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Abstract

This doctoral thesis describes several experimental studies on the struc-
tures of neutron-deficient nuclei with mass numbers A~x110 and A~170. The
experiments were carried out at the Accelerator Laboratory of the University
of Jyvaskyld, Finland, using heavy-ion fusion-evaporation reactions induced
by beams of energies around 5 megaelectronvolts/nucleon. The experimental
setups used for these studies are based on the high-resolution germanium-
detector array Jurogam in combination with the recoil ion separators RITU
or MARA and their respective focal plane detector systems, as well as with
other ancillary devices.

Using the recoil distance Doppler shift technique, lifetimes of excited
states in the neutron-deficient osmium isotopes '9%171:1730g were measured
for the first time by coupling the Jurogam germanium detector array with the
ancillary device DPUNS (differential plunger for unbound nuclear states), the
gas-filled recoil separator RITU, and GREAT the decay spectrometer situated
at the RITU focal plane. The differential decay curve analysis method was
used to extract lifetimes of the excited states of interest. An anomalously low
value was observed for the ratio of the reduced electric quadrupole transition
probabilities between consecutive y-ray transitions in the yrast band of **°Os.
This observation adds to the handful of nuclides known to exhibit such be-
havior, which cannot be explained by state-of-the-art theory. Based on data
from the same experiment, new alpha decay fine structures were identified for
the osmium isotopes '"1'720s and iridium isotopes "11717Ir  relying on
the correlations of the alpha decays with both prompt and delayed gamma
rays. It is suggested that the relatively enhanced hindrance factors observed
for some of the newly observed decays might be related to changes in the su-
perposition degree of different geometrical shapes (shape coexistence) in the
final-state wave functions of the respective daughter nuclei.

Another experimental setup used in the studies was based on the vacuum-
mode mass separator MARA and its focal plane detector system in conjunc-
tion with the germanium array Jurogam and the charged-particle detector
JYTube which was placed around the target position. In this work, the ex-
tremely neutron deficient proton emitting lanthanum isotope '3SLa was dis-
covered. Enhanced proton emission probability and smaller proton-decay Q
value were observed for '®La compared with its nearest less neutron-deficient
isotope ''"La. This unusual circumstance was proposed to be a possible effect
of rarely observed neutron-proton pair correlations, as a result of their effect
on the spatial distribution of the valence proton wave function.

Using the highly selective recoil-decay tagging technique, excited states in
the extremely neutron-deficient tellurium isotope 93 Te were identified from
two independent experiments based on the two setups described above. The
deduced level scheme was compared with shell model calculations and TRS
(Total Routhian Surface) calculations, indicating that the valence neutron oc-
cupying the h;; /5 orbit has an important effect on the collectivity. The thesis
includes two published articles and two manuscripts in advanced prepara-
tion. The experimental techniques and data analysis used in this work are
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summarized and the theoretical background to the interpretations of the ex-
perimental results is briefly outlined.



Sammanfattning

Denna doktorsavhandling beskriver fyra experimentella studier av neu-
tronfattiga atomkérnor med masstalen Ax~110 och Ax170. Experimenten ut-
fordes vid Acceleratorlaboratoriet vid universitetet i Jyviskyld, Finland, med
anvindning av fusionsreaktioner inducerade av tungjonstralar accelererade
till energier av ca 5 megaelektronvolt/nukleon. De experimentuppstéllningar
som anvinds for dessa studier var baserade pad germaniumdetektorsystemet
Jurogam i kombination med rekylseparatorn RITU eller MARA och deras
respektive fokalplansdetektorsystem, savil som med andra tillhérande detek-
torsystem.

Med hjélp av Dopplerskiftsteknik uppmaéttes livstiderna for exciterade
tillstand i de neutronfattiga osmiumisotoperna 0%171:1730g for forsta gang-
en genom att kombinera detektorsystemet Jurogam med rekyljonseparatorn
RITU, och detektorsystemet GREAT placerat vid RITUs fokalplan. Meto-
den for analys av differentiella s6nderfallskurvor anvindes for att extrahera
livstider for de exciterade tillstinden av intresse. Ett onormalt lagt vérde
observerades for forhallandet mellan de reducerade elektriska kvadrupol6ver-
gangssannolikheterna mellan pa varandra f6ljande 6vergangar i den starkaste
gammakaskaden i '%°Os. Tidigare har endast en handfull nuklider observe-
rats uppvisa sddant beteende vilket ej kan forklaras av vedertagna teoretiska
modeller. Baserat pa data fran samma experiment identifierades finstruktu-
rer i alfasonderfallen for osmiumisotoperna "*720s och iridiumisotoperna
1711721747y med hjalp av korrelationer mellan alfapartikelemission och for-
drojd respektive omedelbar detektion av gammastralning. Det foreslas att
den reducerade 6vergangssannolikhet som observerades for vissa av dessa al-
fasonderfall kan relateras till effekter av att vagfunktionen i dotterkdrnornas
sluttillstand antar en varierande superposition av olika geometriska former
("shape coexistence”).

En annan experimentell uppsittning som anvéndes i studierna var baserad
pa rekylmasseparatorn MARA och dess fokalplansdetektorsystem i kombina-
tion med germaniumdetektorsystemet Jurogam och partikeldetektorn JY Tu-
be vilka var placerade runt stralmalet. I analysen av experimentdata upptack-
tes den nya protonemitterande lantanisotopen '°La. Okad protonemissions-
sannolikhet och ligre sonderfallsenergi observerades for '®La jaimfort med
den nirmaste isotopen '"La. Detta &r ovintat och foreslas vara en méjlig
effekt av att utokade parkorrelationer mellan neutroner och protoner i kirnan
paverkar den spatiella férdelningen av valensprotonens vagfunktion.

Med hjélp av den mycket selektiva isotopidentifieringstekniken "recoil decay
tagging” observerades exciterade tillstand i den extremt neutronfattiga atom-
kiirnan '°"Te genom att kombinera data fran tva oberoende experiment. Ex-
perimenten genomférdes med de tva olika detektoruppstillningar som be-
skrivitss ovan. Det nivaschema som hérleddes jamfordes med skalmodellbe-
rdkningar och TRS-medelfiltsberdkningar vilket ledde till slutsatsen att néir
valensneutronen befinner sig i ett s.k. hy; /o orbital har den en betydelsefull
effekt pa graden av kollektivitet i kidrnans vagfunktion. Avhandlingen inne-
haller tva publicerade artiklar och tva manuskript. Experimentella tekniker,
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dataanalysmetoder och den teoretiska bakgrunden till tolkningarna av experi-
mentresultaten som anvénts i detta arbete beskrivs kortfattat i avhandlingen.



Acknowledgements

This thesis would not have been possible without the help of many people. First
and foremost, I would like to thank my supervisor, Bo Cederwall, for giving me the
opportunity to study at KTH nuclear physics group. I am deeply grateful for his
ingpiring guidance and ever continuing support, offering advice and encouragement
with a perfect blend of insight and humor.

I wish to express my sincere gratitude to Chong Qi who has helped me a lot to
improve my knowledge of nuclear theory and shared many interesting stories. My
gratitude also extends to Ozge Aktag and Maria Doncel, especially for the help and
encouragement at the beginning of my data analysis.

Sincere thanks are due to all the group members of nuclear physics at KTH
for their patience and tolerance. It has been a great pleasure to share the office
with Xiaoyu Liu, Aysegiil Ertoprak, Ozge Aktas, Linda Eliasson, Biswarup Das,
and Arshiya Sood. Many thanks for the pleasant working environment they have
created as well as for their friendship and immense helpfulness in different ways,
also to my colleagues Jana Vasiljevi¢ and Ebba Ahlgren. I'm also very thankful
for all the senior staff members, Torbjorn Béck, Roberto Liotta, Ayse Atag Nyberg
and Ramon Wyss for discussions on various physics topics enabling me to deepen
my understanding of nuclear physics.

Thanks also go to the collaborators for their valuable comments and suggestions
on my work, special thanks to Jan Siren and Juha Uusitalo at JYFL who helped
me a lot with data analysis and patiently answered many of my questions about
the experimental setups.

I am very grateful to the China Scholarship Council for giving me four years of
financial support during my study at KTH.

Finally I wish to thank my family and my Huan for their support and encour-
agement throughout this period of my studies.

vii






List of Publications

This thesis is based on the following four papers.

1. Lifetime measurements of excited states in '5%1711730s: persistence
of anomalous B(FE2) ratios in transitional rare earth nuclei in the
presence of a decoupled i3/, valence neutron
W. Zhang, B. Cederwall, M. Doncel, O. Aktas, A. Ertoprak, R. Liotta, C. Qi,
T. Grahn, B.S. Nara Singh, D.M. Cullen, D. Hodge, M. Giles, S. Stolze, H. Bad-
ran, T. Braunroth, T. Calverley, D.M. Cox, Y.D. Fang, P.T Greenlees, J. Hilton,
E. Ideguchi, R. Julin, S. Juutinen, M. Kumar Raju, H. Li, H. Liu, S. Matta, P. Sub-
ramaniam, V. Modamio, J. Pakarinen, P. Papadakis, J. Partanen, C.M. Petrache,
P. Rahkila, P. Ruotsalainen, M. Sandzelius, J. Sarén, C. Scholey, J. Sorri, M.J. Tay-
lor, J. Uusitalo, J.J. Valiente-Dobo6n
Phys. Lett. B 820, 13627 (2021)

2. Identification of excited states in 27 Tess
W. Zhang, B. Cederwall, C. Qi, A. Ertoprak, O. Aktas, X. Liu, K. Andgren, K.
Auranen, T. Béick, L. Barber, G. Beeton, D. M. Cullen, I. G. Darby, M. R. Dimmock,
S. Eeckhaudt, E. Ganioglu, M. Goérska, T. Grahn, P. T. Greenlees, B. Hadinia, E.
Ideguchi, A. Illana, P. M. Jones, D. T. Joss, R. Julin, S. Juutinen, J. M. Keatings,
A. Khaplanov, F. Kulali, M. Leino, M. Luoma, B. Lv, B.S. Nara Singh, L. Nelson,
M. Niikura, M. Nyman, J. QOjala, R. D. Page, J. Pakarinen, E. S. Paul, C. Petrache,
M. Petri, P. Rahkila, P. Ruotsalainen, M. Sandzelius, J. Sarén, C. Scholey, J. F.
Smith, J. Sorri, H. Tann, G. Zimba, J. Uusitalo, R. Wadsworth, R. Wyss [Phys.
Rev. C 104, 064305 (2021)

