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Abstract

Despite that it is more than 100 years since the atomic nucleus was first dis-
covered by Ernest Rutherford and coworkers, many of its features still elude
our understanding. The fact that the fundamental interactions between the
nuclear constituents; nucleons, and ultimately quarks, are not yet known in
detail, and the complexity of the nuclear many-body system compound the
great challenges facing theoretical interpretations of experimental data. It is
therefore important to focus on distinct phenomena where experimental mea-
surements can be compared with theoretical predictions, providing stringent
tests of theory. One such area is the nuclear phenomenology of collective
excitations related to rotations and vibrations of the nucleus as a whole, and
how such modes of excitation may develop from the interactions between a
few nucleons occupying single-particle orbits outside closed shells.

This thesis is devoted to experimental studies of excited states in the 99Tc,
162W, and 166Re nuclei. These nuclei lie in “transitional” regions of the Segrè
chart, where collective excitation mechanisms start becoming important when
adding valence nucleons outside closed neutron and proton shells. Such nuclei
are important for testing state-of-the-art theoretical models. The excited
states of the nuclei studied in the present work were populated using heavy-ion
fusion-evaporation reactions. Prior to the present work, high-spin data were
still lacking in 99Tc since in the previous works [1–5] excited states were only
populated up to around 3 MeV. Two collective bands have been extended to
intermediate angular momentum states in the present work. The experimental
results were compared with the systematics of other technetium isotopes,
evaluating electromagnetic characteristics based on semiclassical calculations
and the particle-rotor model. The 162W and 166Re nuclei are situated in
the very neutron-deficient 160-170 mass region, requiring special techniques
for identifying their excited-state structures. The level scheme of 162W was
first reported by Dracoulis et al. in 1993 [6], where the first excited 2+

state was assigned to be 450 keV above the ground state. However, the lack
of selectivity made the γ-ray identification for higher energy levels of 162W
uncertain. In this work, the highly selective recoil-decay tagging technique
was used to uniquely identify γ-ray transitions from excited states in 162W
and to construct its level scheme. In addition, the experimental setup enabled
a precise determination of the half-life of the α-decaying ground state of 162W.
The α-formation probability for 162W was extracted from the measurement of
the half-life and systematical comparisons with the neighboring nuclei were
performed. Two rotational-like bands were identified in 166Re for the first
time and the lifetimes of the lowest three excited states in band (1) were
measured using the recoil distance Doppler shift method. The results were
compared with theoretical calculations based on a semiclassical approach, the
particle-rotor model, and the tilted axis cranking model in a relativistic mean
field approach. The microscopic mechanisms (configuration and alignment,
etc) of the rotational bands were interpreted under the framework of total
Routhian surface predictions and cranked shell model calculations.
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Sammanfattning

Atomkärnor innehåller mer än 99.9% av atomens massa och dominerar därmed
den synliga delen av all materia, s.k. “vanlig materia”, i universum. Egen-
skaperna hos atomkärnor med olika nukleonsammansättning avgörs av sam-
spelet mellan tre av de fyra kända naturkrafterna - den starka, svaga och
elektromagnetiska kraften. Den starka kraften dominerar i atomkärnan men
saknar fortfarande en detaljerad och konsistent teoretisk beskrivning. Den
mångfacetterade växelverkan mellan nukleonerna i kärnan ger upphov till ett
brett spektrum av fenomen som kan karakteriseras av allt från rent kvant-
kaos till regelbundna strukturer som avspeglar enkla rotationer och vibra-
tioner. Studierna som ligger till grund för denna doktorsavhandling fokuse-
rar till stor del på hur sådana kollektiva excitationer kan skapas utgående
från hur enskilda nukleoner påverkar kärnans totala kvanttillstånd. För att
få nya svar på sådana och andra grundläggande frågor om de grundläggande
växelverkningarna i atomkärnor behöver vi i vissa fall lämna de stabila kärnorna
och studera mycket exotiska, kortlivade atomkärnor så att nya teoretiska mo-
deller kan testas på ett avgörande sätt. Denna avhandling bygger på experi-
ment där kärnkollisioner ger upphov till instabila atomkärnor, i vissa fall långt
från stabilitet, eller exciterade tillstånd. Dessa atomkärnor har studerats ge-
nom att med känsliga instrument detektera den strålning de utsänder i form
av högenergetiska fotoner (gamma), neutroner, protoner och andra partiklar
när de de-exciteras (‘kyls ned’) mot grundtillståndet och vidare, genom radi-
oaktiva sönderfall, till andra, mer stabila, nuklider. Kärnor med vissa proton-
och neutrontal är extra stabila (“magiska” tal). Kärnexcitationer nära sådana
magiska tal ger information om växelverkansmekanismerna mellan ett fåtal
nukleoner i specifika kvanttillstånd. Det har visat sig att kollektiva excita-
tioner i form av vibrationstillstånd kan uppstå t.o.m. i s.k. dubbelmagiska
kärnor (i den stabila och dubbelmagiska kärnan 208Pb är märkligt nog det
första exciterade tillståndet tolkat som en kollektiv oktupolvibration). När
nukleoner läggs till eller dras ifrån en sådan särskilt stabil kärna ökar antalet
frihetsgrader vilket är gynnsamt för att kärnan ska kunna uppnå permanent
deformation och för att koherenta nukleonexcitationer ska kunna ge upphov
till kollektiva fenomen såsom vibrationer och rotationer av kärnan som helhet.
Exakt hur detta går till är ännu ej känt och är föremål för både experimentella
och teoretiska studier. Teoretiska modeller förutspår ofta axiell-symmetrisk
deformation i kärnor som har neutron- och protontal långt från magiska tal.
Dessa prediktioner sammanfaller ofta med experimentella observationer av
rotationsexcitationer i dessa kärnor och specifika egenskaper hos sådana exci-
terade tillstånd kan användas för att testa modellernas hållbarhet. Det före-
kommer även förutsägelser om kärndeformation med mer ovanlig form, t.ex.
triaxiell form, eller extremt deformerade tillstånd. Om exempelvis triaxiell
deformation kan påvisas experimentellt är det ett avgörande verktyg för att
testa teoretiska modellers gilighet.

Exciterade tillstånd i 99Tc med sju respective sex protoner och neutroner
från de dubbla magiska talen N = Z = 50 har studerats i syfte att söka efter
och studera kollektiva rotationstillstånd och testa teoretiska modellprediktio-
ner om statisk triaxiell deformation. Kollektiva rotationsband observerades
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för första gången i denna kärna och det var möjligt att koppla vissa egenska-
per hos dessa till möjligheten av triaxiell deformation.

Exciterade tillstånd i kärnorna 166Re och 162W har observerats med hjälp
av detektorsystemet JUROGAM/RITU. Dessa mycket instabila kärnor är
också belägna i ett övergångsområde på nuklidkartan som ligger mellan nära
sfäriska kärnor och väl deformerade kärnor. Detta erbjuder liksom i 99Tc-fallet
en möjlighet att studera framväxten av kollektiva fenomen och kärndeformation.
I fallet 162W har även grundtillståndets livstid uppmätts och visats skilja sig
signifikant från tidigare mätresultat. I den udda-N-, udda-Z-kärnan 166Re är
den residuella växelverkan mellan den udda valensneutronen och valensproto-
nen särskilt intressant. I denna kärna tyder de experimentella observationerna
även på att s.k. signaturinversion förekommer mellan de två huvudgrenarna
i rotationsspektra, ett fenomen som ännu saknar konsistent teoretisk förkla-
ring och som också återfinns bl.a i närliggande isotoper. Livstidsmätningar
av exciterade kärntillstånd har utförts för 166Re med hjälp av en Doppler-
skiftteknik. Resultaten har gett möjlighet att särskilja mellan två alternativa
teoretiska modellbeskrivningar av kärnans struktur.
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Chapter 1

Introduction

Nuclear physics is a subject that is related to many other fields, for example, as-
trophysics, atomic physics, particle physics, cosmology, etc. Nuclear physics is also
a subject that has developed into many applications in different areas, including
medicine, nuclear energy production, archeology, and material science. There are
two main features of the atomic nucleus that make the understanding of nuclear
properties and dynamics extremely challenging. First, the dominant part of the
effective interaction inside the nucleus; the strong force, is not fully understood in
its detailed properties. It is partly a consequence of that the theory describing the
strong interaction in the Standard Model of particle physics, quantum chromody-
namics (QCD) is not solvable using perturbation theory at the energies relevant for
the nuclear bound system (or even for hadrons). Second, the nuclear many-body
system quickly leads to extreme complexity as a function of the number of con-
stituents (nucleons). Currently, several new large accelerator facilities for nuclear
physics are constructed in Europe and around the world, vastly increasing the ex-
perimental opportunities in the next decade. A special emphasis lies on the study
of nuclear properties approaching the very limits of existence in terms of isospin
(neutron/proton ratio), angular momentum, and deformation. At the same time,
the continuous development of supercomputing enables more and more ambitious
theoretical modeling. The key to progress is to let theory guide the experimental
programs and to design experiments that test and challenge theoretical models in
a decisive way.

