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Abstract
This thesis describes new results obtained from experimental studies of the extremely
neutron-deﬁcient isotopes 110 Xe, 163 Ta, 169 Ir, and 172 Hg, close to the proton drip-line. The
experiments used state-of-the-art equipment for nuclear spectroscopy where a large highresolution Germanium-detector array was coupled to a high-transmission recoil separator.
The highly selective recoil-decay tagging technique was applied in order to identify and
study the most weakly populated reaction channels. The work is based on four experiments
performed at the Accelerator Laboratory of the University of Jyväskylä, Finland. The
experimental techniques used and the experimental set-ups are described. Comparison
between experimental results and theoretical predictions are made. The thesis also brieﬂy
summarises the theoretical models employed to interpret the experimental data.
The results for 110 Xe indicate an emergence of enhanced collectivity near the N=Z line
in the region of the nuclear chart above 100 Sn. These ﬁndings are interpreted as a possible
eﬀect of increased neutron-proton isoscalar pair correlations, a residual interaction eﬀect
not accounted for in present-day nuclear models.
The ﬁndings for 163 Ta reveal three strongly coupled band structures built on diﬀerent
quasiparticle conﬁgurations. The low-lying yrast band exhibits strong signature splitting
indicative of a signiﬁcant triaxial shape asymmetry. An intriguing possibility exits for
enhanced octupole correlation in 163 Ta, where the odd-proton is proposed to couple to an
octupole-vibrational phonon. However, further investigations are needed to elucidate this
scenario.
Also for 169 Ir do the properties of the yrast structure point to a rotational-like behaviour of a moderately deformed nucleus exhibiting a triaxial shape. For neither 163 Ta
or 169 Ir do the experimental results fully agree with theoretical predictions for the shape
evolution of the neutron-deﬁcient tantalum and iridium isotopes, approaching the proton
drip-line.
The nearly constant level spacing in 172 Hg between the lowest excited 2+ , 4+ and 6+
states suggests a transition to a near-spherical harmonic collective vibrational structure
as compared with heavier even-even Hg isotopes around the neutron midshell and above.
The experimental data have been compared with total Routhian surface calculations and
quasiparticle random phase approximation calculations.
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Chapter 1

Introduction
This thesis is based on studies of the extremely neutron deﬁcient atomic nuclei 169 Ir,
Xe, 172 Hg and 163 Ta (papers I-IV in the List of Publications). It is the result
of a joint research training programme between the Royal Institute of Technology
and the University of Jyväskylä, Finland. The experimental approach in order
to unravel the intrinsic structure of these nuclei is described, and the results are
compared with theoretical models.
The nucleus can be regarded as being made of neutrons and protons interacting predominantly via the strong force. However, the forces between the nucleons
in a nucleus are not due to the bare interactions between the constituent quarks,
but rather eﬀective forces that can be schematically described, e.g with meson exchange. Not only are the low-energy properties of the strong interaction poorly
known, the eﬀective forces acting inside a nucleus are even more so. Depending on
the relative abundance of protons and neutrons diﬀerent properties, e.g deformations, are expected. It is believed that nuclear deformation has a strong dependence
on the residual proton-neutron interaction. Therefore, nuclei far from stability behave diﬀerently than stable isotopes and models describing features of stable nuclei
may not easily be extrapolated to nuclei far from stability. This gives the impetus
to study these “exotic” nuclei in order to test the validity of nuclear models that
relatively well describe the stable and moderately unstable nuclei and provide vital
additions, or constraints, for these models.
The atomic nucleus is a particularly complex many-body system. No single
theoretical model can, to date, even roughly describe the structure of every nucleus
in the Segré chart and predict their excitation modes, which can be of collective
or single-particle nature. A collective excitation is characterised by many nucleons
participating in the motion in a coherent manner. Rotation of the whole nucleus is
one example. Single-particle excitations promote individual protons or neutrons to
higher-lying orbitals. Most low-lying excited states deexcite by γ-ray emission. By
detecting these γ rays and ordering them in a cascade, where the transitions are
in mutual coincidence with each other, it is possible to construct a level scheme.
110
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Through this, it is possible to extract information on the structural properties like
the deformation of the nucleus. Diﬀerent types of excitation modes leave diﬀerent
signatures in the level scheme. Therefore, interpreting the structure of the level
scheme gives vital clues to the behaviour and the shape of the nucleus.
The shell model has been the most successful model for describing the nuclei
in the vicinity of magic numbers. In the shell model the neutrons and protons are
described to move independently of each other inside a mean-ﬁeld potential made
up from the main interactions with all the other nucleons. Any interaction not
included in the mean-ﬁeld is known as a residual interaction, e.g. the nucleonnucleon pairing interaction. A detailed neutron-proton interaction is not explicitly
accounted for in the shell model. Since protons and neutrons are fermions they
obey the Pauli principle stating that two identical fermions cannot occupy the
same quantal state. Since N>Z for most stable nuclei, the protons as well as the
neutrons, normally occupy diﬀerent orbitals. However, in N≈Z nuclei neutrons and
protons move in identical orbitals and can have large spatial overlaps resulting in
a strong residual neutron-proton interaction, which might lead to great deviations
from shell model predictions. This possible eﬀect plays an important role in the
interpretation of the 110 Xe data (paper II). In the N=Z+2 110 Xe nucleus the few
valence nucleons outside a closed shell occupy identical orbitals, and neutrons and
protons may therefore be susceptible to dynamical couplings.
Certain nuclei may adopt triaxial shapes. This is interpreted to be the case in
169
Ir and 163 Ta (papers I & IV) where the rotational-like spectrum indicates a
triaxially deformed nucleus, meaning that all principal axes have diﬀerent lengths.
However, it shall be noted that a clear and unique experimental signature of triaxiality is not available. The odd-mass nuclei in the mass A∼170 region also oﬀer a
possibility to study the interplay between collective and single-particle motion. The
odd single particle can be interpreted as coupled to the deformed even-even core
built from all the other nucleons and hence serve as a probe of the nuclear shape.
Depending on the nuclear deformation diﬀerent single particle conﬁgurations are
favoured and the relative energies between these also contain information on the
nuclear shape. In the vicinity of closed nucleon shells one expects single-particle
excitations to dominate over collective phenomena. The nuclei 169 Ir and 163 Ta lie
in the mass region between the neutron mid-shell and the closed shell at N = 82.
This transitional region oﬀers the opportunity to study the emergence of collective
behaviour, such as rotations, from a single particle regime. It is therefore a rich
hunting ground for numerous nuclear structure phenomena.
In some cases there can be diﬀerent states in the nuclues with virtually the
same excitation energy but with structures characterised by quite diﬀerent shapes.
This phenomenon is know as shape coexistence, and was ﬁrst noted in the neutron
midshell Hg-isotopes. The absence of coexistence eﬀects in 172 Hg (paper III)
studied in this work helps to delineate the occurence of this phenomenon in the
mercury region and to aid in the understanding of the underlying mechnisms.
The observation of excites states in 169 Ir, 110 Xe, 172 Hg and 163 Ta are presented
in papers I-IV and for the ﬁrst time.

Chapter 2

Experimental Techniques
The fusion-evaporation experiments producing the nuclei studied in this work were
performed at the JYFL Accelerator Laboratory at the University of Jyväskylä in
Finland. The K130 cyclotron facility was used to accelerate the ions and deliver
them onto the diﬀerent stable targets used in the experiments. The diﬀerent beam
and target combinations used, together with the energy and intensity of the beams,
are displayed in Table 2.1. Gamma-ray spectra were recorded with the JUROGAM

Table 2.1: Overview of the fusion-evaporation reactions employed to produce the
nuclei studied in this work.
Nucleus

Beam
Isotope

169

Ir
Xe
172
Hg
163
Ta
110

60

Ni
Fe
78
Kr
60
Ni
54

Target

Energy
(MeV)

Intensity
(pnA)

266
195
345
270

4.7
5.0
10.0
4.4

Isotope
112

Sn
Ni
96
Ru
106
Cd
58

Reaction

Thickness
(μg/cm2 )
800
1000
500
500

p2n
2n
2n
3p

Ge-detector array. The experimental techniques used to study these exotic nuclei
will be described in two steps. First there will be a description of the dynamics
and physical mechanisms involved in order to produce the nuclei in question, and
secondly, the actual experimental set-up and the techniques used to detect and
study these nuclei will be outlined.
3
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2.1