3. First observation of the proton emitter !l5Lasg: Evidence for strong
isovector neutron-proton pairing from proton separation energies
and emission probabilities
W. Zhang, B. Cederwall, O. Aktas, J. Uusitalo, J. Sarén, X. Liu, A. Ertoprak,
A. Ata¢ Nyberg, H. Badran, H. Boston, M. Doncel, U. Forsberg, T. Grahn, P. T.
Greenlees, S. Guo, J. Heery, J. Hilton, D. Jenkins, R. Julin, S. Juutinen, M. Leino,
M. Luoma, O. Neuvonen, J. Ojala, R. D. Page, J. Pakarinen, J. Partanen, E. S.
Paul, C. Petrache, P. Rahkila, P. Ruotsalainen, M. Sandzelius, S. Szwec, H. Tann,

ix


https://doi.org/10.1016/j.physletb.2021.136527
https://doi.org/10.1103/PhysRevC.104.064305
https://doi.org/10.1103/PhysRevC.104.064305

LIST OF PUBLICATIONS

R. Wadsworth
Submitted to Communications Physics

. Decay spectroscopy of '"1720s and 71:172.174]r

W. Zhang, B. Cederwall, M. Doncel, O. Aktas, A. Ertoprak, C. Qi, T. Grahn,
B.S. Nara Singh, D.M. Cullen, D. Hodge, M. Giles, S. Stolze, K. Auranen, H. Bad-
ran, T. Braunroth, T. Calverley, D.M. Cox, Y.D. Fang, P.T Greenlees, J. Hilton,
E. Ideguchi, R. Julin, S. Juutinen, M. Kumar Raju, M. Leino, H. Li, H. Liu,
S. Matta, P. Subramaniam, V. Modamio, J. Pakarinen, P. Papadakis, J. Partanen,
C.M. Petrache, P. Rahkila, P. Ruotsalainen, M. Sandzelius, J. Sarén, C. Scholey,
J. Sorri, M.J. Taylor, J. Uusitalo, J.J. Valiente-Dobén

To be submitted



Contents

|Acknowledgements|

IList of Publicationsl

Contents|

|List of Figures|

[List of Tables|

|List of Acronyms|

[1__Introductionl

|2 Theoretical Background|
2.1 Parametrisation of Nuclear Deformationsl . . . ... ... ... ...
2.2 Alpha Decay| . .. .. ... ... o
2.3 Proton Decay| . . . . . . . . .o
2.4 Gamma Decay| . .. . .. . ... . e

[ Experimental Techniques|

8.1 Heavy-lon Fusion Evaporation Reactions|. . . . . .. ... ... ...
3.2 Jurogam|. . . . ... e
8.3 Jyvaskyla-York Tube|l . . . . . . . o oo oo
3.4 lon Separators for Selection of Reaction Products|. . . . . . .. . ..

[3.4.1 Gas-Filled Recoil Separator RITU} . . ... ... .. .....

[3.4.2  Vacuum-Mode Mass Separator MARA|. . . . .. .. ... ..
3.0 Focal Plane Detector System of RI'TU| . . . .. ... ... ... ...
3.6 Focal Plane Detector System ot MARA| . . . ... .. ... .. ...
..................................
8.8 ‘Total Data Readout System| . . . . . .. .. .. ... .. .. .....

xi

title-1

vii

ix

xi

xiii

xvi

xvii



xii

4 Data Analysis|

M1 Calibrationl .. ... ... . ... .. .. ...,

4.3 Recoil Decay Tagging Technique| . . . . . . ..

4.4 Identification of New Alpha Decays|

4.5  Mass-to-Charge Ratios| . . . . ... ... .. ..

4.7.1  RDDS Methodl . . . .. .. ... .. ..
4.7.2 DDCM Methodl. . . . ... .. ... ..

5 Summar

5.1 Paperl] . ... .. ..o 000

CONTENTS



List of Figures

P.I

Schematic diagram of the shape parameters in rotating quadrupole-

deformed nuclei. The v =60° axis corresponds to the non-collective

oblate (rotation around the symmetry axis) shape, v =0° to collective

prolate (rotation perpendicular to the symmetry axis) shape, v = —60°

to collective oblate and v = —120° to non-collective prolate shape. The

figure is reproduced from Ref [1].| . . . . . . . ... ..o oL

4

[2.2_Semiclassical picture of the potential energy of an alpha-residual nucleus ‘
| system as a function of their separation distance. Lhe solid and dashed |

curves display the cases where the angular momentum carried by the

| a-particle 1s zero or non-zero, respectively.|. . . . . .. ... oL L. 7
3.1 Schematic illustration of the fusion-evaporation reaction process. This |
figure is adapted from reference [17]. ] . . ... ... ... ... ... .. 13
3.2 Rendered design drawing of the Jurogam III germanium detector array, |
taken from reference [21)| . . . . . .. ..o 14
3.3 Picture of the charged particle detector array JYTube mounted in the |
target chamber, taken from reference [25[] . . . . . .. .. ... ... .. 15
3.4 Schematic diagram for the RIT'U separator. The focusing quadrupole |
magnets and bending dipole magnet are indicated in the figure. The |
figure is taken from reference [28].| . . . . .. ... ... L. 16
3.0 Schematic diagram of the mass separator MARA. 'The ion optical ele-
ments, adjustable collimators, and m/q slit system are indicated. The
figure is taken from reference |28|.| . . . . . ... ... L. 18
8.6 A schematic drawing of the GREAT spectrometer| . . . . . . . ... .. 19
[3.7 A schematic drawing of the focal plane detector system of MARA. The
dashed Tine indicates the tilted focal plane, and the figure is reproduced
from Ref. [30[] . . . . ... 21

[3.8 A schematic drawing of the DPUNS plunger device, taken from Ref. |33].| 22

xiii



xiv LIST OF FIGURES

3.9 Schematic illustration of a typical TDR setup, with the individual time
stamps of (a) the Jurogam detector, (b) the MWPC detector, and (c)
the focal plane planar or clover germanium detector, relative to the soft-
ware trigger event in the DSSD detector. Panel (d) shows the temporal
structure after the individual signals are streamed together with respect
to the starting time in DSSD by Grain. The figure is taken from ||35||] .. 23

4.1  'Two-dimensional spectra used for identification of fusion-evaporation
recoils. (a) Energy loss in the MWPC by recoils and scattered beamlike
particles plotted against the time of flight between the MWPC and the
DSSDs in the RITU experiment. (b) Energy deposited in the DSSD
by recoils and scattered beam versus the time of flight in the MARA

| experiment. Recoil events are indicated by the shaded areas.| . . . . .. 26

4.2 Prompt RDT v-ray spectra from the °*Fe(°*Ni, 2p3n)""Te reaction de-
tected in the Jurogam Il HPGe detector array at the target position.

| The tusion products were analyzed by the MARA separator and corre-

| lated with the characteristic o decays illustrating the selective power of

| the RDT technique. The cross section for this reaction is estimated to be

[

[

~ 1ub. The top panel shows the total y-ray spectrum detected during
the tull experiment after recoil selection. 'T'he spectrum in the bottom
panel is from events selected with an addtional tag on the characteristic
alpha decay energy of 1°"Te|. . . . . . . .. .. ... ... ... 27

4.3 (a) B, — E, coincidence spectrum with the time interval of 0 < At (7 -
«) < 300 ns, where the delayed ~ rays were detected by the planar detec-
tor at the focal plane and the o decays were measured with the DSSD.

‘ Each group is indicated with the corresponding energies, including the ‘
groups at the 7y energies of 92.1 keV and 162.1 keV associated with the

respective '~ "“Ir isotopes, and the group at a(5666 keV)-v(136.1 keV)
related to '*°Ir, as well as the groups at the 7 energies of 43 keV and
73.6 keV correlated with the o decays of 1°°Os. The parallelogram re-
gion indicates the newly identified o decays from the low-spin isomeric
state of *"“Ir. (b) Projections on the E, axis of the events from the *"*Ir
region of (a) by gating on the respective delayed 7-ray. Relevant peaks
are labeled with their corresponding F, values. The intensity scale for
| the three weaker spectra is scaled up for better visibility.. . . . . . . .. 29

“.4 Time difference spectrum between the “*°I recoil implantation and de- |
tection of its 227 keV isomeric- transition as well as a least-squares fit

applied (solid green line) comprised of an exponential fit for the compo-
nent of interest (blue dashed line) and an exponential fit for the back-
ground component (red dashed line).|. . . . .. .. ... ... ... 31




LIST OF FIGURES XV

4.5  Logarithmic time spectrum of the 5306 keV alpha decay events in cor-
relation with '"! Os recoils, fitted with a two-component function (red).
The time window for the recoil-a correlation was set to 1 min. The
smaller distributions at higher In(At) values are due to the random cor-

related background with its effective fitted halt-life.|. . . . . . . ... .. 33
4.6 A schematic illustration of the principle of the RDDS method, adapted |
from the reference [48[|. . . . . . .. Lo Lo oo 34

4.7 De-excitation scheme for coincidence DDCM . . . . . .. ... ... .. 36




List of Tables

2.1  Weisskopt single particle estimates. The transition probabilities 1" are

in the unit of s™!, A is the mass number and E, is the energy of the

yrayin MeVl. ..o oo 10

|

Characteristic transition energy ratios and B(FE2) ratios for even-even

Boson systems under the three symmetries of the IBM. A given nu-

cleus with IV, valence protons and /N,, valence neutrons (each calculated

relative to the nearest magic number) has N = (N, + N,,)/2 bosons |16].| 12

xvi



List of Acronyms

BGO
DDCM
DPUNS
DSSD
GREAT
HF
HPGe
IBM
JYFL
JYTube
MARA
MWPC
RDDS
RDT
RITU
TDR
ToF
TRS
UDL

Bismuth Germanate

Differential Decay Curve Method

Differential Plunger for Unbound Nuclear States
Double-sided Silicon Strip Detector