The atomic nucleus is a complex quantum multi-body system that consists of a
number of protons and neutrons, which, in turn, consist of quarks bound by gluon
exchange. The behavior of nuclei is generally interpreted as governed by effective
interactions between the nucleons. It would be far too complex to include the quark
degrees of freedom and furthermore does not seem necessary. Many models have
been developed to understand different phenomena observed in nuclear experiments.
This thesis concentrates on nuclear phenomenology related to collective excitations
of the nucleus and their interplay with the internal, nucleonic, degrees of freedom.
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Phenomena interpreted as collective excitations have been observed in many
regions of the Segrè chart. The commonly studied collective motions are quadrupole
rotations and vibrations. Quite often a coexistence of different types of excitations
are found in the spectroscopic studies of a single nucleus. For example, a nuclear
system that is found to exhibit properties corresponding to a spherical shape and
exhibits single-particle excitations from its ground state may develop deformation
with certain shape characteristics with increasing excitation energy and angular
momentum. The emergence of collective excitations in nuclei with a limited number
of valence particles outside closed shells is of particular interest. Such systems can
provide us with information on which components in the effective nucleon-nucleon
interaction are most important for the development of nuclear collective motion.

The nucleus 99Tc with proton number Z=43 and neutron number N=56 lies in
the transitional region with both proton and neutron numbers near the Z,N=50
closed shells. Such transitional nuclei may exhibit interesting phenomena, such as
γ-softness or even triaxiality [7]. Evidence for nuclear triaxiality has been reported
in the mass regions of A ∼110 [7–9], A ∼70 [10–12], and A ∼160 [13, 14]. There
are many potential consequences of nuclear triaxiality; for example, chiral doublet
bands [15, 16], γ bands [17, 18], wobbling bands at high spins [17], and signature
splitting or even signature inversion [18].

The excited-state structures of transitional nuclei in the A ∼160 region reflect
a dramatic shape evolution from the mid-shell of proton number around 66 and
neutron number around 104 to the Z,N = 82 spherical shell closures. The 162W
nucleus with Z=74, N=88, is located in the very neutron-deficient 160 mass region,
18 neutrons less than the lightest stable tungsten isotope. The odd-odd nuclide
166Re also belongs to the very neutron-deficient 160 mass region. The study of
odd-odd nuclei is generally quite challenging since the interplay between the valence
particles (odd valence proton and neutron) leads to many additional degrees of
freedom and a multitude of low-lying excited states. Taking the nuclei in the
Z ≈ 70, A ≈ 160 region as examples [19], many even-even nuclei like tungsten and
osmium isotopes with neutron number around 90 have been reported with excited
level structures, whereas most of the odd-odd rhenium and iridium isotopes with
neutron numbers less than 91 still lack any information about their excited states.
Extending our knowledge of excited energy levels to the very neutron-deficient
odd-odd nuclei helps us to understand the residual interaction between the valence
neutron and proton as well as to explore new configuration combinations. Lifetime
measurements of excited states can provide particularly stringent tests of different
theoretical models and have been performed in many even-even nuclei in different
mass regions. However, there are relatively very few lifetimes of excited states
deduced in odd-odd nuclei, especially far from stability, which are very important
to conduct systematic comparisons and to test theoretical models.

In chapter 2, the theoretical models used for interpretation of the results are
briefly described. After that, details of the experimental setups that have been
used in this work are presented in chapter 3. In chapter 4, the methods used in the
data analysis process are discussed. The work is summarized in chapter 5, which
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also includes an outlook.





Chapter 2

Theoretical Framework

The modeling of nuclear physics dates back to more than 100 years ago. In 1911,
Rutherford’s gold foil experiment led to the hypothesis that most of the mass of an
atom was concentrated in a nucleus. This hypothesis was in contrast to Thomson’s
“plum pudding” model. This idea was modified by Bohr and developed into the
nuclear atom model in 1913 [20]. Later, the proton was discovered by Rutherford
in 1919 through the nuclear reaction α + 14N → p + 17O [20]. After the neutron
was discovered by Chadwick through the reaction α+ 9Be→ n + 12C in 1932 [21],
Heisenberg published three papers about his neutron-proton model of the nucleus
in 1932 and 1933 [22–24]. The liquid drop model, which was proposed in order to
explain fission experiments [25–27], was historically the first model to explain the
properties of nuclei [28], especially the atom masses as studied by von Weizsäcker
in 1935 [29]. However, the existence of magic numbers [30] was not understood
until the independent particle model with spin-orbit coupling was introduced by
Mayer et al. around 1949 [31–33]. It was found that the single-particle orbitals in
a nucleus are determined by the mean field of the core, which seems independent of
the motion of the particles. At the same time, it was also found from experiments
that nuclei have collective motions and deformation. The rotation of the nucleus
as a whole was first discussed by Teller and Wheeler in 1938 [34]. Combining
the effects of the individual nucleons and collective motions (i.e. vibrations and
rotations, the dynamics of deformed nuclei) was studied by Bohr and Mottelson in
the 1950s [35]. Nilsson et al. first studied the effects of the interplay between single
particles (i.e. protons and neutrons) and deformation in nuclei in 1955 [36, 37].
Another model that treats the single particles separately from the core with great
success is the particle-rotor model, which has been applied in many different nuclear
regions [28]. In the same period, Inglis introduced the cranked shell model [38,39],
which was developed within a microscopic framework to describe nuclei that exhibit
the characteristics of a rotational quantum system [28]. This model was successful
in reproducing high angular momentum.

Modern nuclear structure models cover a wide range of approaches. This in-
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cludes “ab initio” calculations starting from “realistic” effective interactions [40].
One has to mention also various shell model approaches (no core, large scale shell
model [41], etc), cranked Strutinsky deformed shell model [38, 39], Hartree-Fock-
Bogoliubov mean field theories [42], relativistic mean field theory [43] and algebraic
approaches within the interacting boson model framework [44]. The most funda-
mental “ab initio” models are currently restricted to light nuclei due to the extreme
complexity introduced by including both two- and three-body forces.

The theoretical models have played an important role in explaining experimental
phenomena and understanding nuclear structures. In turn, the experimental results
can test the theoretical models in a decisive way. In this chapter, a brief description
of the theoretical models that have been used in the present work for interpreting
the experimental results will be given.

2.1 The cranked shell model

As seen below, the basic idea of the cranked shell model (CSM) is to treat in a
straightforward fashion particles moving in a rotating, deformed mean-field poten-
tial [38, 39]. Residual interactions, like the pairing interaction, are introduced and
the eigenvalues of the Hamiltonian are evaluated as a function of the rotational
frequency. Collective effects arise from summing coherently the contributions from
all particles.

2.1.1 Conserved quantum numbers
Assume an axially symmetric potential with the rotation frequency ω along the
rotation axis x. The single-particle Hamiltonian has the form of

h0 = T + V(x′, y′, z′) (2.1)

in the frame of the body-fixed coordinate system and the form of

h(t) = T + V(x, y, z, t) (2.2)

in the laboratory-reference system. Here, T corresponds to the kinetic energy and V
corresponds to the potential energy due to the interactions with the other nucleons
in the nucleus. These two forms can be connected by the expression

h(t) = Uh0U−1, (2.3)

where U is the rotation operator:

U = e−iωtjx′/~ (2.4)

and j is the angular momentum operator. These two Hamiltonians are related as:

hω = h0 − ωjx′ . (2.5)
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Here, hω is the Hamiltonian of one single particle in the rotating frame with eigen-
values called Routhians, e′. The term −ωjx′ corresponds to the inertial Coriolis
effect. Suppose an eigenfunction |µ〉 of hω, then

e′ = 〈µ|h0|µ〉 − ω〈µ|jx′ |µ〉. (2.6)

The single-particle aligned angular momentum satisfies:

de′

dω
= −〈µ|jx′ |µ〉. (2.7)

Summing all the single-particle Hamiltonians (Eq. (2.5)), the total cranking Hamil-
tonian is obtained:

Hω = H0 − ωJx′ . (2.8)

Here, Jx′ is the total angular momentum of all the single particles (nucleons) pro-
jected onto the rotation axis. For an axially symmetric system, the Hamiltonian
is invariant under a rotation by an angle π, i.e. by a rotation generated by the
operator,

Rx = e−iπjx′ (2.9)

with eigenvalues r = ±i. The corresponding conserved quantum number, called
signature, is α = ∓1/2, with the form:

r = e−iπα. (2.10)

The parity, π, is also a conserved quantum number in the cranked shell model
approach since the Hamiltonian is invariant with respect to space inversion, P.

2.1.2 Total Routhian surface calculations
After introducing the Routhian of a single particle, e′, the total Routhian surface
(TRS) calculations [45–47] can be performed. The basic idea is to calculate the
total Routhian for a sequence of fixed rotational frequencies, ω, as a function of the
deformation parameters β2, β4, and γ. Minima in the total Routhian surface pro-
vide information on the preferred deformation of the nucleus. The total Routhain
Eω(Z,N, β̂) at frequency ω includes the macroscopic liquid drop energy, Emacr, the
shell correction energy, δEshell, and the pairing correlation energy, δEpair. With
these terms, the total Routhian can be written as:

Eω(Z,N, β̂) = Eωmacr(Z,N, β̂) + δEωshell(Z,N, β̂) + δEωpair(Z,N, β̂), (2.11)

where Z and N represent the proton and neutron number, respectively, and β̂
stands for the deformation parameters.

A number of TRS calculations have been used to compare with experimental
data in the present work.
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2.2 The particle-rotor model

The particle-rotor Hamiltonian can be derived from the Bohr Hamiltonian as be-
low [48,49]:

H = Hcore +Hparticle +Hinteraction. (2.12)
Here, Hcore is the collective Hamiltonian for an even-even core, Hparticle is the
single-particle Hamiltonian in the collective coordinate, and Hinteraction represents
the effect of the single particle on the core field. This approach can also be extended
to odd-odd nuclei with the residual proton-neutron interaction considered. Then
the particle-rotor Hamiltonian for odd-odd nuclei can be written as [50]:

H = AR2 +
∑
p,n

(Hsp +Hpair) + Vpn. (2.13)

Here the first term is the pure collective core rotation, corresponding to Hcore in
Eq. (2.12), the second one describes a single-particle motion in a deformed mean
field, the third term represents the pairing interaction between like nucleons, and
the last term is the residual interaction between the odd proton and odd neutron.