Production of the Nuclei

Producing and detecting nuclei far from stability oﬀer signiﬁcant experimental challenges. These nuclei are generally very short-lived, often in the micro- to millisecond
region, before they decay via charged particle emission (α, β or proton decay). They
also come with small production cross-sections, usually in the mb-μb region, but
sometimes even as small as a few tens of nb (which is around the current limit for
in-beam γ-ray spectroscopy) and below. Stable isotopes have enough neutrons to
counterbalance the Coulomb repulsion from all the protons, thereby holding the
nucleus together. With neutron deﬁcient nuclei there is a relative excess of protons
compared to the number of neutrons for them to be stable against charged particle
emission. The further from the line of stability (a speciﬁc ratio of protons/neutrons)
on the neutron-deﬁcient side of the stability line, the shorter the half-life becomes
and the more unstable the nucleus is to alpha particle emission. Beyond the proton
drip-line, where the proton separation energy Sp < 0, the nucleus is also unstable
against proton emission.
Since these nuclei are unstable with short half lives and hence do not occur
naturally, they have to be produced artiﬁcially in the laboratory. This is achieved
via fusion-evaporation reactions which is currently the most eﬃcient method to
produce neutron-deﬁcient nuclei. All nuclei studied in this work were produced
by an incindent beam of accelerated ions impinging upon a stable target. If the
kinetic energy of the incoming ions (beam energy) is suﬃcient to overcome the
Coulomb barrier, and if one of them manages to strike a target nucleus, the two
nuclei may merge via a fusion reaction into a highly excited compound nucleus.
The energy needed to overcome the Coulomb barrier in the center-of-mass frame
can approximately be calculated as [1]:
EC =

1.44Z1Z2
1/3

1.16(A1

1/3

+ A2 ) + 2

[MeV]

(2.1)

where Z1 , A1 , Z2 and A2 are the atomic numbers and masses of the beam and
target particles, respectively. However, the incindent beam energy should not be
too large in order minimise the number of fusion-evaporation channels open, but
large enough to overcome the Coulomb barrier and to maximise the production
yield of the nucleus under study. Beam energies in the range of 3-5 MeV/nucleon in
the center-of-mass system is generally employed. Secondly, the angular momentum
transferred to the nucleus should not be too large, so that an overly rapid rotation
could cause a repulsive centrifugal force large enough to overcome the strong shortrange attractive nuclear force, thereby leading to ﬁssion. The ﬁssion channel varies
in strength in diﬀerent mass regions. Generally it gets larger for heavier compound
nuclei and for more symmetric reactions, where beam and target particle have
almost equal masses.
The compound nucleus is created at a very high spin and excitation energy
and will therefore quickly “evaporate” particles, such as alpha particles, protons
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Figure 2.1: Schematic view of the production process of nuclei with subsequent
fusion-evaporation of particles and γ-ray deexcitation down to the ground state.
Rough formation and emission times are indicated for the various stages of the
process. Generally, a fusion-evaporation residue travels ∼ 1 cm/ns. The picture is
adopted from [2].

and neutrons. Typical excitation energies and maximum angular momentum for a
compound nucleus is ∼ 40 MeV and ∼ 50 , respectively. In order to cool down
further, emission of γ rays follows down to a region close to the yrast line (states
with the lowest excitation energy for a given spin). These statistical γ rays carry
away energy from the compound nucleus but are not so eﬃcient in removing spin.
The nucleus further deexcites with γ-ray transitions along (or close to) the yrast
line down to either the ground state or an isomeric state. Figure 2.1 schematically
illustrates the production process with the diﬀerent phases and emission times
involved. If the target is thin enough (∼1-5 μm) the recoiling ﬁnal nucleus will
not be stopped in the target but continues to travel out of the target material.
Typically, deexcitation of the nucleus takes place within the target or just a few cm
downstream from it in the beam direction.

2.2

Gamma-Ray Detection

Detection of the γ rays emitted in the reactions was made using an array of highpurity germanium detectors. These detectors have a superior energy resolution
(FWHM ∼ 2 − 3 keV at Eγ =1 MeV) compared with other detector materials.
Good energy resolution is of great importance since many γ rays might have similar energies. The solid state germanium detectors used in the experiments were
arranged into a large detector array surrounding the target position with a large
fraction of the full solid angle. This enables detection of high multiplicity events
in which several γ-ray transitions form a cascade of mutual coincident transitions.
Germanium is a semiconductor material and is used as an extremely pure single
crystal situated at the tip of each detector. The incoming γphoton interacts with an
electron of the depletion zone of the germanium via e.g. a photoelectric or Compton interaction. This primary electron then excites secondary electrons from the
valence band into the conduction band, thereby leaving holes in the valence band.
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The average energy needed to excite the electron and create the electron-hole pair
in germanium is ∼ 3 eV. For a γray of several hundred keV it is evident that many
secondary interactions with the electrons in the detector material are needed before
the full energy deposited in the primary interaction of the incoming γ-quantum is
absorbed. In order to collect the electrons in the conduction band an external electric ﬁeld must be applied to the detector. The electric ﬁeld is created by applying
a bias voltage, usually in the 3-4 kV region. The electrons will then drift towards
the anode and the holes towards the cathode. The collected electrons will induce
an electric pulse, whose amplitude is proportional to the deposited γ-ray energy in
the detector. The applied bias voltage, V0 , also serves to activate and increase the
thickness of the depleted region. The thickness of the depleted region (for a planar
geometry) is approximately given by [3]

d=

2V0
,
eND

(2.2)

where  is the dielectric constant, e the electron charge and ND the donor impurity
concentration in the semi-conducting material. Several kV of bias voltage is needed
for obtaining a depletion zone of ∼ 1 cm. Although not directly applicable in
a coaxial geometry, Eq. 2.2 gives an indication of the sizable bias voltage for a
germanium detector. Furthermore, to avoid thermal excitations across the band
gap the detector needs to be cooled with liquid nitrogen down to 77 K.
A γ-ray spectrum is a one-dimensional histogram of γ-ray energies. Besides
containing the photo peak γ-ray energies, the γ-ray spectrum has two additional
components: a background “continuum” formed by the high energy statistical photons and γ rays that have partially escaped from the germanium detector. The
latter is an eﬀect of Compton scattering and occurs when a γray scatters out of
the detector, not depositing its full energy. However, this Compton continuum can
be greatly reduced through Compton suppression. Surrounding each germanium
detector is a shield of BGO (Bismuth Germinate) detectors. BGO is a dense material with good scintillation properties giving excellent photon detection eﬃciency.
When a photon scatters out from a germanium detector and interacts in the surrounding BGO-shield the BGO signal will appear in coincidence with the signal
from the germanium detector thereby making it possible to veto the information
from being stored by the data acquisition system.

2.2.1

Doppler Correction

In these experiments, fusion-evaporation residues produced when beam particles
interact with the target nuclei continue to travel through the target material and
recoil out of the target in the beam direction. The recoiling nucleus moves at a
speed almost in the relativistic regime, typical values are ∼ 3 − 5% of the speed of
light. Therefore, the emitted γ rays will be Doppler shifted depending on at what
angle they are emitted in relative to the beam direction. Detectors placed at an
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angle larger than 90◦ relative the beam direction will register a lower γ-ray energy
and detectors situated at an angle less than 90◦ from the beam direction will record
a higher γ-ray energy than the emitted one. This Doppler shift has to be accounted
and compensated for through the relation:

1 − β2

≈ Eγ (1 + β cos θ) for β << 1
(2.3)
Eγ = Eγ
1 − β cos θ
Eγ denotes the γ-ray energy recorded by the detector and Eγ is the unshifted γ-ray
energy emitted from a nucleus at rest. The detector angle relative to the beam
direction is θ and the velocity of the recoiling nucleus is taken into account in the
factor β = v/c. The data acquisition system stores information at what angle
relative to the beam direction a γray has been detected so that a proper Doppler
shift compensation can be performed in the oﬀ-line analysis.

2.2.2

Doppler Broadening

Depending on the width of the germanium crystal the detector will cover a certain
ﬁnite opening angle with respect to the recoil-velocity direction and the target
position. The detector opening angle has to be kept small enough in order to keep
the Doppler broadening at a minimum. But at the same time the germanium crystal
has to be large enough in order to minimise the number of γ rays that Compton
scatter out of the detector. The Doppler broadening ΔEγ is given by diﬀerentiating
equation 2.3 with respect to θ, leading to the relation:
ΔEγ ≈ Eγ

v
sin θ Δθ
c

(2.4)

where Eγ is the unshifted γ-ray energy, θ is the detector angle relative to the
recoil-velocity direction and Δθ is the opening angle of the detector. The Doppler
broadening increases with increasing γ-ray energy and is more pronounced at an
angle of 90◦ from the recoil-velocity direction. The angular parameters responsible
for the Doppler broadening are shown in ﬁgure 2.2.
Peaks always appear broader for larger γ-ray energies in the spectrum and can
be more diﬃcult to resolve than lower down in the spectrum. Given a typical
v/c = 0.03, a detector diameter of 5 cm situated at 20 cm from the target, and
measuring a 500 keV γ-ray in the 90◦ direction yields a Doppler-broadening of ∼ 4
keV. Hence, the Doppler broadening typically dominates over the intrinsic energy
resolution and it is crucial that the detector array has a good angular granularity
in order to minimize this eﬀect.