Gamma Recoil Electron Alpha Tagging spectrometer
Hindrance Factor

High-Purity Germanium

Interacting Boson Model

Jyvéskylan Yliopiston Fysiikan Laitos
Jyviskyld-York Tube

Mass Analysing Recoil Apparatus

Multiwire Proportional Counter

Recoil Distance Doppler Shift

Recoil Decay Tagging technique

Recoil Ion Transport Unit

Total Data Readout system

Time-of-Flight

Total Routhian Surface

Universal Decay Law

Xvii






Chapter 1

Introduction

The atomic nucleus is a unique quantum system of a finite number of strongly inter-
acting particles (quarks) condensed into protons and neutrons. Since the confined
quarks are Fermions, nucleons that consist of three quarks (uud for the proton and
udd for the neutron) are also Fermions and hence obey the Pauli principle. This
means that the total wave function of the composite nuclear system is antisym-
metric with respect to the exchange of particles. One of the commonly assumed
characteristics of nuclear quantum systems is that each nucleon in the atomic nu-
cleus is confined to an individual orbit, analogous to that of an electron in an atom,
and moves in the mean field generated by all the other nucleons. A single-particle
excitation can therefore be described as the process of promoting a valence nucleon
to an unoccupied orbital leading to a larger total energy of the nucleus. In addition,
the coherent motion of many nucleons is expected to manifest itself as collective
excitations such as rotations and vibrations. The overarching aim of nuclear physics
is to reveal the effective interactions between the nucleons and to interpret nuclear
phenomena, e.g., the origin of collective motion. Most of the known nuclides are
unstable and are synthesized in the laboratory. The nuclear properties are highly
sensitive to the number of protons and neutrons. A small change in the number of
nucleons may introduce significant changes in the nuclear structure. This behavior
is unique for finite quantum systems. On the other hand, the aforementioned col-
lective modes are similar to those exhibited by macroscopic objects. This duality
found in nuclear properties makes it appropriate to categorize nuclei as mesoscopic
physical systems. Throughout the nuclear chart, an abundance of nuclear struc-
tures and modes of excitations can be found. However, neither the microscopic
models nor the semiclassical pictures are able to provide a self-consistent descrip-
tion of experimentally observed phenomena, and the nucleon-nucleon interactions
remain as a phenomenological concept.

In the last decades, advances in radioactive ion beam facilities, radiation de-
tectors, and data acquisition electronics have brought impressive progress in the
exploration of nuclear properties. Numerous new phenomena have been observed
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and the map of the nuclear chart has been expanded substantially. Experimen-
tal measurements on decay modes and observables such as angular momentum,
lifetimes, binding energies, electromagnetic properties, etc., are of fundamental im-
portance for improving our understanding of nuclear structure. In this thesis, the
nuclei under study were produced in heavy-ion fusion reactions using accelerated
ion beams from the JYFL Accelerator Laboratory, Finland. Lifetime measurements
of the excited states in the neutron-deficient osmium isotopes have provided the
most direct investigation of the emergence of collective behavior and deformation
in this work. ~-spectroscopy identification of the excited states in the extremely
neutron deficient 19" Te nucleus provided insights into the competition between the
single-particle and collective motions. The observation of proton radioactivity for
the extremely neutron-deficient ''%La nucleus contributes to the study of residual
interactions between the valence neutron and proton. It may also provide new in-
sights into the nature of nuclear superfluidity and the limits of nuclear existence.
Alpha-decay fine structure, which was studied for some neutron deficient osmium
and iridium nuclides in this work, presents a measure of the resemblance of the
initial and final nuclear states during the decay process. It can provide valuable
information on how spatially localized a-particle clusters are formed in the nucleus
and probe subtle differences between the final-state wave functions in the daughter
nucleus.

This thesis is divided into five chapters: following this Chapter, Chapter 2
briefly summarizes the theoretical background for understanding nuclear structure
concepts linked to the subjects of interest in this thesis, Chapter 3 summarizes
the details of the experimental instrumentation used in this work and the applied
experimental techniques, Chapter 4 presents the related data analysis, and Chapter
5 summarizes the publications that form the basis of this thesis and the author’s
contributions.



Chapter 2

Theoretical Background

In order to gain knowledge of nuclear structure from experimental observations, we
usually rely on theoretical models to bridge the gap to the microscopic sub-atomic
scale. A large number of theoretical models of atomic nuclei have been developed
for this purpose. In this chapter, a brief description of the models used in the thesis
is presented.

2.1 Parametrisation of Nuclear Deformations

Atomic nuclei may accommodate energy either by means of single-particle excita-
tions or by collective excitations, such as vibrations and rotations in which many
nucleons are assumed to move together in a coherent way. Collective excitations in
a spherical nucleus are due to small oscillations of the nuclear surface. If a deviation
from spherical symmetry is induced by the valence nucleons, excited energy levels
can be found as a result of vibrations or rotations around a deformed equilibrium.
Based on observed excitation patterns, nuclei are also assumed to exhibit various
shapes. In order to describe the nuclear shape degrees of freedom, the general ap-
proach is to parameterize its surface with a function that defines the radius by an
extension of the spherical harmonics, Yy, as

e’} A
R(gv 90) = RO 1 + Z Z Oé)\;LY)\;L(ga QO) (21)
A=1pu=—X\

where Ry is the radius of a spherical shape with the same volume as the deformed
one, and ay, are the deformation coefficients. The first term, A = 0, describes
the change in nuclear volume and is usually omitted due to the approximate in-
compressibility of nuclear matter. The dipole term, A = 1, indicates just a mere
translation of the center of mass and is therefore not interesting for describing the
internal properties of the nucleus. The terms A = 2, A = 3, and A = 4 correspond
to the quadrupole deformation, octupole deformation, and hexadecapole deforma-



4 CHAPTER 2. THEORETICAL BACKGROUND

‘\Y

Y=-30

v="-120°

Figure 2.1: Schematic diagram of the shape parameters in rotating quadrupole-
deformed nuclei. The v =60° axis corresponds to the non-collective oblate (rotation
around the symmetry axis) shape, v =0° to collective prolate (rotation perpendic-
ular to the symmetry axis) shape, v = —60° to collective oblate and v = —120° to
non-collective prolate shape. The figure is reproduced from Ref .
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tion, respectively, of which the quadrupole term is found to be the most common
deformation type and the following of this thesis will focus on it. For convenience,
the deformation in the intrinsic body-fixed system can be described by introducing
the Hill-Wheeler coordinates 35 and 7 [2|. The coefficients as,, of the quadrupole-
deformed shape are then given as:

Qo0 = 52003(7)

Qo_9 = (92 — %6282’&(’}/) (2.2)

where the parameter (s stands for the degree of elongation or flattening of the
nuclear shape and the parameter vy gives the degree of triaxial deformation [2]. The
range of these parameters are 83 > 0 and —120° < v < +60°, as illustrated in
Fig. The corresponding parameterization in the body-fixed system can then
be written as

R(0,¢) = Ro (1 + B2 cosy Yoo(0, @) + %@ sinvy Y22(9790)> (2.3)

2.2 Alpha Decay

Alpha decay is a process in which a helium ion, with two protons and two neutrons,
is emitted spontaneously from a nucleus, and can be written schematically as

XN o5 Y2 +a, (2.4)

where A, Z, and N refer to the mass, proton, and neutron numbers of the mother
nucleus, respectively. Alpha decay was first discovered in 1899 and identified in 1909
by Rutherford. Over the past century, a-decay measurements have been important
for identifying new isotopes and elements, and for our understanding of nuclear
structure. The principal alpha emitters are present in the neutron-deficient nuclei
starting from mass number A ~150 and are abundant in heavy nuclei with atomic
numbers greater than 83 [3]. In general, the energy release, Q,, in « decays ranges
from about 3 MeV to 10 MeV. The half-lives of alpha decays, ranging from us to
10%° years, were found to have a striking correlation with the kinetic energies by
Geiger and Nuttall, which was expressed phenomenologically as

logio T1/2 = AQL'? + B. (2:5)
This relationship is called the Geiger-Nuttall law, in which the Z-dependent A

and B coefficients are determined by fitting the experimental data and T}/, is the
half-life for the v decay [4].
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Microscopic Description of a Decay

In quantum models of « decay, the alpha particle is usually considered as a pre-
formed cluster inside the mother nucleus prior to being emitted. The first micro-
scopic, semiclassical, picture for describing the alpha emission process was proposed
by Gamow in 1928 [5]: the preformed alpha particle is confined in a spherically sym-
metrical potential created by a combination of the attractive mean field potential
and the Coulomb and centrifugal barriers, in which it moves independently and
attempts frequently to escape. With the Wentzel-Kramers-Brillouin (WKB) ap-
proximation method for penetration (tunneling) through the potential barrier, the
escape probability of an a-particle is:

Ry
P x ea:p(—Q/R. %(V(r) — Qo) dr), (2.6)

where p is the reduced mass of the a-daughter system, the distance parameters R;
and Ry correspond to the respective internal and external turning points, and V'(r)
is the potential by the superposition of the alpha-nuclear potential and the Coulomb
and centrifugal barriers. A common potential used to calculate the penetration
probability P was proposed by Rasmussen [6] as

r—1.17A1/3 N 272 N K2
0.574 dregr  2ur?

where the exponential expression is the nuclear interaction potential between the
alpha particle and the residual daughter nucleus which is valid around the surface
of the daughter nucleus [7], A is the mass number of the mother nucleus and Ze
is the charge on the daughter nucleus, [ is the orbital angular momentum of the
emitted alpha particle, and r is the distance between the alpha particle and the
daughter nucleus in fermis. A one-dimensional schematic drawing of the a-emission
process can be seen in Fig. Then the decay constant A, can be calculated by
multiplying the penetration probability P by the impact frequency f of a-decay, as

V(r) = —1100 x exp[— (1+1), (2.7)

Ao = fP (2.8)

where the impact frequency f of an a-particle colliding with the potential barrier
can be estimated as f = v/R;, and v is the relative velocity of the alpha particle
moving inside the nucleus.