In this work, particle-rotor model calculations have been used in 99Tc to un-
derstand the large signature splitting in the yrast band which may be associated
with large triaxiality. Particle-rotor model calculations have also been conducted
to explain the signature inversion observed in the positive-parity band in 166Re,
which might originate from the mixing of orbitals emanating from the h9/2 and
f7/2 subshells.

2.3 The TAC-RMF model

Relativistic mean field (RMF) theory [42, 43, 51] has been used to describe many
nuclear phenomena successfully in the last few decades. Based on this theory,
models have been developed to describe nuclear spectra, including the influence
of the spin-orbit interaction in the mean field and even the nuclear magnetic and
antimagnetic rotations [52, 53]. The mean-field model is an approximation that
neglects many-particle interaction as well as antiparticle contributions [54]. In
the relativistic description of interacting particles, the concept of fields that are
independent degrees of freedom is introduced to describe the interactions. The
tilted axis cranking calculations based on the RMF theory (TAC-RMF) [55,56] have
been developed for the description of nuclear magnetic and antimagnetic rotational
modes. In this work, the experimentally observed strong M1 transitions as well
as the weak E2 transitions in the yrast band of 166Re were considered as possible
evidence for magnetic rotation, TAC-RMF calculations have been performed in
order to test this possibility. The basic idea of tilted axis cranking (TAC) approach
is to treat the nucleus rotating around an arbitrary axis with a uniform velocity Ω,
with the corresponding Hamiltonian in an intrinsic frame having the form [57]:

H ′ = H − Ω · J. (2.14)



2.3. THE TAC-RMF MODEL 9

Here J is the angular momentum. Since the rotational axis does not coincide with
any principal axis in TAC approach, the signature is not a good quantum number
as it is in CSM. Hence, TAC can not reproduce signature splitting. One can find a
detailed description of TAC-RMF model in Ref. [57].





Chapter 3

Experimental Techniques

Excited states of the nuclei investigated in this thesis work were populated with
heavy-ion fusion-evaporation reactions. High-spin states of the odd-A 99Tc nucleus,
were populated with the reaction 96Zr(7Li, 4n)99Tc. This experiment was per-
formed at the China Institute of Atomic Energy (CIAE). The excited states of very
neutron-deficient 166Re and 162W nuclei were investigated using the 92Mo(78Kr,
3p1n)166Re, 92Mo(78Kr, 2α)162W fusion-evaporation reactions, respectively. This
experiment was conducted at the accelerator laboratory of the University of Jyväskylä,
Finland (JYFL). This chapter introduces some basic concepts of γ-ray spectroscopy,
followed by a brief description of the setups in CIAE and JYFL used in the present
work.

3.1 The photon as a probe of nuclear structure

Detailed information of nuclear structure can be obtained from the photons, or
“γ-rays”, emitted from the excited states of nuclei. In-beam γ-ray spectroscopy is a
very powerful tool to study nuclear structure by means of measuring the properties
of γ-rays emitted from the excited states of nuclei populated in nuclear collisions.

Today, the most commonly used detectors for γ spectroscopy are high-purity
germanium (HPGe) detectors. HPGe detectors have excellent energy resolution
because of the small band gap of the germanium semiconductor. The typical full
width of peak at half maximum (FWHM) of HPGe detectors at 1.3 MeV is around
2.0 keV. The γ-ray energies measured in in-beam γ spectroscopy are usually lower
than around 5 MeV. In this energy range, the γ-rays lose energy mainly through the
photoelectric effect, Compton effect, and at the highest energies pair production.
When the incident γ-ray energies are higher than about 150 keV, the Compton effect
will dominate and give rise to a continuous background at lower energies. This can
be suppressed by applying efficient scintillation detectors like BGO (Bismuth Ger-
manate) crystals as escape suppression shields around the HPGe detectors using the
anti-coincidence or veto technique. The BGO scintillator is a highly efficient γ-ray
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absorber with high density and high proton number of bismuth. When a Compton-
scattered γ-ray from a HPGe detector is absorbed by the BGO shield, it can give
rise to a veto signal, which is used to suppress the Compton background at low
energies. In the next generation of γ-ray detector systems for nuclear spectroscopy,
which uses large germanium spectrometers like the advanced gamma tracking ar-
ray (AGATA) [58], this escape suppression technique is replaced by γ-ray tracking
methods, which greatly enhance the performance of the spectrometer.

3.2 Nuclear reactions for spectroscopic studies

Many different methods have been used to understand the multifaceted aspects of
the atomic nucleus, from studies of radioactive α, β, proton, spontaneous fission
decays and exotic cluster decays, to particle induced fission, Coulomb excitation,
heavy-ion fusion-evaporation reactions, to nucleon transfer reactions at low and in-
termediate energies and fragmentation reactions following collisions of relativistic
ions. For an overview, the reader is referred to e.g. Refs. [59–64]. The fusion-
evaporation reaction is a very commonly used method to study excited states of
neutron-deficient nuclei. However, with this method, evaporating different parti-
cles will open several different reaction channels, which can make the channel of
interest drown in the radiation from more strongly populated reaction channels.
Fission reactions are commonly used for the neutron-rich nuclei with medium mass
number. Since this method will produce many products at the same time, it is used
with large detector arrays and analyzed with triple or quadrupole γ-ray coincidence
techniques. Coulomb excitation, an ideal measure of electromagnetic matrix ele-
ments, is an important probe for quadrupole collective motion and is commonly
used for the nuclei near the β stability line. With the advent of more and more
intense radioactive ion beams, nuclei further from stability are becoming available
for such studies. Transfer reactions are often used to map out the single-particle
structure of nuclei.

Heavy-ion fusion-evaporation reactions were used to populate the excited nu-
clei studied in the present work (see Fig. 3.1). When beam particles bombard the
target, they may fuse with the target nuclei and form a compound nucleus on the
condition of overcoming the Coulomb barrier. The resulting compound nuclei can
gain very high excitation energy (several tens of MeV) and angular momentum
(in extreme cases up to approximately 100 ~) from the fast beam particles. For
the experiment used for the studies of 162W and 166Re, fission reactions produced
background radiation that had to be suppressed to enhance the interesting reac-
tion channels. Compound nuclei that do not fission may cool down by emitting
(“evaporating”) protons, neutrons, α particles, and other charged particles. When
the excitation energy is not high enough to evaporate particles, the residual nuclei
will typically emit cascades of γ-rays to deexcite towards the ground state. Since
the corresponding electromagnetic transitions connect different excited states in the
nucleus with each other and with the ground state, their properties provide detailed
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information about the internal structure of the nucleus.

Figure 3.1. A schematic figure of the fusion-evaporation reaction.

3.3 High-spin study of 99Tc

The experimental study of high-spin states in 99Tc was conducted at the China
Institute of Atomic Energy with its HI-13 tandem accelerator. The reaction used
in the experiment was 96Zr(7Li, 4n)99Tc. The γ-rays were measured by a HPGe
detector array in the in-beam γ-cave.

3.3.1 The HI-13 tandem accelerator

The HI-13 (Heavy ions 13 MV) tandem accelerator was built in the 1980s at the
China Institute of Atomic Energy, Beijing, China [65]. The layout of the main
experimental equipment is shown in Fig. 3.2 [66], which mainly included the ac-
celerator room, experimental halls and the control room. In the accelerator room,
singly charged ions from the negative-ion source emerging from the injector were
accelerated through the first stage of the accelerator, then stripped partly or totally
in the stripper aperture at the high voltage terminal, further accelerated, and at
last transported to the target after the 90◦ analyzing magnet. Pure sulphur hex-
afluoride gas (SF6) was applied as the isolating medium. The experimental halls
contained the equipment for fast neutron physics research (target room 1), charged
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particle reaction studies (target room 2), nuclear applications work (target room
3), and in-beam γ-ray experiments (γ-cave).

Figure 3.2. Sketch of the HI-13 tandem laboratory. Figure courtesy of Ref. [66].

3.3.2 The CIAE γ-detector array
The CIAE γ-detector array used in the in-beam γ-ray measurement performed
in the present work, which is shown in Fig. 3.3, included eight coaxial Compton-
suppressed HPGe detectors, two planar HPGe detectors, and one clover detector.
The Compton-suppressed coaxial HPGe detectors and the clover detector covered
the γ-ray energy range of 50 keV to a few MeV. The planar detectors were most
sensitive to γ-ray energies between around 20 and 400 keV. The typical energy
resolutions (FWHM) for the HPGe detectors were around 1.9∼2.5 keV at the 60Co
1332.5 keV γ-peak and around 0.6∼0.8 keV at the 152Eu 121.8 keV γ-peak. More
detailed information on the HPGe detectors is shown in Table. 3.1. The relative
efficiency given here is the efficiency of a HPGe detector at 1.33 MeV (60Co source)
relative to a standard cylindrical shape (φ7.62 cm × 7.62 cm), NaI (Tl) at 25 cm
from the source. Three different standard sources (60Co, 133Ba and 152Eu) were
used for the energy and efficiency calibrations. The total photo-peak efficiency of
the detector array was about 0.3% at 1 MeV γ-ray energy.
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Table 3.1. Information on the HPGe detectors used in the experiment at CIAE [67].