2.2.3

Coincidence Measurements

A high detector granularity is also needed in order to avoid multiple hits on a
single detector by more than one γray from a cascade of emitted γ rays. The
number of detected γ rays in a single cascade is called fold and the total number
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Figure 2.2: The opening solid angle (Δθ) of the detector causes the γ-ray peak to
be Doppler broadened. The Doppler broadening also depends on the relative angle
(θ) of the detector from the recoil-velocity direction

of γ rays emitted from a nuclear reaction is called γ-ray multiplicity. In these inbeam decay measurements the fold is typically around 1-8. If two γ rays strike
the same detector simultaneously these events will fall outside the photopeak and
contribute to the background continuum. If two γ rays are detected in diﬀerent
detectors at approximately the same time they are said to be in coincidence with
one another, and are therefore interpreted as belonging to the same cascade from
one deexciting nucleus created in the reaction. In these experiments the coincidence
time condition between two γ rays in a cascade was set to be 100 ns. This time
condition is determined primarily by the time resolution of the detectors and their
associated electronics and not by the nuclear state lifetimes, which are usually much
shorter.

2.3

The JUROGAM Detector Array

Gamma-ray detection is performed with the JUROGAM detector array. It consists
of 43 EUROGAM [4] phase I and GASP [5] type Compton-suppressed high-purity
germanium detectors. The detector array covers almost 2/3 of the total solid angle
around the target position. The detectors are arranged in six diﬀerent rings at
diﬀerent angles relative to the beam direction, with ﬁve detectors at 158◦, ten at
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Figure 2.3: A close-up picture of the JUROGAM germanium detector array. The
ion beam enters into the array from the beam line shown the right side of the
picture. The array consists of two halves and is here pictured to be closed around
the target position.

134◦, ten at 108◦, ﬁve at 94◦ , ﬁve at 86◦ and eight at 72◦ . In this conﬁguration
JUROGAM has a total photo-peak eﬃciency of 4.2% at 1.3 MeV. The JUROGAM
detector array is depicted in ﬁgure 2.3.

2.4

Recoil Separation

After the nuclei have been produced they will travel downstream from the target,
along with the ions of the primary beam that did not react with target nuclei, into
the gas-ﬁlled magnetic separator, RITU. In RITU (Recoil Ion Transport Unit) a
beam-recoil separation is obtained through deﬂection of moving charged particles
by a strong dipole magnetic ﬁeld. In this way good recoils (fusion evaporation
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Figure 2.4: Schematic overview of the RITU recoil separator. The focusing
quadrupole magnets are indicated with a Q, and D is the bending dipole magnet.
The ﬁgure is taken from reference [11].

residues) can be isolated from primary beam components.

2.4.1

The RITU Gas-Filled Recoil Separator

The RITU gas-ﬁlled recoil separator [6, 7] operates in a QDQQ magnetic conﬁguration (see ﬁgure 2.4). Compared to a vacuum separator, a gas-ﬁlled separator,
such as RITU, has a signiﬁcantly higher transmission eﬃciency but a lower mass
resolution. RITU can have transmission eﬃciencies of ∼50% for favourable reactions, while a vacuum separator usually has <10% transmission eﬃciency. RITU
has, in addition to the two focusing quadrupole magnets (Q) downstream from the
dipole magnet (D), a strongly vertical-focusing quadrupole magnet in front of the
dipole magnet. This enables a higher angular acceptance (∼10 msr) of recoiling
ion residues and an increase in transmission eﬃciency. In a vacuum separator only
two or three charge states can be collected and transmitted through the separator,
leading to low transmission eﬃciency, but higher selectivity.
The recoiling ions emerging from the target after the fusion reaction have a
wide distribution of charge states. Multiple scattering of the recoiling ions on
the gas molecules induces a velocity-dependent charge equilibration that serves
to separate the much faster beam particles from the fusion-evaporation residues.
The gas has to be dense enough to provide a small mean free path between charge
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Figure 2.5: Schematic illustration of the eﬀect of average charge collection of the
recoils in a gas-ﬁlled separator. A more eﬀective charge focussing is obtained with
a gas-ﬁlled separator. The magnetic ﬁeld points perpendicular out from the page.

changing collisions compared to the ﬂight distance through the separator. Figure 2.5
demonstrates the diﬀerence in separation techniques between a vacuum separator
and a gas-ﬁlled one. The acceptance of nearly all charge states gives the signiﬁcant
higher transmission eﬃciency than in a vacuum separator. The magnetic ﬁeld
region of the separator is ﬁlled with a constant ﬂow of helium gas. The key is to
keep the pressure of the gas on a certain level to enable the optimum charge state
focusing in order to minimise the image hit pattern at the focal plane. Typical
values for the helium gas pressure is ∼ 1 mbar.
The magnetic rigidity is the important factor of the dipole magnet ion deﬂection
capacity. It can be described (to ﬁrst order) by the formula [8]
Bρ =

A
mv
mv
= 0.0227 1/3
=
1/3
qave
[(v/v0 )eZ ]
Z

[Tm]

(2.5)

where B is the magnetic ﬁeld strength, ρ the bending radius of the ions, A, Z, v and
m are the mass number, proton number, velocity and the rest mass of the recoiling ion, respectively. The expression for qave = (v/v0 )eZ 1/3 is obtained from the
Thomas-Fermi model [9] of the atom where v0 is the Bohr velocity = c/137 m/s.
The average charge state is proportional to the velocity of the ions, thus charge
and velocity focusing is achieved by the gas-ﬁlled separator. It can be seen from
equation 2.5 that separation of the primary beam from the recoiling ions is usually
excellent in asymmetric reactions (where target- and beam ion mass number are
very diﬀerent) since the A/Z 1/3 factor will assure diﬀerent bending trajectories.
The trajectory of the primary beam is usually suﬃciently diﬀerent from that of the
recoiling nuclei to give a suppression in the order of 10−12 −10−15. However, in near
symmetric reactions, as in the case of producing 110 Xe (54 Fe+58 Ni −→110 Xe+2n),
beam suppression can be diﬃcult since the magnetic rigidity of the primary beam
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Figure 2.6: A schematic side view of the GREAT detectors. Recoils are implanted
in the DSSD where subsequent charge particle (α particle and proton) emission
is detected. The PIN-diodes can be used for detecting electrons and escaped α
particles. The planar Ge-detector and the segmented clover detectors (not pictured
here) are used for detection of delayed (isomeric) γ-ray transitions.

is close to that of the fusion-evaporation residues, leading to a reduced beam suppression factor. For these types of symmetric reactions RITU is equipped with an
mobile adjustable beam stopper. It is a tantalum strip inserted just downstream
of the dipole chamber beam dump in order to physically stop primary beam and
scattered beam components. In practice, although this procedure reduces primary
beam ions from being transported to the focal plane, beam suppression factors as
in more asymmetric reactions are seldom achieved.
After recoil separation two quadrapole magnets focus the recoiling nuclei so they
can be implanted at the focal plane of RITU.

2.5

The GREAT Spectrometer

The GREAT (Gamma Recoil Electron Alpha Tagging) [10] spectrometer is situated at the focal plane of RITU (see ﬁgure 2.7). It is a composite detector system
consisting of two double-sided silicon strip detectors (DSSD), a multi-wire proportional gas-counter (MWPC), a planar germanium detector and an array of 28
Si PIN diode detectors (see ﬁgure 2.6). In addition, a high-eﬃciency segmented
Clover-type germanium detector is situated directly above the GREAT detector in
order to detect high energy γ rays.
The recoils are implanted in the DSSD. The DSSD consists of two active windows measuring 60 × 40 mm2 with a total of 200 individual strips at a 1 mm pitch
in both directions leading to 4800 independent pixels. The active area of the DSSD
normally covers about 80% of the focal-plane distribution of fusion products. The
DSSD is used to detect the incoming recoils and their subsequent charge particle
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Figure 2.7: A schematic drawing of the experimental set-up. The JUROGAM Gearray is shown in the foreground followed by the RITU recoil separator and the
GREAT spectrometer situated at the RITU focal plane. The ﬁgure is taken from
reference [11].

decay (protons or alpha particles). The high granularity of the detector enables long
correlation search times between an implanted recoil and its charged particle decay
when the implatation rate is low, or vice versa, high implantation rates can be allowed if the experiment favours short correlation times between recoil implantation
and a charged particle decay.

