined below.

Data analysis

A set of programs has been written to perform the data analysis in order to measure
the lifetimes of the levels under study. The analysis of the 8-walk showed the existence
of two components in the 8 spectrum, a fast one related to the transmission peak, and a

slow component coming from a wider energy spectrum, with a relative weight depending
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on the available 8 energy. This behaviour has been taken into account in the analysis.
In addition, a new methodology has been implemented to account and correct for the

contributions of Compton background in the fast-timing measurements.

Results on doubly magic %?Sn

The excited structure of ¥2Sn has been studied in detail from the 3 decay of '3?In.
By taking advantage of the isomer selectivity capabilities of the ISOLDE RILIS source,
independent investigations of the B-decay of the '338In (9/2%) g.s. and the 133™In
(1/27) isomer has been performed. The results derived from this investigation have

been published by J. Benito et al in Physical Review C |[BFK™20).

e A total of 17 new levels and 68 new + transitions have been added. A complete
fast-timing investigation of the excited levels in 132Sn has been performed as well,

confirming and extending previous results.

e An interpretation of the level structure is provided in terms of particle-hole con-
figurations arising from core breaking states across the gap, both from the N
= 82 and Z = 50 shells. The interpretation is based on empirical calculations
IMEH™95, FHI ™95, [BIo98|. The identification of all remaining missing levels from
the v f /2h1_11/2 and v f7/9d5 /12 neutron-hole configurations has been completed. A
tentative interpretation has been provided for the remaining of observed states,
where we have been able to observe most of the expected particle-hole levels with

angular momenta close to 7.

e A new, more precise, value for the half-life of the ¥?In g.s, T1/2:202.2(2), ms have
been measured. The measurement was obtained by analyzing the time distribution

of the ten strongest y-rays emitted in 32In S-decay.

e Based on gamma intensities, the §-delayed neutron emission probabilities have
been measured for the decay of 32In, P,—=12(2)%, and separately for the decay
of 1339In, P,,=90(3)%, and '33"In, P,=93(3)%.

e The lifetimes of 7 excited levels have been remeasured in this analysis. These
new measurements show an excellent agreement with previous values [FHJT95].

Additionally, upper half-life limits were obtained for another 8 levels.
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The structure of the single-hole nucleus *'Sn

The excited structure of the single-hole nucleus ®'Sn was populated in the S-decay of
the three 3In B-decaying states, 1319In (9/2%), 131mln (1/27) and 131™2In (21/27).
Thanks to the use of RILIS it was possible to separate very well the ionization of the

1BImlTy and 39]n states. The results derived from this study are summarized below.

e The half-lives of the three S-decaying states in '3'In have been measured with bet-
ter precision than previously achieved. The three new values, T jo['**In|=261.8(4) ms,
Ty o[ In]=335.7(6) ms and T jo['*'"2In|=343(2) ms, are in good agreement

with previous values.

e The level-scheme of 131Sn has been notably expanded in the work of this thesis,

with the addition of 28 new + lines and 22 new excited levels.

e The population of a s isomeric state in 'Sn at 4680+ X-keV has been tentatively
suggested in our work, based on the analysis of the -y delayed coincidences with

the 158-keV transition. This level would correspond to the 27/27 member of the

-2
11/2

confirm this assignment.

vdzoh multiplet. Nonetheless, a more detailed measurement is required to

e An exhaustive analysis has been carried out to confirm the energy position of the

-1
vhii

the 65.1-keV assignment proposed in [FGM™04a| was found in our analysis. Nev-

single-hole state in '3'Sn via v — 7 coincidences. Evidence that supports

ertheless, there is no definitive confirmation yet. According to our analysis a more
detailed investigation of the high-lying excited levels populated in the 319In decay
will likely shed light on the position of the (11/27) state, via the identification
of levels that de-excite both to the 2434-keV (7/2%) level and the unconfirmed
(11/27) state.

e The direct feeding to the B-decaying levels in '3'Sn has been derived in this
work from the daughter decay intensities. The isomer selectivity allowed us to
separate the contributions from the S-decay of the 319In, 13™1In and B1m2[n.
As a result, the S-intensity values have been strongly revised compared to the
existing ones. This revision has a sizable effect on the logft values, which solves

the problem of the disagreement between the different f.f. transitions reported on
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previous works [FGM™04al, [DSA™19]. Our values indicate similar log ft values for
the three f.f. transitions: 71'997/12 — Z/fLIll/2 with log ft=5.5(2), Wp;/g — I/d;/g with

log [1=5.34(13), and mp; jy — vs; s, with logf1=5.40(4).