Number Angle Distance to target (cm) Relative efficiency (%) FWHM (keV)
1 90◦ 18.0 30 2.0
2 90◦ 18.3 30 2.1
3 140◦ 18.2 35 1.9
4 141◦ 19.1 30 2.2
5 90◦ 18.5 30 2.0
6 42◦ 19.3 30 2.2
7 42◦ 19.0 35 1.9
8 150◦ 23.5 35 1.9

Planar 1 125◦ 43.0 20 0.8
Planar 2 122◦ 24.5 20 0.6
Clover 87◦ 35.0 40 2.2

Figure 3.3. A photograph of the CIAE γ-detector array used in the experimental
measurement of 99Tc.
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3.4 In-beam γ-ray spectroscopy and lifetime measurements in
neutron-deficient A≈160 nuclei

The experiment, in which excited states and ground-state decay properties of 166Re
and 162W were studied, was performed at the accelerator laboratory of the Uni-
versity of Jyväskylä using the K130 cyclotron. A thin metallic target of 92Mo,
was mounted in the DPUNS plunger [68] for the lifetime measurements of excited
states. The beam was 78Kr at an energy of 380 MeV. Prompt γ-rays from the de-
cays of excited states were detected by the JUROGAM II HPGe array [69–71]. The
fusion-evaporation products were separated from the residual beam particles and
fission products by the RITU separator [72–74] and transported to the DSSSDs [75]
at the focal plane of RITU. The schematic of JUROGAM II, combined with the
RITU gas-filled recoil separator and the GREAT spectrometer is shown in Fig. 3.4.
The beam particles bombarded the target inside the JUROGAM II target chamber
from the left side of the figure.

Figure 3.4. A sketch of JUROGAM II with its support structure (left), coupled
with the RITU separator (middle) and GREAT spectrometer (right). Figure cour-
tesy of Dave Seddon (Liverpool).
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3.4.1 The JUROGAM II γ-detector array

The prompt γ-rays were detected by the JUROGAM II spectrometer (see the photo
shown in Fig. 3.5), which consisted of 15 EUROGAM Phase-I [69] and GASP
type [70] germanium detectors in two rings with 5 at 157.6◦ and 10 at 133.6◦,
and 24 clover detectors [71] in two rings with 12 at 104.5◦ and the other 12 at
75.5◦ relative to the beam direction. Each HPGe detector was surrounded by BGO
crystals acting as veto detectors for the γ-rays scattered from within the HPGe
crystals. The JUROGAM II γ-detector array had a total photo-peak efficiency
of about 6% at 1332.5 keV [76]. For the lifetime measurements of excited states
in 166Re in the present work, the standard target chamber of JUROGAM II was
replaced by the DPUNS plunger device [68], which will be presented in section
3.4.4.

Figure 3.5. A photograph of the JUROGAM II γ-detector array used in the
experimental measurements of 166Re and 162W.
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3.4.2 The RITU gas-filled recoil separator
The gas-filled magnetic spectrometer RITU (Recoil Ion Transport Unit) [72–74] is
a very powerful tool to separate low-cross-section fusion-evaporation residues from
primary beam particles and other reaction products like fission fragments. The
reaction products can be identified with the measurements of decay products at
the focal plane of RITU.

The gas-filled RITU separator was of the QνDQhQν configuration, where D,
Qν and Qh represent magnetic dipole, vertically focusing magnetic quadrupole, and
horizontally focusing magnetic quadrupole, respectively. The separator was filled
with helium gas at a pressure of around 1 mbar. The first Qν magnet was used
to match to the JUROGAM II γ-detector array without decreasing angular accep-
tance, which was one of the main limitations of the separator transmission. The
last two quadrupole magnets were used for vertical and horizontal focusing. The
bending trajectory in RITU depends on the magnetic rigidity Bρ of the particles
with the relation [77]:

Bρ = mv

q
≈ 0.0227 A

Z1/3 [Tm], (3.1)

where mv is the momentum of the reaction products, q is the average ion charge
that can be expressed by q = (v/v0)Z1/3 based on Thomas-Fermi model of the
atom, v0 is the Bohr velocity, v0 = 2.19× 106 m/s, A and Z are the mass number
and proton number of the particles, respectively. From Eq. (3.1), one can see that
the magnetic rigidity is independent of the charge distribution and velocity of the
initial particles, which is a result of the charge equilibrium obtained due to stripping
reactions in the helium gas. Consequently, the magnetic rigidity of fusion residues
will be much larger than that of the beam particles, allowing them to be separated
from the beam at the RITU focal plane. Furthermore, fission fragments produced
in the reactions will also be rejected as they typically are not transported to the
focal plane of RITU.

3.4.3 The GREAT focal-plane spectrometer
The GREAT (Gamma Recoil Electron Alpha Tagging) spectrometer [75] was sit-
uated at the focal plane of RITU and was used to detect protons, α particles,
electrons, positrons, X-rays, and γ-rays emitted from nuclei that have been se-
lected in RITU. GREAT was a composite system that consisted of a multi-wire
proportional counter (MWPC), two double-sided silicon strip detectors (DSSSDs),
a silicon PIN diode array and a set of germanium detectors.

The MWPC was placed at the entrance window of the GREAT spectrometer
to detect the incoming particles from the RITU separator. It can be used to dis-
criminate the recoiling fusion residues from their radioactive decay products and
scattered beam components. This was achieved by measuring the energy deposition
in the MWPC ∆E and the time of flight between the MWPC and the DSSSDs.
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The two DSSSDs were used to measure the protons and α particles from the decay
of recoiling reaction products. Each DSSSD had a size of 60 mm × 40 mm × 300
µm and was divided into 2400 pixels with 60 strips in horizontal axis and 40 strips
in vertical axis. Conversion electrons can be measured by the silicon PIN diode
array, which included 28 PIN diodes with the size of 28 mm × 28 mm × 500 µm,
mounted into a box around the DSSSDs. In order to measure X-rays and γ-rays,
a set of germanium detectors was installed in GREAT. It included a double-sided
planar germanium strip detector mounted behind the DSSSDs to detect β parti-
cles, low-energy γ-rays and X-rays, and three clover type germanium detectors for
higher energy γ-ray measurements.

3.4.4 The DPUNS device

The differential plunger for unbound states (DPUNS) [68] was employed for the life-
time measurements of the excited states in 166Re using the recoil distance Doppler
shift method, which will be discussed in section 4.3.1. The plunger used in this
experiment, illustrated in Fig. 3.6, was based on the Köln plunger design [78]. It
was designed by a UK (Manchester and Liverpool Universities)-JYFL (Jyväskylä
University) collaboration. A degrader foil, made of Mg, was placed downstream
of the target to reduce the velocity of the recoils, resulting in two different com-
ponents of the emitted γ-ray energies due to the difference in Doppler shift. The
target and degrader were attached to aluminum rings and adjusted to be parallel
with the screws on the support frames. The distance between the target and de-
grader was controlled and kept constant during each irradiation time by a stepper
motor combined with an actuator. The entire plunger device was placed inside the
standard target chamber of JUROGAM II.

Figure 3.6. A schematic figure of DPUNS plunger device. Figure courtesy from
Ref. [68].





Chapter 4

Data Analysis

Modern nuclear spectroscopy experiments require complex detector systems, often
consisting of a large array of HPGe detectors operated in conjunction with auxiliary
devices to select and identify the reaction products of interest. Such experiments
require ample time for setup and preparation, and the complex data structures
make powerful data analysis tools imperative. On-line data sorting and analysis
can quickly test the experiment quality during the beam time. Off-line data sorting
and analysis are required to obtain maximum information from the available data.
This chapter will present some details of the data analysis process.

4.1 Coincidence techniques

Coincidence analysis is a standard tool to select the events of interest from the
data and to disentangle complex level structures. In the experiment of 99Tc, only
γ-ray coincidence events were collected and new γ-rays were identified based on the
coincidence relations with the known γ-ray transitions in the previously established
level schemes [1–5]. In the experiment performed at the accelerator laboratory of
University of Jyväskylä, the 166Re and 162W nuclei are highly neutron-deficient, lo-
cated far from the stable isotopes. The production cross sections for such nuclei are
extremely low due to the strong competition with multiple reaction channels lead-
ing to more stable nuclides and fast fission. This vast background from unwanted
reaction channels is a crucial problem that needs to be overcome in order to se-
lect and identify the interesting channels. Here the tagging technique using recoils
and their radioactive decays was applied for selecting the prompt γ-ray coincidence
events belonging to 166Re and 162W.

4.1.1 Recoil and recoil-decay tagging

In the JUROGAM II/RITU/GREAT setup experiments, the first step in selecting
the fusion-evaporation reaction events was the requirement of detecting the correct

21
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energy deposition in the MWPC from the ionization induced by the passing fusion
products. The fusion residues were separated from beam particles and scattered
particles from the target and degrader by setting a two-dimensional gate on the
energy deposited in the MWPC (dE) and the time of flight between MWPC and
DSSSDs, see Fig. 4.1 for the two-dimensional plot of dE versus time of flight.

Figure 4.1. Two-dimensional plot of the energy deposit in the MWPC (dE) versus
time of flight between MWPC and DSSSDs from the 166Re and 162W measurement.
The events below the recoils were from the scattered beam and scattered particles
from the target and degrader.