2.6

The Total Data Readout System

The data acquisition system used for the JUROGAM+RITU+GREAT set-up is a
triggerless system. Conventional methods of data collection for recoil-gating type
of experiments have previously been made with the use of a common hardware

14

CHAPTER 2. EXPERIMENTAL TECHNIQUES

trigger. The trigger then opens up a time window during which data from an event
is registred. This causes dead time losses, since additional data coming within this
time window cannot be processed before the event is read out. These “common”
dead time losses can easily reach tens of percent in typical experiments. A way
around the trouble with common dead time losses is to avoid a trigger altogether. In
the Total Data Readout (TDR) system [12], all channels are running independently
and each registered signal is associated with a 100 MHz clock signal. The systems
’time resolution’ is thus in eﬀect 10 ns. The only dead time arising is from the
analog shaping and conversion time from each individual channel, which is in the
order of ∼10 μs. Since the ﬁring rate of an individual detector is much less than
the trigger rate of the entire detector system this gives much smaller dead time
losses. The diﬀerence in dead time losses can be quantiﬁed through the so called
Nonparalyzable model [13] of the dead time. In this model a ﬁxed dead time is
assumed to follow each true event, and events which occur during that dead time
period are assumed to be lost. Let n be the true event rate, m the recorded count
rate and τ the system dead time. The fraction of all time that the detector system
is dead is then given by the product mτ , and the rate at which true events are lost
is then nmτ . This loss rate can also be expressed as n − m and therefore
n − m = nmτ

(2.6)

Solving for the detected interaction rate, m, yields
m=

n
1 + nτ

(2.7)

For low count rates (n << 1/τ ) equation 2.7 can be approximated with
m ≈ n(1 − nτ )

(2.8)

For a conventional data acquisition system used for this type of experiments the
event trigger would normally be determined by the DSSD. With a trigger rate
of n = 4000 Hz and a common dead time of τ ≈ 30 μs equation 2.8 gives a true
detection fraction of m/n = 0.88 and hence a dead time loss of 12%. For a triggerless
system the average individual detector count rate could be ∼0.5 kHz and the ADC
conversion τ ≈ 10 μs, yielding an average data loss due to dead time in the order
of 1%. Although a direct comparison is not strictly valid, the calculated dead time
ﬁgures do give an indication of the qualitative diﬀerence between the two trigger
systems.

2.6.1

Building the Events

The data are merged into a single stream of time stamped data which is then ﬁltered
through the Event Builder processor of the data acquisition system for subsequent
storage on disc.
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Figure 2.8: Time histogram showing the time for diﬀerent detectors relative the
time stamp of an event in the DSSDs. Signals in the JUROGAM detectors and in
the MWPC are registered before a DSSD event (Time=0). Signals from diﬀerent
recoils in the MWPC are visible about ∼ 150 ns before the DSSD signal, while
the signals from the JUROGAM detectors typically are registered ∼ 0.55 − 0.65 μs
before a DSSD event. This time diﬀerence does eﬀectively constitute the ﬂight time
of the recoils through RITU. Signals recorded in the Clover and Pin detectors, as
well as in the Planar detector, are registered both before and after a DSSD event.

The TDR system allows a versatile treatment of the data stream. With 512
channels available in total, the JUROGAM+RITU+GREAT detection system generates vast quantities of data. In order to reduce the storage space of the data
and facilitate the data processing, the JUROGAM data are ﬁltered in the Event
Builder by using a software trigger to deﬁne the event time. In the type of measurements described in this thesis the data acquisition system employs an OR gate
in the GREAT spectrometer as a software trigger. It requires a signal in any of
the GREAT detectors to be recorded for an “event” to start, and JUROGAM data
are only stored if they arrive within a preset time window relative to any GREAT
signal. The data from the the JUROGAM detectors at the target position were
buﬀered for 5 μs if there was a signal at the focal plane, and if there was a signal in
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JUROGAM during this time window, preceding a signal in the GREAT detectors,
the data was stored to disc. This pre-ﬁlter software trigger is useful in order to
minimise the amount of JUROGAM background data. A typical software trigger
setting used in an experiment can be viewed in Fig. 2.8. In this case, data would be
stored on disc if a signal falls inside the trigger width of 3 μs, and if it is registered
1 μs before or 2 μs after an event in the DSSDs. There is no limitation in choosing
the trigger or delay widths since the signals are collected with a 10 ns time stamp,
except for the upper limit of 5 μs imposed by the software trigger delay. Although
there is a maximum correlation time of 5 μs for each event, there is no limitation
in the correlation time between separate events.
The TDR system allows for a ﬂexible handling of the data oﬀ-line. The user
has a variety of reconstruction possibilities available depending which temporal and
spatial correlations in the data that are of interest.

Chapter 3

Data Analysis
The amount of data generated from a single experiment is huge. From a typical
seven day experiment several hundreds of gigabytes of data are produced. Although
on-line analysis of the data is made continuously during the experiment a full
detailed spectroscopic study of all the recorded data is seldom made. Therefore
the data have to be stored on disc for oﬀ-line analysis.

3.1

The Recoil-Decay Tagging Technique

The type of heavy-ion reactions described in this thesis generate a large number of
γ rays around the target position. Many γ rays are produced from ﬁssion events,
deexcitations following Coulomb excitation, transfer reactions and the multitude of
open fusion evaporation channels. Most of these are not of primary interest and
only serve to obscure the γ rays associated with the nucleus under study. For fusionevaporation reactions leading to neutron deﬁcient nuclei, often up to a dozen (or
more) reaction channels are open, many of which are usually signiﬁcantly stronger,
i.e. have a larger cross section, than the evaporation channel of interest. Therefore,
the ability to cleanly select a speciﬁc reaction channel is of the utmost importance
in order to isolate and assign γ rays to the correct nucleus.
The Recoil-Decay Tagging (RDT) technique oﬀers such a possibility. The RDT
technique was ﬁrst employed in the late eighties at GSI, Darmstadt [14] and further
developed at Daresbury Laboratory, U.K. [15]. It is at the same time a powerful
and elegant technique to ’weed out’ those channels that otherwise would be buried
in the “background” from more proliﬁc reaction products. The RDT technique
relies on the possibility to identify a speciﬁc fusion-evaporation residue by means
of its radioactive decay. Heavy nuclei close to the proton drip-line most often
decay by alpha or proton emission. Since these particle emissions have discrete and
unique energies they oﬀer a signature, or ’tag’, on the mother nuclei from which
the particles were emitted. If the half life for charged particle emission is not too
short compared to the ﬂight time through RITU (∼0.5-1 μs) the radioactive decay
17
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Figure 3.1: Schematic view of the RDT technique. An α decay is detected in the
DSSD. Information of the position, energy and time is registered so the mother
recoil can be searched for, and tagged, in the same pixel at an earlier time. Correlating back in time allows prompt γ rays at the target position to be associated
with the recoil implantation. The perspective of the DSSD is skewed in order to
visualise the recoil implantation in a DSSD pixel.

of the fusion product can be detected in the focal plane DSSD, and with proper
spatial and temporal correlation with the implanted recoil, prompt γ rays emitted
at the target position can be associated with the nucleus that emitted the particle.
Figure 3.1 depicts the principles behind the RDT technique. The identiﬁcation of
the implanted recoil is made with its decay particle (α particle or proton). The
search time between recoil implantation and the subsequent radioactive decay in
the same pixel in the DSSD is usually taken to be three half-lives of the decay in
question. Provided the characteristic decay properties (decay energy and half-life)
for the nuclei under study are previously known, an isotope identiﬁcation can be
made. Sometimes recoil identiﬁcation is possible even if the decay properties are
not previously known.
In order to make eﬀective use of the RDT-technique the experimental circumstances and the decay properties of the nucleus under study must be favourable. If
the count rate (implantation rate) in the DSSD during the experiment is relatively
high and the correlation time between a recoil implantation and the α decay long,
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Figure 3.2: Gamma-ray spectra showing prompt γ rays at the target position. The
spectrum in the top panel is recoil-gated only, showing all the γ rays detected in
the experiment from every fusion-evaporation residue giving a signal in the DSSD.
The spectrum in the bottom panel is recoil-decay tagged. The prompt γ rays are
correlated by requiring both the subsequent mother 110 Xe and daughter 106 Te α
decays in the same pixel in the DSSD as the recoil implantation. The three strongest
transitions assigned to 110 Xe are indicated, which cannot be resolved in the total
recoil-gated spectrum. The selectivity is greater than 10−6 .

this would result in a large contamination from many random correlations. The
high count rate and the long half-life means that the probability is high that a
second (or more) recoiling residue may strike the same pixel in the DSSD before
the ﬁrst residue has time to α decay. Therefore, it is important that the half-life,
and the correlation time, of the α decay is not too long compared to the inverse
of the count rate of the DSSD, in order to get a clean correlation between a recoil
implant and the subsequent radioactive decay.
Just how selective and powerful the RDT technique can be is illustrated in
ﬁgure 3.2. The γ-ray spectrum in the top panel is selected with the condition that
a fusion-evaporation residue was detected in delayed coincidence at the RITU focal
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plane. This spectrum shows γ rays from every fusion-evaporation channel open in
the experiment. The bottom panel show prompt γ rays recoil-decay tagged with the
characteristic α decay of 110 Xe and the subsequent daughter α decay of 106 Te in the
same pixel as the previously implanted recoil. Without the tagging identiﬁcation
the γ rays belonging to this speciﬁc reaction channel would have been out of reach
and masked by the stronger channels. The mother-daughter tagging technique was
used in paper II to assign the three strongest γ-ray transitions to 110 Xe (indicated
in Fig. 3.2). With the mother-daughter tagging a selectivity of ∼ 10−6 is achieved
in this case. It is truly like ﬁnding the needle in the hay-stack.