The Gamow theory omitted the preformation process of the a particle, which
is needed in evaluating the absolute decay width. A fully microscopic treatment of
the o decay process was developed by Thomas [8], within the R-matrix theory. An
alternative simplified transformation of the Thomas expression for the decay width
can be written [9]

r= PRy E )2
L R (2.9)
P(R)

T HT(B)P
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Figure 2.2: Semiclassical picture of the potential energy of an alpha-residual nucleus
system as a function of their separation distance. The solid and dashed curves
display the cases where the angular momentum carried by the a-particle is zero or
non-zero, respectively.

where [ represents the decay channel, k is the momentum of the a-particle, R is the
distance between the a-particle and the residual nucleus at which the a-particle is
already formed, F;(R) is the formation amplitude at the distance R, and P;(R) is
the penetrability through the Coulomb and centrifugal barriers starting at the point
R, and H,"(R) corresponds to the outgoing Coulomb-Hankel wave function [10,11].
The formation amplitude F;(R) is the overlap between the mother nucleus and the
product of the daughter nucleus and the « particle wave functions

Fi(R) = / AEadEndr [0 4(£0)Bo(€0) Vi (1) U (€rn). (2.10)

Universal Decay Law

Using equation the formation amplitude can be extracted from the expres-
sion [11]

1 In2 1
log| RFi(R)| = §ZOQ[T\H1+(R)\2] - §ZOQT1/2- (2.11)
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Analogous to the analytical WKB expression, the outgoing Coulomb-Hankel func-
tion can be approximated as [10]

H"(R) ~ Ci(x, p)(cotB)'/? explx (B — sinf cosp))]
al 1_ 1)tan5] (2.12)

Ci(x,p) = exp |

cos*f = B,
X

where p = kR and x = QZdZae2/fw with the outgoing velocity v, Z; and Z, the
charge numbers of the daughter nucleus and the a-particle cluster. The distance
R is estimated by the typical form, i.e., R = 1.2(Ai/3 + Ai/?’)fm with Ay and A,
being the mass number of the daughter nucleus and A, = 4, and the effects of the
centrifugal barrier are fully included in C;i(x,p). Then, the formation amplitude
can be evaluated directly from the experimental observables @ and T7 /5.

In addition, a generalization of the Geiger-Nuttall law can be obtained by defin-

ing the quantities X' = ZoZgv/Ada/Qa and p' = \/AdaZaZd(A(l/S JrAiy/?’) with
Ado = AgAs/(Ag+ AL), in which the decay half life is in the formula of

logTy o = ax' +bp’ + ¢, (2.13)

where a, b, ¢ are constants to be determined [11]. This generalized formula is called
the Universal Decay Law (UDL) since it can hold for all cluster radioactivities and
the fitted coefficients a, b, and ¢ do not depend on the atomic number Z as in the
Geiger-Nuttall law [12].

Alpha Fine Structure and Hindrance Factor

Alpha decay can not only proceed from the initial state of the mother nucleus to the
ground state of the daughter nucleus, but also to the excited states of the daughter
nucleus. This gives rise to the well-known a-decay fine structure. The fine structure
can give valuable information for the determination of the configurations in both
the initial and final states. In order to evaluate the structural change, the hindrance
factor was introduced by Rasmussen as the ratio between the reduced decay widths
for decays to the ground state and excited state [6], that is

52(ground state — ground state decay)

HF =
02(ground state — excited state decay)

(2.14)

where the reduced decay width is defined as 62 = % which is to remove the
dependence upon the @Q-value and only to concentrate on the nuclear structure of
the daughter nucleus. For determining the HF' value for the alpha-decay of odd-
7 and odd-A nuclei, the ground-state to ground-state alpha decay of the nearest
even-even nucleus is usually chosen as the reference, and in many cases, the ground-
state a-decay of 21?Po is also a common reference. An alternative expression of the
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hindrance factor is given by the ratio between two a-particle formation amplitudes
related to two different decay paths to the daughter nucleus [10].

HE — F(ground state — ground state decay) 2

2.15
F(ground state — excited state decay) (215)

2.3 Proton Decay

Proton radioactivity is a rare nuclear decay mode and it was not discovered until
around 50 years ago. Due to the very low production cross-sections, only about 50
proton decaying states, the ground or isomeric states of odd-Z extremely neutron-
deficient nuclides [13], have been observed so far. At the proton drip line, the
neutrons are no longer able to provide enough binding energy for all the protons,
making the nucleus energetically unstable which eventually emits a proton. The
current techniques limit the lifetimes for detecting proton decay to more than 10~7
s. Then the Coulomb and centrifugal barriers have to provide conditions for confin-
ing the proton inside the nucleus long enough. Knowledge of the proton emission
energy and the half-life of the proton decaying state can provide important infor-
mation on the nuclear structure. Analogous to the process of a decay, proton decay
can also be separated into two steps as shown in Eq. in which the formation
probability reflects the proton resonance and the similarity of nuclear structure
between mother nucleus and daughter nucleus [10].

2.4 Gamma Decay

The probability for y-ray emission in an atomic nucleus is determined by the energy
difference AE between the initial and final states, the multipolarity L, and the
change in parity Am. These conditions are directly associated with the nature of
the nuclear wave functions |I;) and |Iy) for the respective initial and final states.
The transition should obey the angular momentum quantum number inequality [4]

L — I;| < L<|Ii + I (2.16)

and the conservation of the total parity. For an electric transition, the parity change
is given by
T = (=1 (2.17)

and for a magnetic transition the parity change by
mmp = (—1)F (2.18)

When the nucleus emits a y-ray deexciting from a state of angular momentum
I; to a state of I, the total transition probability can be determined by [14]

8r(L+1)

— EW
~ AL[(2L + 1)1)2

(S22 EHIB(AL, I; — If) (2.19)

Ty he
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where the B(AL) is known as the reduced transition probability which reflects the
nuclear structure information and is independent on the transition energy. The
values of B(AL) are given by

1 A a2
BEL.L = 1) = 5 [{F11Qul ) *. (2:20)
for the electric case, and
. — Y ) 2
BOML. I Iy) = 5 | (1M 1) (221)

for the magnetic case, in which Q 1 and M, are the respective electric and magnetic
multipole operators for the description of the produced electromagnetic radiation
field during the ~y-emission.

Weisskopf Estimates

With the assumption that the transition is due to a single proton de-exciting from
one single-particle state to another state in a spherical basis, the transition prob-
abilities Eq. [2.19) can be simplified to a large extent, as listed in Table. 2.] for
the transition probabilities of the lower multipole orders. This is known as Weis-
skopf estimates [4]. Apparently, these estimates are quite limited and not realistic
calculations of the transition probabilities, but they can provide good rough com-
parisons with the experimental measurements. For instance, these estimates can
provide reasonable relative comparisons of electromagnetic transition rates and al-
low one to make some general predictions about which multipole is most likely to
be emitted [4]. Moreover, if the measured transition rate value is much higher than
the value of Weisskopf estimate for a given multipolarity, then it is indicated that
there is more than one nucleon involved in the transition and a collective process is
observed. Weisskopf estimates are therefore commonly used as an alternative unit
of the measured transition rates for revealing collective behavior.

Table 2.1: Weisskopf single particle estimates. The transition probabilities T' are
in the unit of s7!, A is the mass number and E,, is the energy of the y-ray in MeV.

ML transitions EL transitions
T(M1) =5.6x10"E? T(E1) =10 x 10142353
T(M2) =35 x107A*3E} T(E2) =73 x 107AY3E?

(
T(M3) =1.6 x 10'A*3E T T(E3) =34 x10'A%ET
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Collective E2 Transition Probabilities

The collective electric and magnetic transition probabilities have been deduced by
Bohr and Mottelson within the rotational model [14]. In this work, we only focus
on the £2 transition probability, and the reduced E2 transition probability is given
by

B(E2,] - 1-2)= %eQQg <IK20|I—2K >, (2.22)

where the expression in the bracket is the Clebsch-Gordan coefficient connecting the
initial state |I> and the final state |I — 2>, and the intrinsic quadrupole moment
Qo can be expressed in terms of the deformation,

_ 3 p
Qo = mRoZﬁ(l +0.163), (2.23)

with Z being the proton number [14]. It is noteworthy that the transformation from
the reduced transition probability B(E2) as an observable quantity to the intrinsic
quadrupole moment @ is only valid when the E2 transitions are from within a
rotational band in which the states have the same intrinsic wave functions. For
Eq.[2.19] the E2 transition rate is given by

T(E2) = 1.22 x 10°E> B(E2). (2.24)

By means of lifetime measurements, one is able to determine the B(E2) values,

0.0816

B(Eu):m[

e’v? ], (2.25)
where « is the internal conversion coefficient for the F2 transition which can be
taken from Ref. [15], E, is the transition energy in MeV, and 7 is the extracted
lifetime of the state of interest in picoseconds.

To evaluate the evolution of shape and collective behavior (rotational or vibra-
tional) as the angular momentum increases within a collective band structure, one
can perform the analysis in terms of some characteristic quantities, such as the en-
ergy ratio of the E2-transitions and the ratio of the B(E2) values. The Interacting
Boson Model (IBM) specific for collective behavior can well describe the low exci-
tation properties of nuclei [16]. This model has three dynamical symmetries: U(5),
SU(3) and O(6), corresponding to the spherical vibrator, prolate rigid rotor, and
triaxial rotor, respectively. For each limit, the characteristic quantities are shown

in Table 2.2
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Table 2.2: Characteristic transition energy ratios and B(E2) ratios for even-even
Boson systems under the three symmetries of the IBM. A given nucleus with N,

valence protons and N,, valence neutrons (each calculated relative to the nearest
magic number) has N = (N, + N,,)/2 bosons [16].

U(5) 2.0 2(1-%)
SU(3) 3.33 )
0(6) 2.5 e




Chapter 3

Experimental Techniques

3.1 Heavy-Ion Fusion Evaporation Reactions

The experiments described in this work have been carried out at the heavy-ion
accelerator facility at the University of Jyviskyld, Finland. The fusion-evaporation
reaction is the most effective and commonly employed mechanism to populate nu-
clear states with high angular momentum. In a heavy-ion induced fusion evapo-
ration reaction, the nucleus of interest is produced by bombarding the accelerated
ions on the isotopically enriched target materials from a few MeV up to several tens
of MeV per nucleon. After the projectiles pass through the Coulomb barrier, two
heavy ions may fuse together, generally leading to a neutron-deficient compound
nucleus that remains together long enough for the excitation energy to be equi-
librated among all the constituent nucleons. The compound nucleus is a system
at high temperature, which will start to evaporate protons, neutrons, and alpha
particles until the excitation energy becomes lower than the binding energy for the
particles. After particle evaporation, the deexcitation of the final nucleus proceeds
mainly via v radiation. The whole process is shown schematically in Figure.

\’ Fission
t~10%s ‘

N
t=0s s
. o ~ Q t~10"s 1~ 107s

. T o
Beam Target Fusion Compound 7 = “ A~

Nucleus A y Recoil 7 é .

r'd

Particle Emission y-ray Emission

Figure 3.1: Schematic illustration of the fusion-evaporation reaction process. This
figure is adapted from reference [17].
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3.2 Jurogam

Three generations of germanium detector arrays, Jurogam I, II, and III, were used
to detect prompt 7 rays at the target position in different experiments. All of
them are comprised of high-purity germanium detectors and each detector is indi-
vidually Compton-suppressed by means of a bismuth germanate (BGO) scintillator
shield. Jurogam I consisted of 43 coaxial detectors of either GASP or Eurogam
Phasel type. Jurogam IT and III were upgraded from Jurogam I and consisted
of 15 Eurogam Phase I-type [19] and 24 Euroball clover |20] escape-suppressed
detectors, with a total photopeak efficiency of ~5% at 1.3 MeV. The clover detec-
tors were arranged symmetrically around the target position relative to the plane
perpendicular to the beam direction (twelve at 75.5° and twelve at 104.5°), while
the Phase I detectors were placed at backward angles with respect to the beam
direction (five at 157.6° and ten at 133.6°) [21].

|

Figure 3.2: Rendered design drawing of the Jurogam III germanium detector array,
taken from reference .