For the extremely neutron-deficient nuclei in the 160 mass region, many cases
have significant α-decay branching ratios. Then the γ-rays belonging to those nuclei
can be identified by requiring a delayed coincidence with α decays detected in the
DSSSDs of the characteristic energy, which is usually unique for each nuclide. This
is an example of the so called recoil-decay tagging (RDT) technique [79–81], which is
a very powerful tool to identify prompt γ-ray transitions of exotic nuclei. The RDT
method employs the sharp temporal correlation between prompt γ-rays emitted
near the target and an implantation of a fusion residue in the focal-plane detectors.
It then further uses spatial and temporal correlations between subsequent decay
events in the DSSSDs. Taking the experiment of 166Re and 162W as an example,
the α-decay energy deposited in the DSSSDs with the condition of detecting a recoil
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Figure 4.2. (a) The α-decay energy spectrum recorded in the DSSSD detectors in
the focal plane of RITU with the requirement of detecting a recoil product and a de-
cay event in the same pixel. (b) The mother α-decay spectrum with the requirement
of recording a daughter event of 158Hf with a maximum search time of 3 s between
a recoil event and a mother α-decay event, as well as a time correlation of less than
6 s between a mother α-decay event and a subsequent α-decay event in the same
pixel. (c) The daughter α-decay energy spectrum with the requirement of a mother
α-decay event of 162W with the same correlation times as in (b).

product as well as a decay event in the same pixel is shown in Fig. 4.2(a). The
strong peaks for the α-decaying nuclei are marked in the figure. It is common to
use three half-lives corresponding to 87.5% of the decays as correlation time unless
the risk of random correlations demand a shorter inspection period. When tagging
on a daughter event corresponding to 158Hf for a recoil-mother-daughter chain with
a correlation time of 3 s between a recoil event and a mother α-decay event and 6 s
between a mother α decay and a subsequent daughter α-decay event in the same
pixel, the mother 162W α-decay energy deposited in the DSSSDs can be recorded
as shown in Fig. 4.2(b). In this figure, one can see that there are also two other
peaks leaking into this mother α-decay energy spectrum of 162W. For the case of the
contamination from 166Os, it was the strongest α-decay channel as can be seen from
Fig. 4.2(a). The nucleus 162W is the α-decay daughter of 166Os. When gating on
the full α-decay energy of 158Hf (the daughter of 162W), events with partial energy
deposition (“escape”) of α particles corresponding to the decay of 162W may be
included, resulting in the 166Os “contamination” peak. For the case of the 158Hf α-
decay energy peak presented in Fig. 4.2(b), it can be caused by the similar α-decay
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Figure 4.3. (a) The daughter 162W α-decay energy spectrum with α-decay tag-
ging on both the mother nucleus 166Os and granddaughter nucleus 158Hf with three
half-lives searching time of each decay event. (b) The mother 166Os α-decay energy
spectrum with the requirement of recording a daughter event of 162W and a grand-
daughter 158Hf α-decay event with a maximum searching time of three half-lives of
each decay event.

energy of 154Yb when 158Hf is supposed as mother nucleus. Similarly, the daughter
α-decay energy spectrum can also be sorted with the same correlation times as in
Fig. 4.2(b), but with tagging on mother nucleus 162W α decay, see Fig. 4.2(c). In
order to obtain a cleaner event selection, a two-dimensional gate on the correlated
daughter and granddaughter α-decay energies was used. Fig. 4.3(a) presents an
α-decay energy spectrum of the daughter 162W nucleus obtained by tagging on
both the mother and granddaughter α decays with a maximum correlation time of
three half-lives. Fig. 4.3(b) shows the α-decay energy spectrum of the mother 166Os
nucleus with the requirement of detecting the daughter and granddaughter nuclei
in the same pixel within three half-lives, respectively. Therefore, a two-dimensional
gate on both mother and daughter α decays, or even a triple gate on the mother,
daughter and granddaughter decays will be a powerful tool to assign unknown
prompt γ-ray transitions to the corresponding mother nucleus. Figure 4.4 presents
the two-dimensional spectrum of the daughter α-decay energy versus the mother
α-decay energy. The circle indicates the two-dimensional gate used for tagging the
γ-ray transitions belonging to 162W. The corresponding γ-ray energy spectrum is
shown in Fig. 4.5(c), which will be discussed below.
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Figure 4.4. Two-dimensional plot of the daughter α-decay energy versus mother
α-decay energy. The circle represents the two-dimensional gate set for 162W.

Figure 4.5 shows the singles γ-ray spectra detected by JUROGAM II with dif-
ferent tagging conditions. Figure 4.5(a) is obtained with the requirement of a recoil
event recorded by the MWPC, which has been shown in Fig. 4.1. The four-particle
evaporation channels were most strongly populated in this experiment as marked
in Fig. 4.5(a). Figure 4.5(b) shows the spectrum with the same condition as in
Fig. 4.5(a) together with the requirement of detecting a 162W α-decay event in the
same pixel of the DSSSDs. One can see that most of the strong channels popu-
lated in this experiment were suppressed, while the γ-ray transitions belonging to
the αp and 2α (α2p2n) channels were significantly enhanced. It should be noted
here that the αp and 2α channels contribute to the same spectrum because of the
similar α-decay energies of these two channels. Then a more strict gating condition
was required, which is, e.g., by gating on a recoil-mother(162W)-daughter(158Hf)
chain as shown in Fig. 4.5(c). This spectrum further enhanced the γ-rays of 162W
nucleus. However, since the α-decay chain of 162W ends in the nucleus 150Er, a
tag on the full recoil-mother-daughter-granddaughter(154Yb) sequence is possible,
which is shown in Fig. 4.5(d).
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Figure 4.5. Examples of differently tagged γ-ray energy spectra detected in JU-
ROGAM II in the experiment of 166Re and 162W. (a) Recoil-tagged total γ-ray
spectrum; (b) Recoil-162W α-decay tagged singles γ-ray spectrum; (c) Recoil-162W-
158Hf α-decay tagged singles γ-ray spectrum; (d) Recoil-162W-158Hf-154Yb α-decay
tagged singles γ-ray spectrum.

The nuclei with some known γ-rays can be studied without recoil-decay tagging
if the reaction cross section is large enough. For the case of nuclei with very small
α or proton decay branching ratios, recoil tagging can also be a good choice for
building the level scheme in combination with other discrimination methods. The
nucleus 166Re belongs to this case. In this experiment, compound nucleus reactions
were achieved by letting a beam of 78Kr ions at 380 MeV impinge on a thin 92Mo
target. Excited states of four-particle evaporation channels were most strongly
populated. The reaction product 166Re corresponds to the 3pn evaporation channel
and was populated with a cross section in the order of mb. The α-decay branching
ratio of 166Re is very small, making the γ-ray identification from α-decay tagging
very difficult. The strong γ-ray transitions belonging to 166Re were first assigned to
the rhenium element based on coincidences with rhenium X-rays, see section 4.1.2
for details. Then they were assigned to 166Re from the coincidence relation with
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the low-lying γ-ray transitions identified in previous work [82]. For the 162W case,
although it was a weakly populated channel with a cross section in the order of
µb, the tagging on the α-decay chain 162W-158Hf-154Yb was available, which as
previously discussed gave firm identification of γ-rays from the decay of excited
states in 162W.

4.1.2 Tools for γ-ray coincidence analysis
The use of relations between γ-rays is the main tool for constructing nuclear level
schemes. Here the RADWARE software package [83] was used to analyze Eγ-Eγ co-
incidence matrices and Eγ-Eγ-Eγ coincidence cubes. In case statistics allow, cubes
and hypercubes will give a much higher selectivity than possible with standard γ-γ
coincidence analysis. In the experiment of 166Re and 162W, the level schemes were
deduced using both matrices and a triple-coincidence cube.
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Figure 4.6. Examples of γ-ray energy spectra at the X-ray energy region obtained
by gating on (a) 166Re 211 keV γ-ray transition, (b) 166Re 225 keV γ-ray transition,
(c) 166W 252 keV γ-ray transition, and (d) 163Ta 288 keV γ-ray transition [19].

Besides γ-γ coincidences for building the level schemes, the coincidence relation
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between γ-rays and X-rays can also be used to assign unknown γ-ray transitions
to specific isotopes. Figure 4.6 shows how previously unknown γ-ray transitions in
166Re can be assigned to rhenium from the coincidences between γ-rays and X-rays.
Figures 4.6(a) and 4.6(b) were obtained by gating on the γ-ray transitions assigned
to 166Re, where one can see that they both have the same peak positions for the
X-rays belonging to rhenium. Figures 4.6(c) and 4.6(d) were produced from gates
on 166W and 163Ta γ-ray transitions, respectively. The shift of the X-ray peaks
from tantalum to rhenium can be seen clearly from Fig. 4.6(d) to Fig. 4.6(a).

4.1.3 Directional correlations from oriented states (DCO) analysis
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Figure 4.7. Comparison of γ-ray energy spectra obtained from different DCO
matrices (data taken from the 99Tc experiment). The red line represents the γ-rays
detected at 40◦ in coincidence with the 823.0 keV stretched E2 γ-ray transition
recorded at 90◦. The blue line represents the γ-ray energy spectrum recorded at 90◦

with a gate set on the 823.0 keV stretched E2 γ-ray transition detected at 40◦.

Angular distributions and correlations of γ-rays depopulating excited states
can provide very important information on nuclear structure. In heavy-ion fusion-
evaporation reactions, the populated excited states of residual nuclei are strongly
oriented because of the angular momentum polarization of the compound nuclei
induced by the beam particles. The measurement of DCO (directional correlation
from oriented states) ratios of the γ-ray radiation is an important tool to assign
the angular momentum quantum numbers to excited levels [84]. Figure 4.7 shows
an example of obtaining the multipolarity of γ-ray transitions from a DCO matrix
constructed by sorting γ-ray coincidence events with γ-ray energies recorded by
detectors at 90◦ on one axis and the non-90◦ detectors on the other axis. The
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gated energy spectra in Fig. 4.7 are taken from analysis of 99Tc. The red line
shows the γ-ray spectrum obtained by setting a coincidence gate on the 823.0 keV
stretched E2 transition at 90◦, while the blue line is the coincident γ-ray energy
spectrum obtained with the requirement of detecting the 823.0 keV E2 transition
in the 40◦ detectors in coincidence. From this figure, one can see that the pure
stretched E2 transitions have similar intensities in the two different cases, while a
pure stretched dipole transition (see e.g. the 1061.8 keV E1 transition) has about
half the intensity compared to the other case. The mixed 902.3 keV γ-ray transition
(M1/E2) lies between a pure stretched E2 transition and a pure stretched dipole
transition.