3.2

Recoil Identiﬁcation

In order to employ the RDT technique properly, a clean recoil identiﬁcation of the
fusion-evaporation residue ﬁrst has to be made. Although most of the primary
beam can be suppressed in the recoil gas-ﬁlled separator, some beam and scattered
beam components are transported to the focal plane and implanted into the DSSD.
In order to correlate prompt γ rays with the proper recoil residue the recoils have
to be discriminated from the primary beam and scattered beam components. No
direct discrimination is possible but an active discrimination has to be performed in
the oﬀ-line analysis. The MWPC oﬀers such an opportunity to distinguish reaction
products from primary beam and scattered beam components by means of the
measured energy loss in the gas-counter and the time of ﬂight as measured by the
time diﬀerence between the signals from the gas-counter and the DSSD. Energy
losses are diﬀerent for recoils and scattered beam components, and the latter have
faster time of ﬂight than the former through the MWPC (see ﬁgure 3.3). The
energy loss and timing signals can thus be used in conjunction with the DSSD to
discriminate scattered beam from good recoils.
There is also the possibility to discard events in the DSSD which are outside
an energy range of interest. Primary beam and scattered beam components have
greater implantation energy than that of the recoils (see ﬁgure 3.4). Once identiﬁed,
the unwanted high energy events recorded in the strip detector can be vetoed by
applying an energy gate. The MWPC can also be used to distinguish recoils passing
through it from their subsequent decays. Both events are recorded in the DSSD but
only the recoil will deposit a signal in the MWPC, hence a veto from the MWPC
will ensure identiﬁcation of a charged particle decay in the position sensitive DSSD
(see ﬁgure 3.4).

3.3

Calibration

Before undertaking any analysis of the data, a calibration has to be performed of
the diﬀerent detectors involved in the experiment. Before and after the experiments
data is taken through calibration runs. Radioactive sources are placed at the target
position and at the focal plane (152 Eu, 133 Ba and 60 Co) and the emitted γ rays are
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Figure 3.3: Recoil selection in the MWPC. The plot shows energy deposited in the
MWPC (ΔE) versus time of ﬂight between the MWPC and the DSSD. The recoils
are situated inside the oval-shaped two dimensional gate used to select them, and
beam like particles are well separated to the lower right of the 2D gate. Time
of ﬂight is increasing from right to left and the axis units correspond to the raw
channel number.

detected. Since the γ-ray energies from the sources are known, the position of the
peaks in the resulting spectrum can then be used to make an energy calibration of
each detector. Also, from the relative intensities of the γ rays detected from the
sources an eﬃciency calibration can be made for the JUROGAM Ge-detectors.
Two diﬀerent functions for ﬁtting the measured peak positions are utilised in
these experiments. The data from some detectors usually have very linear dependence of the peak position in the histogram as a function of energy, while others can
have quite non-linear behaviour1 . For the 169 Ir and 163 Ta (paper I & paper IV)
analyses a second order polynomial is used to ﬁt the Ge-detector data, while in
the case of 110 Xe and 172 Hg (paper II & paper III) a more elaborate function is
utilised to handle the non-linearities. If there are enough data points at the low end
of the spectrum, where the non-linear behaviour is most pronounced, there need
not to be any problem with the ﬁtting. However, troubles can arise for data which
1 Most ADC’s are quite non-linear for low channel numbers. It is a peculiarity of the ADC’s
used at JYFL and quite uncommon in high-resolution spectroscopy set-ups.
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Figure 3.4: Top panel shows the total raw singles spectrum from the GREAT strip
detector following the reaction leading to 169 Ir. The spectrum shows all events
recorded in the DSSD during the experiment. The bottom panel shows events
recorded in the DSSD, requiring that the MWPC detector has not ﬁred (i.e. it acts
as a veto detector). Only α decay activity is recorded, with the α energy of 169 Ir
[6117(3) keV] marked in the inset.

fall outside the range of the calibration sources, especially in the low energy end of
the spectrum.
The DSSDs were calibrated using a triple α source, consisting of 239 Pu, 241 Am
and 244 Cm. However, the measured α decay energies will be larger than the actual
emitted α-particle energy, since the energy of the recoiling daughter nucleus is added
to the emitted α particle energy in the DSSD. This eﬀect could be accounted for by
performing a calibration using α peaks of known α-decay energy emitted from other
decaying fusion-evaporation residues produced in the experiment. Such ’internal’
α calibrations were performed in papers I-III.
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Sorting Gamma-ray Spectra

The recorded information from the experiments is a reduced time-stamped data
stream from the TDR system stored on disc. Events are created by a sorting process using the spatial and temporal correlations that are relevant, e.g. a prompt
JUROGAM signal should arrive Δt=ﬂight time before the recoil signal from the
DSSD. However, from individual events it is diﬃcult to draw any conclusions of the
nucleus of interest. The data has to be sorted into spectra. The data is sorted with
the Grain software package [16]. Three types of spectra are considered here. There
are the singles one-dimensional spectra that show γ-ray intensity as a function of
energy. There are also matrices for which coincidences between at least two γ rays
is required in order to increment the two-dimensional histogram (the “matrix element”). The higher the fold the more matrix elements are incremented since all
combinations of γ rays forming the cascade have to be accounted for, e.g. a fold of
three generates increments of six matrix elements in a symmetric γ-γ-correlation
matrix. A three dimensional cube was used in the analysis of 163 Ta in paper IV,
where coincidences between at least three γ rays is required in order to increment
the three dimensional histogram (cube). Tagged singles spectra are useful to identify and assign γ rays to a speciﬁc nucleus, while a symmetric γ-γ matrix and a
symmetric γ-γ-γ cube are used to construct a level scheme.

3.5

Producing a Level Scheme

Not much can be said of the nuclear structure from individual γ rays in a singles
spectrum. Therefore the γ-ray energy and coincidence information have to be transformed into a level scheme. A level scheme is an ordered decay scheme of excited
states constructed from γ rays in mutual coincidence deexciting the nucleus. A γray feeding into an excited level is matched by another one feeding out (deexciting)
from the same level. The intensity ﬂow to a state should in principle equal that
out from the state. The exception being the ground state or any isomeric state
which may decay outside the sensitive time range or by charged particle emission
outside the scope of the prompt γ-ray regime at the target position. There can be
several decay paths to or from the same level. Two γ rays feeding or deexciting the
same level will not be in coincidence with each other. The ordering of the transitions within a structure is made from intensity relationships and from consistency
requirements of the excitation energies when more than one decay path is possible.
The Eγ − Eγ coincidence matrices are analysed using the escl8r program from
the Radware package [17]. This program enables the user to examine the coincidence relationships in the matrix by setting gates on individual transition energies.
The two-dimensionality of the matrix allows a slice, set by the gate, to be taken
from the matrix producing a one-dimensional spectrum as a result. The spectrum
provides information on which detected γ rays have been in coincidence with the
one that the gate was set on. It is this coincidence information that allows a level
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scheme to be built for a speciﬁc nucleus.
The Eγ −Eγ −Eγ coincidence cube is analysed using the levit8r program from
the Radware package [17]. The program allows for a double gate to be set on two
mutual coincident transition energies. The double gate will produce a slice from
the third axis of the cube showing a one-dimensional γ-ray spectrum with all the
detected γ-rays which are in coincidence with the two γ-ray transitions that were
selected in the double gate. The power of the coincidence cube, with the doublegating capacity, allows self-consistent doublets to be resolved, which otherwise could
not be easily disentangled only using a matrix. The cube proved essential in the
analysis of 163 Ta in paper IV.

3.6

Angular Distributions

Depending on the multipolarity (L) of an emitted γray its emission angle relative
to the nuclear spin orientation will follow a characteristic probability distribution.
Therefore, an angular distribution can provide information of the multipolarity of
a given transition. However, conclusive angular distribution information can be
diﬃcult to obtain due to insuﬃcient statistics, wrong assumptions of the nuclear
spin alignment and/or mixing of diﬀerent multipolarities. The angular distribution
can be written [18]:
W (θ) = a0 + a2 cos2 θ + a4 cos4 θ + . . . + a2L cos2L θ

(3.1)

where θ is the angle between the direction in which the γray was emitted and
the axis of the incoming beam. In heavy-ion reactions the angular momentum
vectors (spin orientation) of the fusion-evaporation products are polarised and are
distributed close to the plane perpendicular to the beam direction. The attenuation
coeﬃcients, an , of the spin alignment can be found in tables [19]. Most of the
radiation detected in the experiments described in this thesis have either magnetic
dipole (M1), electric dipole (E1) or electric quadrupole (E2) character. However,
transitions may show a mixed multipolarity, e.g. for a M1 it is common with an E2
admixture. The angular distribution will then be something in between that of a
M1 and that of an E2 transition.
Since the JUROGAM array has the detectors distributed in six rings relative
to the beam direction, the ring dispersion permits the study of how the intensity
of a particular transition is distributed over diﬀerent angles relative to the beam
direction. Comparing the experimental result with theoretical values deduced from
equation 3.1 allows the identiﬁcation of a certain multipolarity for a given transition.
When the statistics are low, an approximate method can be used to obtain an
angular distribution. The intensity, Iγ , of the transition of interest in the backward
angle (158◦ ) is compared with the intensity in the 90◦ direction. A ratio, R, is
formed of the two measured intensities according to:


Iγ (158◦ )
R=N
(3.2)
Iγ (86◦ ) + Iγ (94◦ )
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where N is a normalisation constant to account for the diﬀerent number of detectors in each ring. The ratio is compared with the same ratio taken from previously assigned γ-ray transitions (pure E2’s or M1’s) in more strongly populated
fusion-evaporation channels in the experiment. Typical values of R for stretched
quadrupole and stretched dipole transitions were 1.2 and 0.8, respectively.
Once the multipolarities of the γ-ray transitions are deduced, and knowing the
band-head spin, each excited state in the level scheme can, in principle, be assigned
a spin value. Based on other information, such as γ-ray branching ratios, internal
conversion coeﬃcients etc, some conclusions can also be drawn about the parity of
a given state, even though the angular distributions contain no information on the
electromagnetic character of a transition. For direct measurement of the electromagnetic character, linear polarisation information is needed. Such information is,
however, not available for the JUROGAM detectors.