3.3 Jyviaskyla-York Tube

The charged particle detector array JYTube was placed at the target position and
resided in the LISA (Light Ion Spectrometer Array) target chamber [22]. It has six
sides and is divided into two barrels. As shown in Fig. these two hexagonal
barrels are combined together around the target position. The JYTube is comprised
of 96 independent plastic scintillator detectors. Each detector consists of an Eljen
plastic scintillator with a size of 20 x 20 x 2 mm coupled to a prism-shaped perspex
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light guide and joined to a square SiPM (Silicon Photo Multiplier) readout .
The JYTube is used to detect charged particles, alpha particles and protons, which
could help to select the evaporation reaction channel. Its detection efficiency for
one proton is around 80% [24]. This detector was applied in the °7Te and 611 7La
experiments, especially in the latter one, it played a critical role in identifying the
new isotope ''6La with the requirement that < 1 charged particle was detected for
events leading to La fusion residues. However, in neither experiment was it possible
to distinguish different types of charged particles. In addition, JYTube can be used
as a veto detector, and for instance, its veto efficiency for triple charged-particle
emission can be as high as 97%, and therefore it can enhance the selection of weak
neutron-evaporation channels very effectively.

Figure 3.3: Picture of the charged particle detector array JYTube mounted in the
target chamber, taken from reference .

3.4 Ton Separators for Selection of Reaction Products

Recoil separators are the primary devices for studying the production and decay
properties of reaction products. They can transmit the fusion residues to the focal
plane detector system in the downstream direction with a transmission time on the
order of 1 us. They can also separate the recoils from unreacted beam particles
and scattered target-like nuclei in flight. All separators are usually comprised of
different electromagnetic elements such as electric dipoles, magnetic dipoles, and
magnetic quadrupoles. Dipoles are used to achieve recoil separation and magnetic
quadrupole lenses are used to accomplish ion focusing. There are two types of
separators available at JYFL, a gas-filled separator RITU and a vacuum-mode
separator MARA. Both of them have been used in this work.
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3.4.1 Gas-Filled Recoil Separator RITU

RITU operates in a QDQQ configuration |26], where Q stands for a quadrupole
magnet and D represents a dipole magnet. Compared to the standard DQQ con-
figuration, the first quadrupole magnet in front of the dispersive dipole provides a
vertically focusing effect for better matching the dipole magnet acceptance, which
leads to an increase to around 30% in transmission . The total length of RITU
is 4.8 m and its schematic layout is shown in Fig. [3.4

Detector Chamber

Q2

Helium Gas (~1mbar)

Target Chamber

1

0 Tm

Figure 3.4: Schematic diagram for the RITU separator. The focusing quadrupole
magnets and bending dipole magnet are indicated in the figure. The figure is taken
from reference [28].

According to the deflection principle of charged particles moving in a magnetic
field, the dipole magnet is responsible for separating the recoils from the beam
particles. The use of a gas-filled dipole magnet can collect more charge states
to increase the transmission efficiency, but at the cost of losing mass resolving
power. In some favorable reactions, the transmission efficiency of RITU can reach
as high as 50%. At the exit from the thin target, recoils have a wide distribution of
charge states. In collisions with the gas atoms in the dipole magnet, the recoiling
ions of a certain species reach a velocity-dependent charge equilibration and the
corresponding mean flight trajectory will be determined by the average charge state
Gav- Usually, the helium gas is the practical choice for filling the magnet cavity and
the optimum pressure is maintained at a certain level of 1 mbar in order to minimize
the implantation image size at the focal plane .

The degree of separation of the fusion residues can be roughly estimated by the
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magnetic rigidity formula [29]

mu A

Bp =muv/eqq, =~ 0 00)eZ7] ~ 0.0227W[Tm] (3.1)
where B is the magnetic field strength produced by the dipole magnet, p is the
curvature radius of the ion trajectory, m, v, A, Z are the mass, velocity, mass
number, and velocity of the ion, respectively. This formula is approximately valid
in the 1 < v/vy < Z?/3 velocity region where qq, is approximated by (v/vg)eZ/3
using the Thomas-Fermi model [14], of which vy is the Bohr velocity 2.19x10° m/s.
It can be seen that the magnetic rigidity is independent of the charge state and
velocity of the ions. When the ﬁ values of fusion residues are sufficiently different
from that of the scattered target-like nuclei and beam particles, the separator works

excellently, particularly in asymmetric reactions.

3.4.2 Vacuum-Mode Mass Separator MARA

MARA is a new recoil separator complementary to the RITU separator, and it was
commissioned in the year 2016. RITU has been successfully applied to the research
on heavy neutron deficient elements (transition-lead region). However, it becomes
challenging to study lighter and medium-heavy elements (A up to around 150) with
this device. One reason for this is that to produce these lighter elements one has to
use symmetric or near-symmetric reactions, and it is more difficult to suppress the
primary beam in such reactions. Secondly, the relative cross-section of the reaction
channel of interest in symmetric reactions is usually very small and the absolute
production cross section can be on the order of nb or less. This makes it highly
desirable to identify the nuclei using a separator with a mass resolving power. The
mass separator MARA is intended to work in the mass region below A = 150 and
can separate the fusion products from unreacted beam particles more effectively in
symmetric reactions, besides it can physically separate the fusion products based
on their mass to charge (m/q) ratio [30].

MARA has an asymmetric QQQED ion-optical configuration, where Q refers
to a quadrupole magnet, E refers to an electrostatic deflector and D represents
a dipole magnet. The quadrupole triplet is responsible for focusing the fusion
products in both the horizontal and vertical directions; on one hand, it focuses the
reaction products from the target to the deflector in a point-to-parallel manner;
on the other hand, it focuses the reaction products from the target to the focal
plane in a point-to-point manner. The role of the deflector is to separate the
primary beam particles from the reaction products based on the different electric
rigidities [30]. The reaction products are separated from each other according to
different energies per charge while flying through the deflector. The magnetic dipole
is used to create the mass dispersion and cancel the energy dispersion defocused
by the deflector to achieve an energy focus at the focal plane. The total length of
MARA along the optical axis is 6.85 m. An overview diagram of MARA is shown in
Fig. Its transmission efficiency is about 10 ~ 40% and is related to the electric
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and magnetic field intensities as translated into the parameter settings such as the
reference particle and charge states acceptance. Generally, it can be set to collect
ions with 2 to 5 charge states. The best first-order resolving power of MARA can
reach 250 at the focal plane [31].

Adjustable Horizontally adjustable
rectangular aperture .
aperture (2 linear feedthroughs) Magnetic
(4 linear feedthroughs) dipole
* m/q slit system
P around the focal

s Target

e
Split anod / Faraday
cup

Electrostatic
deflector

Figure 3.5: Schematic diagram of the mass separator MARA. The ion optical el-
ements, adjustable collimators, and m/q slit system are indicated. The figure is
taken from reference [28].

3.5 Focal Plane Detector System of RITU

The GREAT spectrometer is placed at the focal plane of the RITU gas-filled separa-
tor [32]. It is a composite system designed for measuring the radioactive properties
of the transported reaction products. It consists of an MWPC, two DSSDs, an
array of 28 silicon PIN photodiode detectors, as well as a double-sided planar ger-
manium strip detector, and three clover-type germanium detectors. A schematic
drawing of the GREAT spectrometer is shown in Figure. [3.6]

MWPC

The MWPC detector is positioned at the entrance of the GREAT spectrometer [32].
Its aperture is 131mm horizontally and 50mm vertically, and the isobutane working
gas is filled and kept at a constant pressure of ~3.5 mbar. Two 0.9 pm Mylar foil
windows are mounted at the inlet and outlet of the MWPC, respectively. The win-
dow at the outlet is used to separate the working gas isobutane from the vacuum
chamber housing the other detectors, while the entrance window is used to sepa-
rate the working gas from the helium gas of RITU. The principal functions of the
MWPC are to record the energy loss and timing signals, and also provide position
information during ion transmission. In conjunction with the DSSDs, the fusion
reaction products can be cleanly distinguished from their subsequent radioactive
decays and the scattered beam particles.
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Figure 3.6: A schematic drawing of the GREAT spectrometer.

DSSD Implantation Detectors

The transported reaction products are deposited into two DSSDs positioned side
by side. The DSSDs will record the relevant information, including their energies
and times, and those of their subsequent charged-particle decays [32]. To obtain
the best energy resolution and suppress the effects of radiation damage, the DSSDs
are cooled to around -20°, which is achieved by using a recirculating refrigeration
system. Each DSSD is 300 um thick and has an effective area of 60 x 40 mm? with
silicon strips placed orthogonally on the opposite faces. The strip pitch is 1 mm,
so each DSSD gives a total of 2400 independent quasi-pixels. The high granular-
ity enables high implantation rates and long correlation search times between the
implantation and its subsequent decay. However, it is often not possible to achieve
both goals simultaneously, as high implantation rates can only be allowed when the
half-life of the nucleus of interest is short enough, and vice versa. Therefore the
upper limit of the correlation time is mainly dependent on the research objectives,
otherwise, a large number of random correlations will be introduced. Conversely,
the lower limit of correlation time can reach an order of 10 us, which is due to
the response time of the electronics to process a signal pulse. Although the active
channel is insensitive to other events during this busy phase, the rest of the de-
tector continues to function normally. A way to access short half-lives of less than
10 ps is to apply a fast digital data acquisition system to the preamplifier of the
DSSD, which digitizes the preamplifier output signal at a high 40 MHz sampling
rate. The shape of the pileup signal can be thus resolved from the traces, and short
half-lives, < 10 ps, can be analyzed. Then the lower half-life limit is determined
by the flight time through the ion separators. The active areas of the two DSSDs
are estimated to typically cover ~85% of the reaction products reaching the RITU
focal plane. The detection efficiency of the DSSDs for « decays is usually around
~55% depending on the recoil implantation depth, because there is a significant
probability of decay particles escaping in the backward direction.
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Silicon PIN Photodiode Detectors

The PIN photodiodes are cooled by the same refrigeration system as the DSSDs and
mounted in a box arrangement around the perimeter of the DSSDs in the upstream
direction [32]. They are used to collect charged particles escaped backward from
the DSSD and to measure conversion electrons from highly-converted delayed or
isomeric transitions. Each of the 28 PIN diodes is 500 um thick, with a 28x28 mm?
active area, and the combined array has a geometrical efficiency of about 30%.