4.2 Experimental Routhians and alignments

In order to understand the characteristics of rotational bands, experimental Routhi-
ans and alignments can be extracted from the level energies. The projection of the
total angular momentum on the rotational axis Ix can be expressed as

Ix =
√
I(I + 1)−K2, (4.1)

where I is the total angular momentum and K is the projection of total angular
momentum on the symmetry axis. The rotational frequency ω can be deduced
similarly to the classical rotation case with the relation:

EI = (Ix~)2

2J = Jω2

2 . (4.2)

Here J is the momentum of inertia of the nucleus “core” and EI is the energy.
Then, ω can be expressed as:

ω = dEI
~dIx

≈ Ei − Ef
Ix(Ii)− Ix(If ) . (4.3)

For odd-A or odd-odd nuclei, in order to extract the single-particle effects,
especially for understanding the configuration characteristics of the band, single-
particle alignments are obtained with respect to a reference rotor. The experimental
single-particle alignment ix is expressed as:

i(ω) = Ix(ω)− Iref (ω), (4.4)

where the spin of the reference Iref has the form of

Iref (ω) = J0ω + J1ω
3, (4.5)

using the Harris description [85]. Here J0 and J1 are the Harris parameters
which can be obtained by linear fitting using the energy levels of the deformed
rotational core. A pair of Harris parameters is usually chosen when the alignment
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ix of an even-even rotor is constant at low rotational frequency. The trend of ix
as a function of rotational frequency ~ω is also a means to evaluate the origin of
abrupt angular momentum changes as a function of rotational frequency, so called
backbending [86].

Accordingly, the single-particle energy e′ can also be extracted in the same way
with the form:

e′(ω) = E′(ω)− ωIx(ω)− Eref (ω), (4.6)

where the energy reference Eref (ω) is given by:

Eref (ω) = 1
8J0
− ω2

2 J0 −
ω4

4 J1 (4.7)

in the Harris framework [85]. The experimental Routhian e′ is conveniently used
together with the single-particle alignment in analyzing the properties of the ro-
tational bands in direct comparison with cranked Shell model (CSM) calcula-
tions [87,88], as in the studies of 166Re and 162W (papers II and III).

4.3 Lifetime measurements of excited states

Lifetime measurements of excited states provide information on the transition ma-
trix elements between quantum states and is hence a powerful way to investigate nu-
clear structure. The resulting reduced transition probabilities can be directly used
to stringently test the predictions of theoretical models since the transition proba-
bilities are very sensitive to the nuclear wave functions. Different lifetime measur-
ing techniques have been developed for different reactions and lifetime ranges [89],
which are summarized in table 4.1.

Table 4.1. Lifetime measurement techniques and their sensitive time/line width
domains [89].

Method τ (s) Γ (eV) Measured parameter
Recoil distance method 10−12 ∼ 10−8 10−3 ∼ 10−7 τ

Doppler shift attenuation method 10−15 ∼ 10−11 100 ∼ 10−4 τ
Electronic timing 10−11 ∼ 10−6 10−4 ∼ 10−9 τ
X-ray coincidences 10−17 ∼ 10−15 102 ∼ 100 τ
Blocking effect 10−18 ∼ 10−14 103 ∼ 10−1 τ

Coulomb excitation 10−13 ∼ 10−8 10−2 ∼ 10−7 Γ
(e, e’) 10−14 ∼ 10−9 10−1 ∼ 10−6 Γ

Resonance fluorescence 10−18 ∼ 10−10 103 ∼ 10−5 Γ
Particle resonance spectroscopy 10−18 ∼ 10−13 103 ∼ 10−2 Γ
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Figure 4.8. A schematic drawing of the basic idea of recoil distance Doppler shift
method.

4.3.1 The RDDS method
The recoil distance Doppler shift (RDDS) method [90] can be used to measure
lifetimes in the range of 10−12 ∼ 10−8 s, depending on the range of the distances
and nuclear recoil velocity distribution used in the experiment. This method was
used in the experiment of 162W and 166Re. The basic idea of the recoil distance
Doppler shift method as it was applied in this work is sketched in Fig. 4.8. A
degrader foil was placed downstream the target in the beam direction at a distance
x. When a nuclear reaction product decays between the target and the degrader (in
less than time t(x)), it will contribute to the peak in the γ-ray spectrum at energy
Eshift. If the nucleus emits a γ-ray after time t, it will give rise to the γ-ray peak
at the energy of Edegraded. The velocity v1 of the residues before the degrader is
decreased to v2 after the degrader. Both can be measured or calculated. Hence,
the position of Eshift can be separated from that of Edegraded when the angles
of the detectors relative to the beam deviate significantly from 90◦ and the recoil
velocities are large enough. The Doppler-shifted energy is given by:

E = E0

√
1− β2

1− βcosθ ≈ E0(1 + βcosθ). (4.8)

Here E0 is γ-ray energy in the rest frame of the recoiling nucleus, β is the velocity
of the recoil v divided by the speed of light c, and θ is the angle of the detector
relative to the beam direction. The lifetime τ of the excited state can be deduced
from the intensities of the shifted Is and degraded Id components. The intensities
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of these two components can be derived from the decay law:

N(t) = N0e
−t/τ (4.9)

as
Is = N0(1− e− x

vτ ) (4.10)

and
Id = N0e

− x
vτ , (4.11)

respectively. The lifetime τ can be deduced as:

τ = x

v
ln

Id
Id + Is

. (4.12)

4.3.2 The DDCM method
When measuring the lifetimes of excited states with the RDDS method, detailed
information on the feeding transitions is required, which makes the analysis more
difficult. An extended analysis method for the RDDS data called the differential
decay curve method (DDCM) was introduced in Refs. [91, 92] for both singles and
γ-γ coincidences.

Suppose a cascade of γ-ray transitions: lh
Bγ−−→ li

Aγ−−→ lj . Here, li is the level of
interest, which is fed from the higher-lying levels lh via transitions Bγ and depopu-
lated by transitions Aγ to level lj . The number of nuclei ni(t) in the excited states
li at time t is governed by the Bateman equation:

dni(t)
dt

= −λini(t) + |
∑
h

|λhnh(t)bhi, (4.13)

where nh(t) is the number of nuclei in the state lh at time t, λi, λh are the decay
constants of the levels li and lh, respectively, and bhi is the branching ratio for
decay h → i. The lifetime τi of the excited state li can then be deduced from the
integral of equation (4.13) from time t to infinity as:

τi =
−Rij(t) + bij

∑
hRhi(t)

dRij(t)/dt
. (4.14)

Here Rij(t) and Rhi(t) are the degraded components for the γ-ray transitions Aγ
and Bγ with the forms of:

Rij(t) = λibij

∫ ∝
t

ni(t)dt (4.15)

and
Rhi(t) = λhbhi

∫ ∝
t

nh(t)dt, (4.16)
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respectively. The branching ratios bij and bhi can be obtained from the relative in-
tensities. dRij(t)/dt is the time derivative of Rij(t), which can be obtained directly
from the differential plunger measurement [91].

In order to reduce systematic errors and the effects from unobserved feeding
transitions present in a singles plunger measurement, a γ-γ coincidence measure-
ment can be introduced to solve such problems [93, 94]. By setting a gate on the
shifted components of the direct feeding transitions Bγ , the intensities of shifted
{Bs, As} and degraded components {Bs, Ad} of the γ-ray transitions of interest, Aγ ,
can be obtained by fitting the peaks. The lifetime of the state li can be determined
using the formula [95]:

τ(x) = {Bs, Ad}(x)
v d
dx{Bs, As}(x)

. (4.17)

Here, v is the mean velocity of the recoiling nuclei before the degrader and x is the
distance between the target and the degrader.

In the lifetime measurement of the 166Re experiment, the strong transitions in
the yrast rotational band are M1 transitions and have low energies which make
it difficult to separate the shifted components from the degraded components to-
tally. Hence, clean gates on the fully Doppler-shifted components were hard to
achieve. Another method using gates on the full width of higher-lying transi-
tions was therefore applied. To obtain higher statistics, adding gates together
was available in this method. Suppose that a γ-ray transition cascade according
to: l1

Cγ−−→ l2
Bγ−−→ l3

Aγ−−→ l4, where level l3 is the level of interest. Then the lifetime
of state l3 can be derived using the expression [68]:

τ(x) =
{C∞0 , A∞t } − {C∞0 , B∞t }

{C∞
0 ,A∞

0 }
{C∞

0 ,B∞
0 }

v d
dx{C

∞
0 , At0}

. (4.18)

Here, {C∞0 , At0}, {C∞0 , A∞t }, and {C∞0 , A∞0 } are the coincidence intensities corre-
sponding to the fully Doppler-shifted component IsA, the Doppler-degraded com-
ponent IdA, and both components IsA + IdA for the γ-ray transitions of interest
Aγ , respectively, with the gates set on the full widths of higher-lying transitions
Cγ . {C∞0 , B∞t } and {C∞0 , B∞0 } represent the Doppler-degraded component IdB
and the full intensity of the peaks IsB + IdB of the direct feeding γ-ray transitions
Bγ , respectively, with coincidence gates set on the full width of Cγ . To calculate the
derivative of IsA with respect to the target-to-degrader distance, x, the APATHIE
software was used in the analysis [96].