e The P, values for the three !'In $-decaying states have been derived indepen-
dently for the first time. The new values are P, [*319In]=2.4(6) %, P,,[*319In]=1.2(6) %
and P,[!31"21n]=8.9(8) %. Neutron spectroscopy measurements are required to

confirm them.

e A large number of y-decaying states located above the neutron separation energy
have been identified in '3'Sn. Our analysis shows a clear correlation between the
appearance of these states and the 8-decaying state in 13'In that populates them,

pointing to a low [-value decay to the levels in °Sn.

e The half-life of the neutron single-hole 332-keV (1/2%) state has been measured,
yielding T =18(4) ps. This short lifetime indicates an enhanced [-forbidden M1
character for the 332-keV v3sy/5 — v3ds/y transition. This value is similar to

those measured for similar i-forbidden M1 transitions in the 2°®Pb region.

e Regarding the high-spin levels populated in '3'2In decay, the half-life of the
4447+X keV and 4558+X-keV levels have been measured for the first time, and a
new value has been obtained for the long-lived 4606-+X-keV level. The transition
strengths derived from these lifetimes reinforce the analogy between the 13172In

and '32In decays. Most of the transition strengths are comparable to those of

their analogous transitions in 2Sn. The most striking difference is shown by the
173-keV E1 4447+X—4274+X transition, whose B(E1) is ~40 times larger than

its corresponding E1 transition in '32Sn.

Results for *3Sn

The excited structure in '33Sn was populated in the $-decay of both 3In and 34In

isotopes. Thanks to the use of RILIS it was possible to separate the decay of the
1339Tn (9/2%) g.s. and the 33™In (1/27) isomer. The lifetimes of the excited levels in
13381 states measured using the fast-timing technique were the main focus of this PhD

thesis. We have measured a new value for the mean-life of the p3/, single-particle state,
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8.5 Summary of the chapter

7=36(19) ps, in very good agreement with the previous value of 7=30(15) ps [VJD 17|
obtained by Doppler shift methods. The corresponding B(E2) strength for the 854-keV
7-ray transition between the vps/o and v f7 /o states is B(E2) = 1.2(f§3) W.u., which is

consistent with the strength of neutron single-particle transitions in the Pb region.

Lifetime measurements in **Sn

The excited states in 34Sn were populated in the 8 decay of '3*In and the f-n decay
of 13%In. In this PhD thesis we have performed a complete study of the lifetimes of the
low-lying states in 34Sn. In particular, the half-lives of the three states that arise from

the v f72 /2 configuration have been measured.

e A new measurement of the half-life of the 67 state has been performed, yield-
ing Ty /,=81.7(12) ns. This value is in agreement with the previously available
Ty /9=80(15) ns [ZBDT97, [KURU™00|, but has a much higher precision.

e The lifetime of the 4T state has been measured for the first time, yielding a result
of Ty/,=1.18(4) ns.

e Regarding the 271 state, we have obtained an experimental value of T, /2=55(28)
ps. This value confirms the B(E2) rate measured in Coulomb excitation [BVB™04,
VBBT™05, RBBT05|.

e The B(E2) transition strengths were derived from our half-life measurements. By
comparing them to those calculated by theory it is apparent that the theoretical
calculations underestimate the B(E2; 4% —21) transition rate. This underesti-
mation seems to be motivated by the lack of information about the half-lives for

the Sn isotopes beyond '32Sn.

e The B(E2) transition rates in **Sn were compared to those measured for similar
nuclei with two valence particle outside a doubly-magic core providing an overall

picture of two-neutron systems above doubly-magic core nuclei.

In conclusion, the results obtained in this PhD thesis provide new information on the
structure of Sn isotopes around the double Z=50, N=82 shell closure. The structure of

131Gn, 1328n, 133Sn and '34Sn has been investigated. Lifetime measurements have been
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8. LIFETIME MEASUREMENTS IN 134SN

performed for all four tin isotopes. The level schemes of 131Sn and '32Sn, populated in
the 8 and S-n decay of In isotopes, have been greatly expanded.

In spite of the recent experimental progress, spectroscopic information is still lack-
ing in the 132Sn region. Similar measurements as those described in this PhD thesis,
including - spectroscopy and lifetime measurements can be extended to other nuclei, for
example n-rich In (Z=50) isotopes populated in the S-decay of cadmium. Complemen-
tary studies can profit from low-energy transfer reactions and high-energy knock-out

experiments.
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