3.6.1

DCO Ratios

If there are enough statistics in the experiment an alternative method exists for
determining the angular distribution. The Directional Correlations of Oriented
states (DCO) ratios [18], RDCO , measures the distribution of a γray deexciting a
spin oriented state. Depending on how the deexciting oriented state is distributed
over its m sub levels the γray will have diﬀerent angular correlation. The DCO-ratio
is deﬁned as
Iγ at θ1 ; gated by γ2 at θ2
(3.3)
RDCO = 1
Iγ1 at θ2 ; gated by γ2 at θ1
where γ1 and γ2 are two γ-ray transitions in mutual coincidence and θ1 and θ2
correspond to detectors in the JUROGAM array situated in ring 1 (158◦ ) and
ring 5 (94◦ ) relative to the beam direction, respectively. With the assumption of
a relatively complete alignment and pure stretched transitions with no multipole
mixing, typical values for DCO ratios are ∼ 0.7 for a pure stretched dipole (M1 or
E1) and ∼ 1.2 for a pure stretched quadrupole (M2 of E2) transition, respectively.
It should be noted that the DCO ratio values are very sensitive to the assumptions
made above and the experimental conditions, therefore the values can not be taken
as absolute for determining the multipole order. If, however, there are previously
known γrays in the experiment the extracted DCO ratios for those transition could
serve to accurately evaluate the unknown γrays in the nucleus under study. This
method was employed in paper I, but on the basis of the angular distribution ratio
R of Eq. 3.2.

3.7

Cross Section Estimation

The cross section is a measure of the probability for a certain nuclear reaction
to occur. The higher the cross section, the higher the yield of a speciﬁc fusionevaporation channel. In order to determine the experimental cross-section (σ) we
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have to know the reaction rate, R, the beam intensity, Ib (in pnA)2 , and the number
of nuclei per unit area, N, in the target. The cross section is then calculated through
σ=

R
Ib N

(3.4)

where N in turn can be determined by
NA ρd
(3.5)
A
in which NA is Avogadro’s number, A is the the mass number of the target, d
is the target thickness and ρ is the density of the target material3 . The reaction
rate, R, can be estimated by detecting the number of α particles at the focal plane,
Nα , during the total beam time on target (tb ) together with the knowledge of the
α-decay branching ratio (bα ), the detection eﬃciencies and the recoil transmission
eﬃciency through RITU. For the cross section calculations in this work, the following eﬃciencies were used: Transmission eﬃciency through RITU, tr ≈ 35 − 40%;
recoil image coverage at the focal plane, ri ≈ 70 − 80%; full α-energy detection in
the DSSDs, α ≈ 55%. The reaction rate can thus be determined as
N=

R=

Nα
tb tr ri α bα

(3.6)

and together with equation 3.4 and 3.5 we get:
σ=

1 A
Nα
tb tr ri α bα Ib NA ρd

(3.7)

Both very weak and and very strong reaction channels have been studied in this
work. In paper III, the cross section for the 96 Ru(78 Kr, 2n) reaction leading to
172
Hg was estimated to σ ≈ 10 − 15 nb. This low cross section constitutes the
limit for what is feasible for in-beam γ-ray spectroscopy with today’s technology,
and is one of the lowest reported for studies of excited states in a nucleus. Still,
due to the selective power of the RDT-technique, it was possible to assign three
γrays depopuling the ﬁrst three excited states. In paper IV the reaction channel
under study was the strongest one populated in the experiment, and a cross section
of σ ≈ 74 mb was extracted for the 60 Ni+106 Cd →163 Ta∗ +3p fusion-evaporation
channel. This was large enough to build a coincidenc cube, which facilitated the
construction of the level-scheme by means of the double-gating capacity.

3.8

Measuring the Half-life

The decay time of any charged particle decay in the DSSD can be extracted using
the absolute time information provided by the TDR system. Once a charged particle
−9

10
nano Ampere, pnA= 1.6×10
−19 particles/s
is often common to specify the quantity ρd (in μg/cm2 ), corresponding to the areal density
of the target material.
2 Particle
3 It
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Figure 3.5: Time spectrum for the α decay of 110 Xe. The decay time spectrum is
made with additional correlation of requiring a 106 Te daughter decay in the same
pixel. The half life extracted from this spectrum using the Maximum-Likelihood
method is 93(3) ms.

decay is detected in the DSSD its location and time are recorded. By applying an
energy gate on the decay in question and correlating back in time, searching in the
same pixel as the decay occurred for an earlier recoil event, the proton or alpha
emitting nucleus can be identiﬁed as the mother of the decay. The time diﬀerence
extracted from these events constitutes the decay time and is plotted in a decay
spectrum showing the number of decays as a function of decay time.
It is not clear a priori what correlation time to use in order to search for a proton
or alpha decay. It depends greatly of the background due to random correlations
and the half-life in question. If the statistics are low and the half-life relatively short
compared to the inverse of the count rate of an individual pixel, a longer correlation
time can be used since every event may be valuable. Usually a correlation time
of about three half-lives is used, but if the decay is very fast compared to other
channels four or ﬁve times the half-life can be used as correlation time. A histogram
of an exponential α-decay time distribution for 110 Xe from paper II is shown in
ﬁgure 3.5.
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3.8.1

The Maximum Likelihood Method

The standard way of extracting the mean lifetime τ of decay spectra with low
statistics and low background is with the Maximum-Likelihood method [20]. The
lifetime τ is obtained by summing all the time diﬀerences, ti = t1 , t2 , . . . , tn , and
divide by the number of detected decay events, n, as follows:
1
ti
n i=1
n

τ=

(3.8)

If the half-life is not signiﬁcantly shorter in comparison with the search-time T, a
correction has to be made concerning that cut-oﬀ time. The corrected lifetime τ
can then be obtained through:
T
1
ti + T /τ
n i=1
e
−1
n

τ=

(3.9)

Equation 3.9 has to be solved iteratively. This is achieved numerically by forming
the function f (τ ) = 0 from equation 3.9 and solve for τ until the function converges.
The error bars for the measured half-lives are determined from equation 3.9. The
procedure is described in [21] where the approximate upper (τu ) and lower (τl ) error
limits are given as:
τ
1 − √1n
τ
τl ≈
1 + √1n

τu ≈

(3.10)
(3.11)

For large n (n>10), the approximate error is suﬃciently close to the exact solution.
The half-life t1/2 can then be computed as:
t1/2 = τ ln2

(3.12)

For a decay time spectrum with ample statistics an exponential ﬁt is suﬃcient. The
lifetime can be extracted by ﬁtting a sum of two exponential functions to the data:
N = Ae−t/τ + Be−rt

(3.13)

The lifetime τ is thus a parameter obtained from the ﬁt. The parameter r is related
to the background of random coincidence events and is given by the recoil rate
per pixel of the DSSD. The half-life of 169 Ir in paper I was extracted using this
method.

3.8.2

The Logarithmic Method

In case of poor statistics and a relatively wide spread of the decay times an alternative method can be used to determine the half-life, as described by K. H. Schmidt
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Figure 3.6: Time spectrum for the α decay of 172 Hg, which shows the Gaussianlike distribution of the logarithm of the time diﬀerence (dt) between the implanted
recoil and the 172 Hg α-decay. A ﬁt to this distribution allows the peak for the time
distribution to be obtained (shown with the dashed arrow down to the x-axis) and
the life time could be determined as described in the text.

et al. [21]. For a wider distributions of decay times one could need many thousands
of channels in the time spectrum not to loose too much information. Instead, the
decay times are plotted on a logarithmic time scale. In this representation the
radioactive decay curve seen in Fig. 3.5 becomes a distribution with a universal
Gaussian-like shape independent of the life time. This frequency distribution of the
decays looks like
dn
= nλe−λt
(3.14)
dt
where n is the total number of counts in the spectrum, λ the decay constant and t
is the measured decay time. Since the logarithm of the decay times are plotted this
merits the substitution ln(t) = ν, whereby the following expression is obtained
ν
dn
= nλeν e−λe
dν

(3.15)
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Two parameters now determine the height and position of the peak of the time
distribution - the number of counts n and the life time τ (= 1/λ).
An example of such a distribution of the logarithm of the decay times can be
viewed in Fig. 3.6. Here the time distribution is plotted as Log2 (t) = ln(t)/ln(2),
the only diﬀerence to the prescribed method is an extra factor ln(2) (note that
the time t is the same decay time dt used in Fig. 3.6). The most probable value
of this distribution is ln(τ )/ln(2), which is obtained by diﬀerenting Eq. 3.15 with
respect to ν and equating it with zero. A ﬁt to the time distribution is also shown
in Fig. 3.6, depicting the time distribution obtained for the α decays of 172 Hg (see
paper III). From the ﬁt, the x-value for the ’peak’ of the distribution is obtained
and the life time can thus be extracted from x = ln(τ )/ln(2) and subsequently
the half-life from Eq. 3.12. With this method it was possible to improve upon the
accuracy of the 172 Hg α decay half-life obtained in previous measurements.