4.4 Gamma-ray transition probabilities

Gamma-ray transition probabilities, T (λ), can be deduced directly from the mea-
sured lifetime τ of an excited state and the relative intensities of the depopulating
transitions. T (λ) is related to the mode of the decay regarding the initial and final
states. Assuming pure multipolarity, the transition probabilities can be converted
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to reduced transition probabilities, B(λ), which are the parameters directly used
to compare with the theoretical predictions.

The reduced transition probabilities for a pure electric B(Eλ) and magnetic
B(Mλ) γ-ray transition can be calculated with the formulas [97]:

B(Eλ) = 4.57× 10−22λ[(2λ+ 1)!!]2

8π(λ+ 1) (197
Eγ

)2λ+1T (Eλ) [e2fm2λ] (4.19)

B(Mλ) = 4.15× 10−20λ[(2λ+ 1)!!]2

8π(λ+ 1) (197
Eγ

)2λ+1T (Mλ) [µ2
Nfm

2λ−2], (4.20)

where λ is the multipole order, Eγ is the transition energy in MeV, and T is the
transition rate in s−1. This can also be written as:

B(E1) = 1
τ(1 + α)1.59× 1015E3

γ

[e2fm2] (4.21)

B(E2) = 1
τ(1 + α)1.22× 109E5

γ

[e2fm4] (4.22)

B(M1) = 1
τ(1 + α)1.76× 1013E3

γ

[µ2
N ], (4.23)

where the lifetime τ is in ps, Eγ is in MeV, and α is the internal conversion coefficient
that can be taken from e.g. Ref. [98]. The reduced transition probabilities are valid
for pure stretched transitions with no mixing from higher order multipolarities.

The reduced transition probabilities can also be expressed in terms of Weisskopf
units (W.u.) [99]:

T (Eλ) ∼=
4.4(λ+ 1)

λ[(2λ+ 1)!!]2 ( Eγ
197 MeV )(2λ+1)( 3

λ+ 3)2(R fm)2λ1021 s−1 (4.24)

T (Mλ) ∼=
1.9(λ+ 1)

λ[(2λ+ 1)!!]2 ( Eγ
197 MeV )(2λ+1)( 3

λ+ 3)2(R fm)2λ−21021 s−1. (4.25)

They can provide a benchmark for comparisons of the observed transition rates.
For example, if the observed decay rate of a certain γ-ray transition is many orders
of magnitude smaller than the Weisskopf estimate, we might suspect that a poor
match-up of initial and final wave functions is slowing the transition. Similarly, if
the transition rate is much greater than the Weisskopf estimate, we might assume
that more than one single nucleon is responsible for the transition, i.e. the transition
has collective character. The transition rate for a single-particle transition of a given
multipolarity and type only depends on the γ-ray transition energy Eγ and the
mass number A (except for M1 transitions, which only depends on the transition
energy Eγ .) The single-particle transition rates T (E1), T (E2) and T (M1) can be
calculated by [60]:

T (E1) = 1.0× 1014A2/3E3
γ (4.26)

T (E2) = 7.3× 107A4/3E5
γ (4.27)

T (M1) = 5.6× 1013E3
γ (4.28)
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where T is in s−1 and Eγ is in MeV.

4.4.1 B(M1)
For deformed nuclei, the B(M1) reduced transition probability can be compared
with predictions from the semiclassical collective model. TheM1 transition strengths
are given by [100,101]:

B(M1, I → I − 1) = |〈II|µ(M1)|I − 1I − 1〉|2 = (3µ2
⊥)/(8π), (4.29)

where µ⊥ is the transverse magnetic moment, i.e. the component of the magnetic
moment perpendicular to the total angular momentum vector. For an odd-odd
nucleus, it has the form:

µ⊥ = (gKp − gR)[Ωp(1−K2/I2)1/2 − ipK/I]+
(gKn − gR)[Ωn(1−K2/I2)1/2 − inK/I].

(4.30)

Here, gKp and ip are the g-factor and angular momentum alignment for the valence
proton, gKn and in are the g-factor and alignment for the valence neutron and the
collective g-factor gR is taken as Z/A. The single-particle g-factors can be taken
from Ref. [102,103] and the single-particle alignments can be estimated from fitting
the experimental data as discussed in section 4.2. The total angular momentum
quantum number I (in units of ~) projected on the nuclear symmetry axis, K,
follows the Gallagher-Moszkowski rule [104]:

K = Ωp + Ωn if Ωp = Λp ±
1
2 and Ωn = Λn ±

1
2 (4.31)

K = |Ωp − Ωn| if Ωp = Λp ±
1
2 and Ωn = Λn ∓

1
2 . (4.32)

Here, Ωp and Ωn are the components of proton and neutron angular momenta
along the nuclear symmetry axis, respectively, Λp and Λn are the orbital angular
momenta of proton and neutron along the nuclear symmetry axis, respectively. The
“1/2” in the formulas refers to the spin of proton and neutron along the nuclear
symmetry axis.

4.4.2 B(E2)
The B(E2) value for a stretched E2 transition can be used to evaluate its rotational
collectivity and is given by the expression:

B(E2; I → I − 2) = 5
16πQ

2
0〈IK20|I − 2K〉2, (4.33)

for I → I − 2 transitions in the rigid rotor model. Here 〈IK20|I − 2K〉 is the
Clebsch-Gordan coefficient:

〈IK20|I − 2K〉 =

√
3(I −K)(I −K − 1)(I +K)(I +K − 1)

(2I − 2)(2I − 1)I(2I + 1) . (4.34)
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Q0 is the quadrupole moment which can be expressed for a deformed nucleus as [60]:

Q0 = 3√
5π
R2Zβ(1 + 0.16β), (4.35)

with R = R0A
1/3 and R0 ≈ 1.2 fm. Here Z is proton number and β is the

quadrupole deformation parameter that can also be predicted by TRS calculations.

4.4.3 B(M1)/B(E2) ratios
The B(M1)/B(E2) ratios measured for a rotational band involving a configuration
built on one or more valence particles can be used to test configuration assign-
ments based on comparisons with the theoretical predictions within the Dönau-
Frauendorf semiclassical approach. The experimental ratios are extracted using
the formula [105]:

B(M1; I → I − 1)
B(E2; I → I − 2) = 0.697 1

λ

E5
γ(E2)

E3
γ(M1)

1
1 + δ2 [µ

2
N e2b2], (4.36)

where δ is the E2 admixture in the M1 transition, and the energy Eγ is given
in MeV. The experimental branching ratios λ are defined as the ratio of the γ-
ray intensities of the ∆I =2 and ∆I =1 transitions. The branching ratios can be
derived by gating on the transitions above the states of interest.

Theoretical estimations of the B(M1)/B(E2) ratios were calculated using the
Dönau-Frauendorf semiclassical model [100,101]:

B(M1; I → I − 1)
B(E2; I → I − 2) = 12

5Q2
0cos

2(γ + 30◦) [1− K2

(I − 1/2)2 ]−2K
2

I2 ×

[(g1 − gR)(
√
I2 −K2 − i1)(1± ∆e′

~ω
)− (g2 − gR)i2]2.

(4.37)

Here, g1 and i1 are the g-factor and alignment, respectively, for a deformation-
aligned particle, while g2 and i2 correspond to the g-factor and alignment, respec-
tively, for rotation-aligned particles. The single-particle g-factors can be obtained
from Refs. [102, 103] and the collective g-factor gR can be taken as Z/A as previ-
ously mentioned. The quadrupole deformation parameters β, γ, can be estimated
from TRS calculations. The quadrupole moment Q0, rotational frequency ~ω, and
energy splitting ∆e′ can be calculated with formulas (4.35), (4.3) and (4.6), respec-
tively. The “±” sign in this formula refers to the direction of a transition between
signatures, “+” is for the unfavoured signature to the favoured one, while “−” is
for the opposite case.

4.5 Half-life measurements for α-decaying states

The α-decaying isotopes produced in fusion-evaporation reactions can be selected
with the tagging technique discussed in section 4.1.1. The time and energy infor-
mation of each decay event are recorded for each pixel in the DSSSDs at the focal
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plane of RITU. The time differences between different decay chain events can then
be used to provide lifetime information for the decaying states.