Planar Germanium Strip Detector

A planar double-sided germanium strip detector is mounted behind the DSSDs ap-
proximately 10 mm downstream with an active area of 120 x 60 mm?2. It is designed
to provide high-resolution and efficient measurements for low-energy photons (in
the energy range of 10 keV to 200 keV) and high-energy charged particles which
traversed the DSSDs. It is 15 mm thick and has a 0.5 mm thick beryllium en-
trance window. The strip pitch is 5 mm on both sides providing sensitive position
information to allow events to be spatially correlated with the DSSD pixels.

Clover Germanium Detector

The Clover germanium detectors of GREAT are used to measure y-rays emitted
at the focal plane. They are mounted on three different faces around the GREAT
vacuum chamber in a closely packed geometry. Each Clover detector comprises four
high-purity germanium crystals and each crystal has 70 mm in diameter and 105
mm long before shaping. An escape suppression BGO shield surrounds each Clover
detector to improve the peak to total ratio. Together with the planar detector,
it is highly efficient in measuring any delayed or isomeric y-rays emitted from the
implanted fusion products.

3.6 Focal Plane Detector System of MARA

A similar detector system to the GREAT spectrometer is employed at the focal
plane of MARA [24]. It is composed of an MWPC, a DSSD and a second layer of
silicon, as well as five clover-type germanium detectors, as shown schematically in
Figure. Compared to RITU, the focal plane of MARA has a larger active area
because it has a 20% higher solid angle acceptance. The MWPC consists of three
wire planes, z-plane, cathode, and y-plane. The wire planes are made of 20 ym
diameter gold-plated tungsten wire with 1 mm spacing between wires. In addition
to giving a timing signal, the z-plane of MWPC also provides the spatial position
of the fusion product implantation and gives the m/q information. A 300 pm thick
DSSD of model BB20 was placed 40 cm behind the MWPC. It has 72 strips on the
y-plane and 192 strips on the z-plane, each with a width of 0.67 mm. The second
layer of silicon comprises two 500 pum thick silicon detectors mounted in parallel and
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Figure 3.7: A schematic drawing of the focal plane detector system of MARA.
The dashed line indicates the tilted focal plane, and the figure is reproduced from

Ref. .

adjacently behind the DSSD to identify the punch-through events. In this work,
they were used to act as a veto detector to reject the particles that escaped from the
DSSD and did not deposit their full energy. Moreover, as illustrated in Figure [3.7]
a double-mass slit system is introduced at the focal plane at the entrance and at
the exit of the MWPC, which is used to select how many charge states of a given
mass to be transported into the focal plane.

3.7 DPUNS

The Differential Plunger for Unbound States (DPUNS) apparatus was designed
based on the Koéln Plunger design to work in the gas environment of RITU.
This device was installed at the center of the Jurogam array at the target position,
and usually the degrader foil is placed in the exact center and the target is moved
relative to the degrader to change the target-to-degrader distance. In this work,
DPUNS was used for measuring lifetimes of the excited states in picoseconds using
the recoil distance Doppler shift method which will be described in section
A schematic drawing of the mechanical design of DPUNS is shown in Figure [3.8
The piezoelectric stepper motor was connected to the target and controlled to
move the target position with a precision of less than 0.1 pm. The role of the
piezoelectric actuator was to keep the target-to-degrader distance constant during
beam impinging on the target. A more detailed explanation of this device can be

found in Ref. [33].

3.8 Total Data Readout System

The total data readout (TDR) system is a triggerless data acquisition system, which
reads out all of electronic signals from each detector independently. Data from each
detector are time-stamped to a precision of 10 nanoseconds using a 100 MHz global
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Figure 3.8: A schematic drawing of the DPUNS plunger device, taken from Ref. .

clock. The data is reconstructed using the Grain software package and analyzed
on-line or off-line. Temporal and spatial correlations to sort events out of the raw
data as well as the filtering process to remove unwanted or irrelevant data were done
entirely in the Grain software. Figure shows a description of the typical TDR
time structure, where every signal in the implantation detector DSSD is considered
as a starting time for an event.
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Figure 3.9: Schematic illustration of a typical TDR, setup, with the individual time
stamps of (a) the Jurogam detector, (b) the MWPC detector, and (c) the focal
plane planar or clover germanium detector, relative to the software trigger event
in the DSSD detector. Panel (d) shows the temporal structure after the individual
signals are streamed together with respect to the starting time in DSSD by Grain.
The figure is taken from






Chapter 4

Data Analysis

4.1 Calibration

Energy calibration of each detector is usually the first step in the data analysis. The
process is to align the energy spectra from different detectors by gain matching the
ADC (Analog to Digital Converter) channels to the known energies that come from
standard radioactive sources or from in-beam data of known nuclei. Calibration
runs with the standard sources were performed both before and after each experi-
ment. For the germanium detectors at the target position and at the focal plane,
the standard radioactive y-ray sources °?Eu and '3*Ba were used for the energy
calibration. Also the efficiency calibration can be achieved for the JUROGAM
detectors by normalizing the detected intensities of v rays to the corresponding
intensities emitted by the source using an energy-dependent efficiency function.
However, determining the detection efficiency of the Ge detectors at the focal plane
has to additionally rely on the results of Monte Carlo simulations because the ac-
tual recoil distribution varies depending on experimental conditions and deviates
strongly from an ideal point source distribution.

A mixed-element source (?**Cm, 24'Am, and 23°Pu) with its three main alpha
lines was used to calibrate the DSSDs. In practical situations, the measured «
energies from the implanted fusion products are often slightly larger than the en-
ergies obtained from the calibration coefficients on account of the dead layer at the
surface of the detector and the kinetic energy of the recoiling daughter nucleus (
which, however, is subject to the well known pulse height defect |36]). Therefore,
it has to be corrected by applying an additional internal calibration using known «
energies emanating from known reaction products.

4.2 Recoil Identification

Although the separators already suppressed the primary beam to a large extent,
some scattered beam particles or target-like particles are transported to the focal

25
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plane. In the offline analysis, there are two alternative methods to further screen the
reaction products from the scattering particles. One method is by their energy-loss
in the MWPC (AE) and the time-of-flight (ToF) between the MWPC and DSSD.
The other method is by using the correlation between the deposited energy in the
DSSD (E) and the ToF. As illustrated in the two-dimensional spectra shown in
Fig. the recoils are cleanly separated from the scattered beam components. By
applying a two-dimensional gate on the identified recoils, we can select the prompt
~v-rays produced immediately after the fusion reactions and the subsequent decays
associated with the fusion products.

M. Unreacted
.  Beam

Energy Loss in MWPC

Time of Flight

Energy Deposited in DSSD

Figure 4.1: Two-dimensional spectra used for identification of fusion-evaporation
recoils. (a) Energy loss in the MWPC by recoils and scattered beamlike particles
plotted against the time of flight between the MWPC and the DSSDs in the RITU
experiment. (b) Energy deposited in the DSSD by recoils and scattered beam
versus the time of flight in the MARA experiment. Recoil events are indicated by
the shaded areas.

4.3 Recoil Decay Tagging Technique

After the recoil events are identified, one can correlate them with the correspond-
ing prompt  rays collected by the Jurogam HPGe detector array surrounding the
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target. Using prompt ~ rays, level schemes can be established by recoil-y-y ma-
trix or by recoil-y-v-y cube coincidence analysis. In a heavy-ion fusion evaporation
experiment, a large number of open reaction channels are typically produced. How-
ever, the cross-section for producing the reaction channel of interest is often weak
and the associated prompt v-rays will be buried in the "background" created by
the more prolific reaction products. Once the recoils are implanted into the focal
plane DSSD, the time, position and implantation energy can be recorded. The
subsequent decays are also registered in the DSSD with their time, position and
energy, but decays unlike recoils produce no signal in the MWPC. In light of the
decay providing characteristic information, the decay can be used as a selective tag
on the nucleus of interest. By correlating the implanted recoil with its signature
decay spatially and temporally, the prompt y-rays associated with the recoil can
be unraveled. This method is known as recoil-decay-tagging (RDT) [37].

1x10' Recoil- correlated y-rays

>
(5
v
=
1]
=]
=)
o
© l07Te Recoil-a-tagged y-rays

100 11-0-tagg Y-ray

0 . | X
0 500 1000 1500

E, (keV)

Figure 4.2: Prompt RDT ~-ray spectra from the *Fe(°8Ni, 2p3n)'°7Te reaction
detected in the Jurogam III HPGe detector array at the target position. The
fusion products were analyzed by the MARA separator and correlated with the
characteristic o decays illustrating the selective power of the RDT technique. The
cross section for this reaction is estimated to be ~ 1ub. The top panel shows the
total y-ray spectrum detected during the full experiment after recoil selection. The
spectrum in the bottom panel is from events selected with an addtional tag on the
characteristic alpha decay energy of 197 Te.

RDT is a powerful technique used for in-beam studies of excited states in heavy
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neutron-deficient nuclei and its power is illustrated by Fig. .2} It has been one of
the principal experimental techniques for studying such nuclei at the limits of sta-
bility. Presently, in-beam spectroscopy can be achieved for nuclei with production
cross-sections as low as 10 nb [3§|. In the proton-rich region, many nuclei decay by
emitting protons or « particles which are ideal and most common for applying RDT
since these decays take place in the same DSSD position as the implanted recoil
and deposit their energy entirely. In some cases, it is also possible to use 5 decays
as a tag [39]. Another alternative to the typical RDT technique is recoil-isomer
tagging [40], in which isomeric v-transitions are detected in the Planar strip or the
Clover germanium detectors at the focal plane after the recoil implantation in the
DSSD. In this thesis work, recoil-isomer tagging was applied for the identification
of the prompt ~-rays of '*°Os used in the lifetime analysis. The lifetime of the iso-
mer has to be sufficiently long such that the recoil can pass through the separator
(~ 0.5 ps) and on the other hand, it must not be too long in order to be cleanly
associated with recoil implantation ( < ms). The search time window between the
recoil and the tag is normally chosen to be around three half-lives of the decay state
of interest.