Chapter 4

Theoretical Framework
Theoretical nuclear structure models attempt to describe nuclear properties in the
ground states as well as in various excitation modes. No single model can, as yet,
describe all the observed nuclear properties within one framework. There are basically two phenomenological ways of describing the nucleus. “Microscopic” models
deal with individual nucleons, where the interaction between them is approximated
by a mean-ﬁeld plus residual interaction (e.g pairing). Single particle energy levels in the nuclear shell model is an example of information predicted by such a
model. Macroscopic models on the other hand, deal with collective phenomena,
such as rotational and vibrational excitation modes of the nuclear medium. These
approaches can be combined, using for example the microscopic-macroscopic shell
correction method developed by Strutinsky [22].
This chapter will outline some models used to interpret the experimental data
of this work. The new experimental information found in this work will also be
compared with theoretical predictions.

4.1

Describing Nuclear Deformation

Nuclei can exhibit pronounced deformations, both in their ground states and in
diﬀerent excitation modes. The shape of a deformed nucleus is often described in
theoretical models with an expansion in spherical harmonics. A set of deformation
parameters is used to quantitatively describe the shape of the nucleus. In a ’standard’ Hill-Wheeler parametrisation [23] of the nucleus, two of them are denoted
β2 and γ. The parameter β2 is used to describe the quadrupole deformation, in
principle the elongation, of the nucleus. The nucleus is said to be prolate when
two of the principal axes are of the same length while the third axis is longer. If
the third axis is shorter than the two equal principal axes, the nucleus is said to
have an oblate shape. The parametrisation is valid for β2 ≥ 0, and using only
half the polar plane γ = 0◦ and γ = −120◦ gives prolate shapes, while γ = 60◦
and γ = −60◦ gives oblate shapes. For pure prolate and oblate shapes we have
31
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to distinguish between collective and non-collective rotations. Collective rotation
is described when the nucleus has the rotational axis perpendicular (γ = 0◦ and
γ = −60◦ ) to the symmetry axis, and the nucleus is subjected to “non-collective”
rotations (γ = 60◦ and γ = −120◦) when the rotation axis and symmetry axis
coincide. The parametrisation of the nuclear shape is depicted in ﬁgure 4.1.
In many cases, e.g 169 Ir and 163 Ta, the nucleus seems to depart from axial
symmetry, needing an additional parameter in order to describe this degree of
freedom. The γ parameter describes how triaxial the nucleus is, meaning that the
nucleus can have all axes of diﬀerent length. All intermediate γ values besides those
mentioned above describe a triaxial nucleus.

4.2

Rotating the Nucleus

For speciﬁc combinations of neutrons and protons atomic nuclei can assume permanently deformed shapes. This feature allows for the possibility to excite the
nucleus by gaining rotational energy around an axis deﬁned to be perpendicular
to the symmetry axis, describing the deformation. Rotation is a collective mode
of excitation of a deformed nucleus found in diﬀerent regions of the nuclear chart.
Unlike a classical rotor, collective rotation around a symmetry axis is not quantum
mechanically meaningful. This in turn implies that only a deformed nucleus can
be said to be rotating. A classical comparison of the kinetic energy would be to
that of a rigid rotor, but quantum mechanically the energy levels of the rotor are
quantised by the spin value of the excited levels. The energy of a classical rotor
can be described by E = 12 Jω 2 , where J is the moment of inertia. Classically the
angular momentum is given by l = Jω, which leads to the expression for the energy
E=

1 l2
2J

(4.1)

Turning to the quantum mechanical limit the squared angular momentum observable has the form l2 = 2 I(I + 1), which gives the following formula for describing
the energy levels of a deformed rotor
E=

2
I(I + 1)
2J

(4.2)

where I is the spin1 is of the state and J is the static moment of inertia. However,
the nucleus can not be viewed as a rigid body due the short range of strong-force
interactions; typically measured moments of inertia for low-spin states are 30 − 50%
relative to that of a rigid body. For an even-even nucleus all the nucleons couple to
pairs occupying time reversed orbits of opposite direction, meaning that the singleparticle angular momenta always will cancel and the ground state will have spin
and parity I π = 0+ . A rotational band built on an even-even ground state will
1 Spin

is a term commonly used instead of the more correct expression ”angular momentum”.
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γ = +60º
γ = 0º
Non−collective oblate

β2 γ

Collective prolate

γ = −30º

γ = −60º
Collective oblate

γ = −120º
Non−collective prolate

Figure 4.1: Schematic representation of the (β2 ,γ)-parametrisation of the nuclear
shape. The parameters corresponding to prolate and oblate shapes as well as collective and non-collective rotation are described in the text. The picture is adopted
from [2].
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have only even values of I. A typical value for the energy ratio of the second and
ﬁrst excites states (E(4+ )/E(2+ )) in an even-even nucleus is 3.33 (prolate rotor),
which can serve as an experimental signature of a rotational band.

4.3

The Rotating Frame

In order to interpret the experimental data and analyse rotational spectra, or level
schemes, in view of the cranked shell model formalism, a transformation has to
be performed into the rotating frame of the nucleus. Let I be the total angular
momentum of the rotating nucleus, ω denote the rotational frequency and K the
angular momentum projection onto the symmetry axis (3-axis) of a prolate nucleus
(see ﬁgure 4.2). The component Ix of the angular momentum projected to the
principle axis (1-axis), which represents the axis of rotation, can then be written:

2

1
(4.3)
− K 2 ≈ I(I + 1) − K 2
Ix =
I+
2
The rotational frequency ω, expressed as ω in units of MeV, of the rotating nucleus
can then be written:
dE
Ei − Ef
ω =
≡
(4.4)
dIx
Ixi − Ixf
where i denotes the initial level and f the ﬁnal level for a γ-ray transition. For a
stretched quadrupole transition (E2) in a rotational band, the rotational frequency
can be approximated by:
Eγ
(4.5)
ω ≈
2
where Eγ denotes the γ-ray transition energy between two states.
In order to isolate the eﬀect of the aligned angular momentum generated by the
valence particles, i(ω), the angular momentum of a reference rotor is subtracted
from Ix :
i(ω) = Ix (ω) − Iref (ω)
(4.6)
The reference angular momentum, Iref , of the reference rotor is taken from the
Harris expansion [24] as:
Iref (ω) = (J0 + J1 ω 2 )ω/

(4.7)

J0 and J1 are the so called Harris parameters, usually adjusted so that the “core”
characteristic of the moment of inertia is reproduced. If an odd-N, odd-Z or odd-odd
nucleus is studied, usually the parameters of the closest even-even core is taken. A
plot of i(ω) as a function of rotational frequency is a way of showing single-particle
eﬀects, i.e. how the angular momentum vectors for valence nucleons are changing as
a function of rotational frequency, where a sudden change in i(ω) at some rotational
frequency can be interpreted as a breaking of a pair of nucleons. This phenomenon,
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Axis of
Rotation

I

Ix
j

K

Symmetry Axis

Ω

Figure 4.2: Projection of the total angular momentum I onto the symmetry axis
and the rotational axis, which deﬁnes the K and Ix quantum numbers, respectively.
The single particle momentum j and its projection onto the symmetry axis, Ω, are
also shown.

referred to as back-bending is depicted in Fig. 4.3. The theoretical interpretation
can simply be described as follows: As the rotational frequency of the nucleus
increases the Coriolis force (∝ ω × v) break a pair of two nucleons moving in time
reversed orbits and align their angular momenta along the axis of rotation. When
this occurs a sharp increase of the aligned angular momentum as a function of
rotational frequency can be observed with a corresponding decrease in the energy
level spacing.
Although this method of presenting data (in a model dependent way) is very
eﬀective, care has to be taken when the nucleus is very deformation-soft. If the
nucleus has a propensity to shape changes, and hence to changes in the moment of
inertia within a relatively small energy interval, it can be diﬃcult to know which
Harris parameters to use.
The single-particle excitation energy can be obtained in a similar manner as the
aligned angular momentum, where the single particle excitation energy, e , in the
rotating frame (Routhian) can be written:
e (ω) = E − ωIx (ω) − Eref (ω)

(4.8)
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Figure 4.3: Experimental aligned angular momenta, ix , in the yrast rotational band
of 163 Ta, relative to a core reference as described in the text. The alignment gain
indicated as ∼ 10 , is interpreted as generated by breaking of a pair of neutrons.