Figure 4.9 presents the time spectra for 166Os and 162W α decays, as well as the
results from an asymmetric bell-shaped fitting as discussed in Ref. [106]. The spec-
tra were obtained from events including the detection of a recoil and three subse-
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Figure 4.9. The time distributions, together with a bell-shaped asymmetric fit of
α-decay times for (a) 166Os with α tagging on its daughter 162W and granddaughter
158Hf, using a maximum time correlation of 6 s between a daughter α decay and a
mother α decay, and 9 s between a granddaughter α decay and a daughter α decay,
respectively; (b) 162W with α tagging on its daughter 158Hf and granddaughter
154Yb, using a maximum correlation time of 3 s between a daughter α decay and
a mother α decay, and 1.2 s between a granddaughter α decay and a daughter
α decay, respectively; (c) 162W with α tagging on its mother 166Os α decay and
granddaughter α decay, together with a maximum time correlation of 0.6 s between
a mother α decay and a recoil event, and 9 s between a granddaughter α decay and
daughter α decay, respectively.

quent α decays in the same pixel with the condition of (a): Energy gates on the full-
energy peaks for a chain of mother(166Os)-daughter(162W)-granddaughter(158Hf)
decays, and a maximum time correlation of 6 s between 166Os and 162W α decay,
and 9 s between 162W and 158Hf α decay, respectively; (b): Energy gates on the full-
energy peaks for a chain of mother(162W)-daughter(158Hf)-granddaughter(154Yb),
and a time correlation of 3 s between 162W and 158Hf α decay, and 1.2 s between
158Hf and 154Yb α decay, respectively; (c): Energy gates on the full-energy peaks
for a chain of mother(166Os)-daughter(162W)-granddaughter(158Hf), and a time
correlation of 0.6 s between recoil implantation and 166Os α decay, and 1.2 s be-
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tween 162W and 158Hf α decays, respectively. The fitting function was taken from
Ref. [106] and has the form:

|dn
dΓ | = n0exp(Γ + lnλ)exp(−exp(Γ + lnλ)). (4.38)

Here, Γ = ln(t), λ is the decay constant, i.e. inverse lifetime, and n0 is the total
counts in the spectrum. This formula was derived from the well-known probability
distribution of radioactive decays of one species given by

|dn
dt
| = λn0exp(−λt). (4.39)

From formula (4.38), the half-life t1/2 can be obtained by the location of the max-
imum Γmax of the distribution with

t1/2 = ln(2)exp(Γmax). (4.40)

In this asymmetric bell-shaped fit, the standard deviation σΓ of the distribution is
expected to be about 1.28 [106] and defined in the normal way as:

σΓexp =

√∑
ni(Γi − Γexp)2∑

ni
, (4.41)

with
Γexp =

∑
Γi∑
ni
. (4.42)

Here ni are the counts for each Γi time bin, n =
∑
ni is the total events. If

σΓexp falls well into the range of (1.28−2.15/
√
n, 1.28+2.15/

√
n), it means that

those events are consistent with the decay of one species of radioactivity. The σΓexp
values and measured half-lives of 166Os and 162W in the present work compared with
Ref. [107] are shown in table 4.2. The σΓexp for 166Os is larger than the upper limit,
which means a second radioactive species might contribute to the spectrum, or it
is affected by random correlations. As there are no radioactive species produced
in the experiment that could interfere with the measurement of the 166Os decay,

Table 4.2. Results of the α-decay measurements in the present work compared
with literature values. 162W1 represents the case when 162W is a mother in the
chain, while 162W2 is for the case when 162W is a daughter in the chain.

Present work Ref. [107] Ref. [107]
Isotope Eα (MeV) T1/2 (ms) σΓexp Eα (MeV) T1/2 (ms)
166Os 6004(5) 210(6) 1.45 6000(6) 220(7)
162W1 5545(4) 1030(40) 1.30 5541(5) 1200(100)
162W2 5545(4) 990(30) 1.26 5541(5) 1200(100)
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Figure 4.10. Plot of half-lives as a function of the normalized recoil rate in loga-
rithmic scale. The data were selected using different subsets of pixels in the DSSSDs
with different average recoil rates. The value “0” in the abscissa corresponds to
the full recoil rate. The recoil rates were normalized to the highest recoil rate. For
162W, the dashed line represents 162W as a daughter in the chain, while the solid
line stands for 162W as a mother in the chain.

we conclude it is the latter case. The distribution of these random events lie well
outside the main time distribution for 166Os, making the determined half-life value
robust. It is also in agreement with the adopted value [19]. The σΓexp value for 162W
falls nicely between the limits. From table 4.2, one can see that the half-life for 162W
obtained in the present work is significantly lower than the adopted value [19]. To
test whether random correlations might affect the lifetime measurement, the half-
life versus the normalized recoil rate (logarithmic scale) is shown in Fig. 4.10. The
adopted half-life shown in Fig. 4.9 was taken from the second point from the left
of Fig. 4.10. The measured half-life stays constant within error bars as a function
of decreasing recoil rate starting from the next-highest recoil rate (ln(rN )≈ −0.7).
This provides confidence that the measured value of t1/2(162W)=0.99(3) s is not
affected by significant random contributions. At the even lower recoil rate point,
the uncertainty is prohibitive because of the poor statistics.





Chapter 5

Summary and Outlook

Studies of excited states in the 99Tc, 166Re, and 162W nuclei and lifetime measure-
ments for the excited states in 166Re and the ground state of 162W are in the focus
of this thesis. New level schemes have been built in the present work and different
theoretical models have been used for comparisons with the experimental results.
The importance of lifetime measurements for stringent tests of theory is clear in
this work although the increased requirement of statistics compared with pure spec-
troscopic measurements is a challenge in studies of exotic nuclei. In this chapter,
a summary of the results in the four papers will be briefly presented together with
the author’s contributions, followed by an outlook.

5.1 Paper I

The experiment of 99Tc was performed at the China Institute of Atomic Energy
Tandem Accelerator Laboratory using the 96Zr(7Li, 4n)99Tc reaction at a beam
energy of 35 MeV. Gamma rays from excited states were detected using an ar-
ray of eight escape-suppressed HPGe detectors, two planar HPGe detectors for
low-energy γ-ray measurements and one clover detector. Two strongly populated
collective rotational bands built on the πg9/2[422]5/2+ and πp1/2[301]1/2− config-
urations were extended with spins up to 35/2 and 33/2 ~, respectively, a new weak
band was observed for the first time, and several additional excited levels were iden-
tified. Backbending and signature inversion were observed in 99Tc for the first time.
Large signature splitting observed in band (1) might be associated with a triaxial
deformation of the nucleus, which is supported by the theoretical calculations using
the total Routhian surface and triaxial particle-rotor models.

5.2 Paper II

The experiment to study 162Wand 166Re was conducted at the cyclotron accelerator
laboratory of the University of Jyväskylä, Finland, with the setup consisting of the
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JUROGAM II HPGe detector array, the RITU gas-filled electromagnetic recoil
separator and the GREAT radioactive decay spectrometer. A beam of 78Kr ions,
with the energy of 380 MeV was used to bombard an isotopically enriched metallic
foil of 92Mo.

In the investigation of the 166Re nucleus, two rotational-like bands were identi-
fied for the first time. These two bands were tentatively assigned to be built on the
πh11/2[514]9/2−⊗νi13/2[660]1/2+ (band 1) and πh11/2[514]9/2−⊗ν[h9/2f7/2]3/2−
(band 2) Nilsson configurations, respectively. Backbending was observed in the
yrast band (1), which may originate from the breaking of a pair of i13/2 quasineu-
trons and the corresponding frequency and gain in aligned angular momentum was
reproduced by cranked shell model calculations. Signature inversion was observed
in the more weakly populated positive-parity band, which is interpreted as an ef-
fect of the mixed neutron f7/2/h9/2 configuration based on particle-rotor model
calculations.

5.3 Paper III

In the study of 162W, gamma rays from excited states were uniquely assigned to this
nucleus for the first time using the recoil-decay tagging technique. Starting from
the ground state, the excited states were found to form an yrast rotational band
exhibiting a band crossing near the highest-lying observed states. The backbending
might be caused by the alignment of a pair of νf7/2/h9/2 quasiparticles based on
systematical comparisons with observations in neighboring nuclei and cranked shell
model calculations. In addition, the ground-state half-life of the α-unstable 162W
has been determined and found to differ significantly from the previously adopted
value.

5.4 Paper IV

The lifetimes for the first three excited states in the yrast band in 166Re were
measured for the first time using the RDDS technique. The lifetime for the band-
head state with tentatively assigned spin-parity (8−), was measured to be τ =
482(48) ps using both the 331 and 398 keV depopulating γ-ray transitions. The
electromagnetic properties deduced from the lifetime measurements for the (9−) and
(10−) states were compared with the predictions from semi-classical calculations
and the tilted axis cranking model. The possibility of magnetic rotation in 166Re
is discussed based on the tilted axis cranking model in a relativistic mean field
approach. The results from the excited lifetime measurements were found to clearly
favour an interpretation based on the collective rotational model compared to a
scenario based on magnetic rotation.
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5.5 Author’s contributions

The research that this thesis is based on is a team work with both the experimental
groups and the theoretical collaborators involved. The author’s contribution to the
papers on which this thesis is based on will be briefly described below.

For paper I, the author participated in the preparation and the whole experi-
mental procedure. After the experiment, the author analyzed the data, identified
new information, contributed to the interpretation of the results, and was the prin-
cipal author in writing the manuscript of the work. For papers II - IV, the author
took a main role in analyzing the data leading to these three publications, identified
the new information, contributed to the interpretation of the new results, and was
the principal author of the manuscripts.

5.6 Outlook

The work presented in this thesis has not only answered questions on the structure
of the studied nuclei, but also opened new ones. As discussed in paper I, more work
is still needed to understand the high-spin states in the negative-parity band (2) in
99Tc. For the signature inversion observed in 99Tc and 166Re, there is still a lack of
consistent explanations. This is a major challenge for theory. For the very neutron-
deficient nuclei in the 160 mass region, the scarcity of experimental data makes it
difficult to perform systematic studies of nuclear structure because of the challenges
in populating and identifying the excited states of those nuclei. The studies on such
transitional nuclei are very important to understand the development of nuclear
collective phenomena, starting from the interactions between individual nucleons
in comparison between experimental data and theoretical models.

The ongoing developments in accelerators and instrumentation for experimental
nuclear physics will dramatically improve the opportunities for studies of exotic
nuclei in the next decade. The existing RIKEN (in Japan) radioactive ion beam
facility, RIBF, is already providing intense radioactive ion beams and the future
SPIRAL2 and FAIR facilities in Europe and FRIB facility in the USA will provide
even more intense radioactive ion beams in the next years. At the same time,
a new generation of powerful γ-ray tracking spectrometers; AGATA in Europe
and GRETA in the USA are being constructed, revolutionizing the field of γ-ray
spectroscopy with orders of magnitude better performance compared to today.
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