4.4 Identification of New Alpha Decays

Conversely, RDT can contribute to identifying previously unknown decay modes as
well. As in the case of '71Os, by using the known prompt v-rays of the vi3/2 band,
it can be determined that the band-head state also has an alpha decay branch.
Due to the incomplete charge collection effect of the DSSD, weak « decays at
lower energy can be concealed by the continuous background from higher-energy
decays. With the coincidence between « and the delayed v-rays, we can overcome
this problem and resolve weak « decays to study the fine structure, as shown in
Figure related to the newly identified o decays of 17?Ir. In the present results,
the delayed ~-rays were measured using the planar HPGe detector at the focal
plane and the absolute efficiency used for the correction of the ~-ray intensity was
determined using GEANT4 Monte Carlo simulations [41].

4.5 Mass-to-Charge Ratios

In addition to the measurements of energies and half-lives for alpha or proton decays
(which contribute to identifying new isotopes), additional information on the mass
of the recoil of interest can provide further aid for the identification. The ion
separator MARA has the ability to separate the fusion products according to their
mass to electric charge state ratio m/q at the focal plane. The determination of
the m/q value for each recoil is based on its x coordinate recorded by the MWPC.
The electric and magnetic fields of MARA are optimized for the transmission of a
reference ion with kinetic energy Ej, mass m,.s and charge state g,.s to the central
position of the x plane of the MWPC. As used in the experiment resulting in the
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Figure 4.3: (a) E, — E, coincidence spectrum with the time interval of 0 < At (y
- «) < 300 ns, where the delayed ~y rays were detected by the planar detector at the
focal plane and the « decays were measured with the DSSD. Each group is indicated
with the corresponding energies, including the groups at the « energies of 92.1 keV
and 162.1 keV associated with the respective 17%172Ir isotopes, and the group at
(5666 keV)-v(136.1 keV) related to 17Ir, as well as the groups at the ~ energies
of 43 keV and 73.6 keV correlated with the o decays of 1%°0Os. The parallelogram
region indicates the newly identified o decays from the low-spin isomeric state of
1721y, (b) Projections on the E, axis of the events from the !"2Ir region of (a)
by gating on the respective delayed 7-ray. Relevant peaks are labeled with their
corresponding F,, values. The intensity scale for the three weaker spectra is scaled
up for better visibility.
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identification of the new isotope ''®La, MARA was operated with the reference
values Myer = 117, @rey = 30.57, and Ej = 142 MeV. Then the m/q value can be
derived from the corresponding coordinate x, using the relation

E Myef

= 0L (1 4 Gy
q Aref P

0L

Ompg = ————— 4.1
P2 D % 100 (41)

where the parameter D is the dispersion at the focal plane of MARA and D =
8 mm/(% change in m/q value) which means a 1% change in m/q value will in-
troduce an 8 mm deviation from the position of the reference ion, and the dx,, is
the relative difference in the experimentally measured z-coordinate and the 0,54
is the corresponding relative difference in m/q for the ion of interest compared to
the reference recoil. The centroid of the mass distribution for each charge state can
then be obtained.

The recoils of interest cannot be resolved from the isobars solely based on the
mass information. In some cases, mass distributions overlap with each other due
to m/q ambiguities. However, this problem can usually be addressed effectively
by combining the mass information with the multiplicity of evaporated charged
particles detected by the JYTube detector at the target position.

4.6 Half-Life Measurements

The absolute time stamp information for each detector recorded by the TDR system
can be used to measure the half-lives of nuclear states which decay by charged
particle emission or by isomeric y-rays. By applying an energy gate on the decay
of interest and searching back to correlate with the time at which the recoil was
implanted, the time difference spectrum can be extracted. One method to extract
the half-life is by fitting a superposition of exponential functions due to the feature
of the Poisson distribution [42|, as follows

N = Aexp™") 4 Bexp(™™ | (4.2)

Here, N is the number of counts for each channel in the time distribution his-
tograms. The parameter A is the decay constant and the r is related to the random
background events. Both parameters can be obtained from the fitting, and in the
charged-particle decay, the background rate can be roughly estimated from the
recoil rate per pixel in the DSSD. Then, the half-life can be obtained by

In2

An example is shown in Figure [f.4] related to the determination of the half-life for
the 227 keV isomeric-y transition of 161,
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Figure 4.4: Time difference spectrum between the '16I recoil implantation and
detection of its 227 keV isomeric-y transition as well as a least-squares fit applied
(solid green line) comprised of an exponential fit for the component of interest (blue
dashed line) and an exponential fit for the background component (red dashed line).

Another method specific for low statistics analysis is the Maximum Likelihood
method [43]. If n decays happen at respective times ¢y, ta, ..., ¢, < the search time
T, the probability of observing one decay during the time initerval ¢ to ¢t + dt is

given as
P\ t)dt = Xe Mdt(1 — e AT) 71, (4.4)

Then, the probability to observe all the n decays is

n

P\t ont) = [J PO ). (4.5)

i=1
By requiring it to have a maximum probability, namely

0log P(A, t1, ..., tn)

=0. 4.6

B\ (4.6)
Then we can obtain the decay constant expression,
11 T

- t: 4.7

PIORE (47)

If the search time T is long enough, this formula can be simplified to

T= % = Z(ti). (4.8)
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If the mean lifetime 7 is not very short compared to the search time T', a cor-
rection has to be taken into account, which is obtained by iterating eq. until
it converges. The uncertainties of the half-lives determined with the Maximum
Likelihood method are given by [44]

T T
Tl

- o= 1+ o=
in which 7, and 7; stand for the upper and lower uncertainty limits of the life time,
respectively. In the case of an extensive time span, treating the time distribution
with sufficient statistics in a linear time scale is challenging. Instead, an alternative
method is to transform the linear time spectrum to a logarithmic time scale [44,/45].
This method can sometimes more clearly divide the time distribution spectrum
into two components and the random background can be isolated from the main
intensity, as shown in Fig. 5| related to the lifetime fitting of the 5306 keV « decay
of '"10s. The two-component logarithmic function is given by

(4.9)

Ty ~

|% = (711)\16_)‘16(9 + 712)\26_)\269)60' (4.10)

where 6 = In(At) and At is the correlation time between decay and recoil and in the
unit of ms, n; and \; are the number of counts and decay constants corresponding
to the true and random-correlated distributions as shown in Fig. [f.5] The lifetime
7 determines the position of the primary peak and In(7) corresponds to the most
likely temporal location in the distribution. The half-lives measured in this thesis
have mainly relied on the Maximum Likelihood method in the logarithmic time
scale.

4.7 Lifetime Measurements of Excited States

The lifetime measurements of nuclear excited levels have long provided fundamen-
tal information for our understanding of nuclear properties, such as shapes and
collective degrees of freedom. The resulting reduced transition probability directly
reflects the overlap between the wave functions of the initial and final quantum
states in a nucleus and gives insight into the structural properties. There are
many experimental techniques available to measure lifetimes of excited states. Two
methods based on the Doppler effect are widely employed to measure very short
lifetimes (107 to 10714 s) |46, i.e., the Doppler-shift attenuation method (DSAM)
(~ 0.01 to 1 ps) and the Recoil Distance Doppler Shift (RDDS) method (~ 1 ps to
1 ns) [47]. In this work, the RDDS method was used and its analysis is presented
in the following subsections.

4.7.1 RDDS Method

The idea of the RDDS method is to relate the lifetime 7 of an excited state of
interest to the flight time ¢ of the recoiling nucleus at the time of the emission of
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Figure 4.5: Logarithmic time spectrum of the 5306 keV alpha decay events in
correlation with 171 Os recoils, fitted with a two-component function (red). The time
window for the recoil-a correlation was set to 1 min. The smaller distributions at
higher In(At) values are due to the random correlated background with its effective
fitted half-life.

a v ray. The excited states, can for example, be populated in heavy-ion induced
fusion evaporation reactions using a thin target from which the excited nuclei recoil
out. After traveling a certain distance d at a velocity v, the recoils are slowed
down by a degrader foil to a smaller velocity vo before being transported into the
separator RITU.

If the y-ray is emitted while the nucleus is in flight, the Doppler effect will give
rise to an energy shift of the observed ~-ray, which is expressed by:

/1 32
E,=FE 1-5 ~ Eo(14 8 cosb).

—- 411
07— Bcost ( )

where 6 is the angle in the laboratory system between the direction of the y-emission
and the flight direction of the recoiling nuclei with the velocity of v, Ey is the ~-
ray energy of the nucleus at rest, and 8 = v/c where ¢ is the velocity of light.
This effect shifts the y-ray energies from the states of interest emitted before and
after the degrader by different amounts, resulting in one fully shifted component
and one degraded component in the y-ray spectrum. By measuring the change of
the intensities of both components with the distance between the target and the
degrader, the lifetime of the nuclear level can be deduced.

In the Recoil Distance Doppler-Shift technique [48], a plunger device is used to
mount a degrader foil behind the target to slow down the recoiling nuclei. This is
illustrated in Fig. [£.6]
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Target Degrader
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Figure 4.6: A schematic illustration of the principle of the RDDS method, adapted
from the reference [48].

4.7.2 DDCM Method

In order to optimize the analysis of the RDDS data, the Differential Decay Curve
Method (DDCM) was developed and tested by the University of Cologne group [49,
50]. The principle can be understood as follows. The excited level of interest, L;,
is depopulated via the transitions L; — L; in which j denotes a lower-lying state.
On the other hand, the level L; is populated via a number of transitions Ly — L;,
where h denotes a higher-lying excited state. The relationship between the numbers
of nuclei in the excited states L; and Ly, i.e. n;(t) and ny(t), respectively, at the
time ¢ obey the following well-known differential equation:

dnl(t)
dt

= —\n;i(t) + Z briAnnn(t), (4.12)
A

where )\, and ); are the decay constants of the feeding and depopulating transi-
tions, respectively, and by; represents the normalized branching ratio for the decay
from the level L; obtained by the measured relative y-ray intensity. In practical
situations, the intensity of a transition is always measured over a period of time.
Integration of equation over a period of time ¢ > ¢ gives:

/°° Anall]) gy )\‘/Oon‘(tl)dt/-l—zb A /m” (t')dt’ (4.13)
) ar i ; % a hi\h \ h .

and with
Ni(t) ==\ n;(t')dt’ (4.14)

and -
Nhi(t) = Ahbhi/ nh(t’)dt'. (415)
t
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Assuming finite lifetimes (i.e. n(c0) = 0) one obtains :
—ni(t) = =Ni(t) + Y Nui(t). (4.16)
h

The quantities Np;(t) and N;(t) are proportional to the degraded components of
the feeding and depopulating transitions, respectively, measured at the flight time
t. By substituting the derivative of Eq. [£.14] Eq. [£.16] can be rewritten to

= 1 =Ny () + iy 3oy Nai(t) (4.17)

A dN;;(t)/dt

with N;;(t) = b;; N;(t), which is regarded as the general form of the DDCM for
the analysis in both singles plunger measurement and coincidence plunger mea-
surement [48]49]. Using the transformation of the flight times ¢ to distances z,
t = z/v, where v is the recoil velocity, the functions N;;(¢) can be replaced by
N;;(x). From the spectrum for each distance, one can directly measure the areas of
the degraded components I%(z) and shifted components I*(z) in the peaks in the
spectra corresponding to the transitions of interest. The relative quantity Q;;(x)
is introduced by the relationship between the measurable quantities,

Ny@) — IL()
N (0)  If(x) + I(2)

which is proportional to N;;(z). Then in the singles analysis of the RDDS data for

a level of interest, i, the lifetime eq[4.17] can be written as:

~ Qij(x) = bij 30y (Jni/ Jij)Qni(®)
+Qij(@)

where Jp;, J;; are the relative intensities for the feeding h — ¢ and depopulating

i — j transitions, respectively.

In the singles RDDS data, measuring all possible feeding transitions is usually
practically impossible since there can be weak feeding branches below the detec-
tion limit, e.g., from unobserved discrete levels. Therefore, the effect of unobserved
feeding transitions to the level of interest has to be considered in the analysis. In
certain cases where the observed feeding times are not particularly long compared
with the depopulating transition and the intensity of the unobserved feeding is
small, it is reasonable to assume that the unobserved feeding has a similar time
behavior as the observed feeding [48,149]. This hypothesis has been found to be
realistic and validated using coincidence analysis in several measurements [511[52].
Moreover, its validity can be checked directly by inspecting whether the general
trend of lifetime values obtained at each distance deviates significantly from a hor-
izontal line. In order to reduce systematic errors present in the analysis of singles
plunger measurements, v —y coincidence measurements can be introduced to avoid
these problems [53]. The influence of the unobserved feeding on lifetime determina-
tion also can be effectively excluded. However, this type of measurements is always
limited by statistics and a large enough reaction cross-section.

i(x) = %) (4.19)
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Figure 4.7: De-excitation scheme for coincidence DDCM.

Coincidence DDCM

In the case of coincidence data, the lifetime can be determined from gated spectra
and two types of gating can be used, on a depopulating transition or on a feeding
transition. Gating on a depopulating transition can help to reduce the background
in the gated spectra whilst it does nothing to avoid potential problems with unob-
served feeding. The method for the determination of the lifetime is the same one
as used in the singles case. Gating on feeding transitions is a more powerful tool to
avoid problems caused by indeterminate intensities or unobserved feedings. Using
this approach, one can choose the decay path to avoid the problems aroused by
unobserved feeding transitions or by the contamination of the doublet. As shown
in Fig. [f.7] a cascade of v-transitions is assumed to be observed almost simultane-
ously. The overall coincidence intensity between the transitions B and A can be
regarded as the sum of partial coincidences:

(B5", AT) = (Bg, Ag) + (B, AZ®) + (B, Ap) + (B, AF®). (4.20)

For instance, the term (B, A) refers to the coincidence between the fully shifted
components of the feeding transition B and the depopulating transition A and the
term (Bg°, A?°) represents the coincidence between the degraded components of
the B and A transitions. The term (Bg°, A)) = 0 as a result of the time ordering
i.e., that the detection of the degraded component of the populating transition
cannot be associated with coincident detection of the fully shifted component of
the depopulating transition.

Similarily as in eq. the lifetime of level L; can be determined using the
following equation [48]:

o (B AR) + (B AF)
4(Bg, Ay)

(4.21)
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Since (Bg§°, Ay°) is independent of time (i.e., the target-degrader distance), a general
solution can be derived from the Eq. with the transformation from the flight
times to distances as

ri(z) = B Aa@ 1 (4.22)

H(BSv AS)(x) v

where s and d stand for the fully shifted component and degraded component, re-
spectively, and v is the mean velocity of the recoils before the degrader. In some
situations, a gate on the fully shifted component of the direct feeding transition is
not possible either because the low transition energy prevents one from unambigu-
ously separating it from the degraded component, or due to the contamination from
the energy similarity of other transitions. Alternatively, other feasible approaches
can then be employed by gating on the shifted component of a higher-lying transi-
tion C (if clearly separated) as shown in Fig. or by gating on both components
of the transition C. For the latter case, the lifetime of the state of interest L; can
be obtained using the expression:

1 £(C A (@)

(4.23)

S|~

In addition, this expression also works for summing gates on several higher tran-
sitions together in order to obtain higher statistics. For the determination of the
denominator part, i.e., the derivative %(BS7 As) as a function of the distance, the
APATHIE software [54] was used in this thesis, which is based on the fitting of
multiple consecutive derivable second-order polynomials.






Chapter 5

Summary

This chapter briefly summarizes the experimental results and the author’s contri-
butions to papers I to IV.

5.1 Paperl

Lifetime measurements for the excited states in the vi3,, yrast bands of the
neutron-deficient osmium isotopes 69171:173(Qs have been measured for the first
time using the DPUNS device combined with the Jurogam II array and employing
the recoil-distance Doppler shift technique. The population of excited states in
these nuclei was achieved via the 2Mo(®3Kr, 2p4n)'690s, 92Mo(®3Kr, 2p2n)'7'Os
and 92Mo(8%Kr, 2p)'730s fusion-evaporation reactions. The lifetimes of the first
excited 17/2% and 21/2% states in 15%1730s and the 29/2% excited state in "1Os
were extracted based on the singles DDCM analysis method, and the lifetimes of
the first excited 17/2%, 21/2% and 25/2% states in '"'Os were extracted based
on the coincidence DDCM analysis method. The corresponding B(E2) values for
the 21/2% — 17/2% and 17/2% — 13/27 electromagnetic transitions follow sim-
ilar trends as observed in the neighboring even-N osmium isotopes, indicating
that the ij3/5+ valence nucleon acts as a “spectator” with no or little influence
on the nuclear shape or dynamics. An unusually low value is observed for the ratio
B(E2;21/2% — 17/27)/B(E2;17/2% — 13/27) in 1%90s, similarly to the “anoma-
lously” low values of the ratio B(E2;4] — 27)/B(E2;2{ — 04;) found for several
neighbouring even-even transitional rare-earth nuclides. Such low ratios of electro-
magnetic quadrupole strength are highly unexpected in the nuclei far from closed
shells and can not be accounted for by state-of-the-art theoretical models.

5.2 Paper II

Excited states in the extremely neutron-deficient nucleus '°”Te have been identified
from two separate experiments, one using the reaction >*Fe(°*Ni, 2p3n)1°7Te at the
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beam energy of 215 MeV based on the vacuum-mode separator MARA and the
other one using the reaction *Ni(**Fe, 2p3n)19"Te at the beam energy of 195 MeV
based on the gas-filled separator RITU. Prompt v-rays associated with ©7Te were
identified with the recoil-decay tagging technique and two distinct structures were
tentatively assigned to be built on the vhy;/5 and vgr/, quasiparticle states. The
structures have been compared with large-scale shell model calculations and the cor-
responding deformations for the positive and negative parity have been calculated
using the total Routhian surface method. It is suggested that a neutron occupying
the hyy/p intruder orbit has a shape-polarizing effect towards larger quadrupole
deformation (B2) as the N = 50 shell closure is approached, leading to a stronger
collectivity than for the positive-parity ds/, and g7/, configurations.

5.3 Paper III

The most neutron deficient lanthanum isotope known to date, ''La, has been
discovered via its ground-state proton emission (£, = 718(9) keV, T}, = 50(22)
ms). The ''%La nuclei were produced in the fusion-evaporation reaction **Ni(%4Zn,
p5n)*1%La and identified via their proton radioactivity using the MARA mass spec-
trometer and the silicon detector placed at its focal plane, in conjunction with the
JYTUbe detector at the target position. The proton decay of '"La has been re-
measured (£, = 808(3) keV, T}, = 21.6(31) ms) and the observations of v decays
from isomeric states in ''%La and '"La are also reported. The proton emission
probabilities have been calculated using the Universal Decay Law approach and it
is found that the emission probability in ''®La is enhanced compared to the less
exotic nearest neighbouring isotope (117La) while the proton-emission Q-value is
lower. These unexpected findings are proposed as a possible manifestation of strong
neutron-proton pairing of the isovector type which might facilitate the emission of
the proton since such correlations are predicted to peak at the nuclear surface.

5.4 Paper IV

In the same experimental data as used in Paper I, new a-decay fine structures have
been identified for 1"1720s and 711721741y, respectively. In total, 13 new « lines
have been resolved and two new ~y-ray transitions have been observed by means of
E, — E, correlations. The formation amplitudes for the new a decays obtained
in this work were calculated using the Universal Decay Law formula. The reduced
widths for these decays were calculated using the traditional Rasmussen approach.
Hindrance factors have been evaluated by taking the ground state o decay of 1"°Os
as the reference. A somewhat enhanced hindrance factor is observed for the newly
measured a-decay branch of 1720s to the first excited 21 state in '8W. This is
suggested to be a result of coexistence between configurations with different shapes
in the daughter nucleus. Mean field total Routhian surface calculations support this
picture and indicate that the observed a-decay fine structure is sensitive to rather
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subtle differences in the shape parameters of the final states. Shape coexistence
may also be a factor behind the increased hindrance factors observed for some of
the new a-decay branches in the odd-Z or odd-A nuclides, but in these cases, the
theoretical interpretation requires further studies.

5.5 Author’s Contributions

A brief summary of the author’s contributions to the four papers is presented below.

Paper I: The author of this thesis performed the offline data analysis and was
the principal author of the paper.

Paper II: This study contains two experimental data sets; the first one based
on RITU was performed in the year 2006 and the second one based on MARA was
performed in 2019. The author of this thesis participated in the second experiment,
performed the offline data analysis using the two data sets, and was the principal
author of the paper.

Paper III: The author of this thesis participated in the experiment, performed
the offline data analysis, and was the principal author of the paper.

Paper IV: The author of this thesis performed the offline data analysis and
was the principal author of the paper.
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