where the reference rotor energy is written [24]:
Eref (ω) =

4.4

1
ω2
ω4
J0 −
J1
−
8J0
2
4

(4.9)

Moment of Inertia

It can be diﬃcult to to associate a certain change in the moment of inertia with
one speciﬁc aspect of nuclear dynamics, therefore is it convenient to introduce
two deﬁnitions for the moment of inertia reﬂecting two diﬀerent nuclear dynamical
properties. The ﬁrst deﬁnition of the moment of inertia is contained in Eqs. 4.2
& 4.4 as a quantity inverse proportional to the ﬁrst derivative (slope) of the E
vs. I(I+1) curve (Eq. 4.2). The quantity J (1) is called the kinematical moment of
inertia to emphasise the motion of the nucleus in terms of the ratio I/ω, and it is
deﬁned as



−1
−1
−1
dE
dE
dE
2
2
Ix
2
(4.10)
J (1) =
=
=

I
=
x
2 dI(I + 1)
2 d(Ix )2
dIx
ω
where the expression of the aligned angular momentum (Ix , with K=0) from Eq. 4.3,
and the deﬁnition of the rotational frequency (ω) from Eq. 4.4, have been used.
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Experimentally the kinematical moment of inertia is obtained by taking the diﬀerence in energy between two rotational levels (states connected by a γ-ray transition
from spin I → I − 2) with respect to the spin. Using Eq. 4.2 J (1) can be extracted
from
2 (2I − 1)
J (1) =
(4.11)
Eγ (I → I − 2)
To deduce J (1) requires knowledge of the absolute spin of the excited levels. If the
band-head spin of a rotational band is known then it is usually not a problem to
identify the absolute spin of the levels, but for many bands these are not known.
In this respect a second deﬁnition, the dynamical moment of inertia J (2) , is a more
useful quantity. It is deﬁned as the inverse of the second derivative of the E vs.
I(I+1) curve (Eq. 4.2), and can be written as
J (2) = 

dIx
= 2
dω



d2 E
dIx2

−1

(4.12)

We see that it is not necessary to know the absolute spins, or the absolute energies,
of the excited states in order to extract J (2) . Only the diﬀerences in spin and energy
between the levels matters. The dynamical moment of inertia can be deduced from
the experimental data for a rotational band with stretched quadrapole (Eγ (I →
I − 2)) transitions using
Eγ (I + 2 → I) − Eγ (I → I − 2)
E(I + 2) − 2E(I) + E(I − 2)
d2 E
=
(4.13)
≈
dIx2
4
4
giving the expression for J (2) as
J (2) =

42
42
=
Eγ (I + 2 → I) − Eγ (I → I − 2)
ΔEγ (I)

(4.14)

The dynamical moment of inertia is a useful quantity to investigate irregularities in
a rotational band. If the dynamical moment of inertia was a constant, the diﬀerence
in γ-ray transition energies would be the same for all spin values of the band. For
many rotational band this is usually not the case. The J (2) value is often found
to change as a function of spin, reﬂecting e.g. a change in the nuclear deformation.
For instance, a sharp increase of the J (2) value at some rotational frequency can be
interpreted as a sudden change in deformation of the nucleus or a rearrangement
of the nucleonic conﬁguration, e.g. pair breaking of nucleons.

4.5

The Cranked Shell Model

The cranked shell model [25, 26] describes how the nucleons move in a potential
well, e.g. a Woods-Saxon potential, that is rotating with angular frequency ω. The
model then describes the collective rotation around one of the principal axes as
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a sum of single-particle angular momenta. The main diﬀerences compared to the
shell model are that the nuclear potential is deformed and rotating.
Rotating the system is obtained by means of applying a rotation operator
b
R(ωt) = e−iωtJx / to the time independent Hamiltonian H0 . The cranking Hamilω
tonian H can then be related to H0 through:
H ω = H0 − ω Jx

(4.15)

where Jx is the angular momentum operator along the rotation axis x, which is
perpendicular to the symmetry axis of the nuclear shape. Applying the cranking
Hamiltonian to a nuclear wave function produces the energy eigenvalues, which are
called Routhians. These single-particle Routhians in the rotating frame, together
with a Strutinsky shell correction term [22] and the liquid drop energy are the conω
. The Total Routhian Surface
stituents to calculate the total Routhian energy Etot
ω
(TRS) plots (described in section 4.6), which are produced with the Etot
, form a
vital part in interpreting the results in this work.

4.5.1

Signature

The total angular momentum I is not a conserved quantum number in the cranking
model since the deformation breaks the (2I+1) energy degeneracy. However, the
cranking Hamiltonian H ω given above is invariant with respect to rotation with an
angle π around the rotational axis. The operator R for rotating the nucleus by an
angle π around the the x-axis is given as:
b

R = e−iπJx

(4.16)

and the eigenvalues of the operator are denoted r = e−iπα . The rotation operator
introduces a phase factor σ = (−1)I+K referred to as signature [27] and both r and
(preferentially) α are called the signature quantum number, which is a conserved
quantity in the cranking model. The signature term alternates sign for successive
values of I (I = K, K + 1, K + 2, . . .) and implies that rotational bands with K =
0 are divided into two families deﬁned by the signature quantum number. The
relation between spin and signature is given by:
I = α (mod 2)

(4.17)

Another symmetry in the cranking model is that of space inversion P, and hence
also the parity π is a conserved quantum number. The parity can either be positive
or negative. For a nucleus with an even number of nucleons the signature α can
take on values 0 or 1 and for an odd-A nucleus the signature can be ± 12 . Thus, a
rotational band in an odd-A nucleus with a sequence of levels diﬀering by spin 1 is
divided into two branches, each consisting of levels diﬀering by spin 2 and classiﬁed
by the signature quantum number α = ± 12 , respectively [28]. For the two signature
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quantum number the spin of the level sequences will be
If α = + 12 → I = 1/2, 5/2, 9/2, . . .
If α = − 12 → I = 3/2, 7/2, 11/2, . . .
The transitions within a band will be of E2 type, and those between bands will
be of M1 or mixed M1/E2 type, since all states of the band have the same parity,
i.e. the selection rules must be obeyed. The two branches are said to be signature
partners of a rotational band.

4.5.2

Signature Splitting

Experimentally, one often observes an energy staggering in the rotational bands
and this may be referred to as signature splitting [29]. The favoured band is the
branch that is pushed down in energy, while the unfavoured band is the one being
pushed up in energy. Example thereof can be found in 169 Ir and 163 Ta for the yrast
band built on the odd proton. The signature splitting can be illustrated with a
staggering parameter, S(I), deﬁned as [30, 31]:
1
S(I) = E(I) − E(I − 1) − [E(I + 1) − E(I)
2
+E(I − 1) − E(I − 2)],

(4.18)

where E(I) is the level energy for spin I. The staggering parameter describes, for a
given spin, how much the level energy is split between the two signature partners.
An example of the energy staggering as reﬂected by the staggering parameter is
show in Fig. 4.4. From the ﬁgure it can be inferred that the signature representing
the spin sequence I = 11/2, 15/2, 19/2, . . . corresponds to the favoured signature
(α = −1/2), while the spin sequence I = 9/2, 13/2, 17/2, . . . corresponds to the
unfavoured signature (α = +1/2). The energy staggering can be seen to disappear
at spin I ≈ 33/2 , indicating a possible change in deformation from a triaxial shape
to an axially symmetric shape.
When a nucleus is departing from being axially symmetric, i.e. adopts a triaxial
shape, the angular momentum projection (K) onto the symmetry axis is no longer a
good quantum number. The nuclear wave function will no longer contain a pure Kcomponent. The triaxial deformation will mix-in lower K-value components, such
as K=1/2, into the wave function thereby creating a signature splitting between
the two signature partners of the band by means of an eﬀect similar to the classical
Coriolis eﬀect. The energies of the states in a rotational band for an odd-A nucleus
can be expressed [32]:



2
1
2
I+ 12
I+
I(I + 1) − K + δK 12 a(−1)
(4.19)
EIK = EK +
2J
2
where the third term within the brackets is responsible for the energy splitting of the
signatures. For diﬀerent spins (I) a state will be either pushed up or down in energy
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Figure 4.4: Staggering parameter S(I) as a function of spin I for the yrast bands
in the light neutron-deﬁcient odd-A tantalum isotopes 163−171 Ta. Note that the
energy staggering, and hence the energy splitting between the signature partners,
increases with decreasing neutron number. The ﬁlled(open) symbols represent the
α = +1/2 (α = −1/2) signature.

1

depending on the sign of the (−1)I+ 2 factor. Note that signature splitting only will
occur if the wave function contain components with angular momentum projection
K=1/2 onto the symmetry axis. This property is governed by the δK 12 factor in
Eq. 4.19. Although the detailed mechanisms behind triaxiality are poorly known it
is generally believed that the observed signature splitting can be an experimental
sign of a triaxially deformed nucleus.

4.6

Total Routhian Surfaces

The Total Routhian Surface (TRS) [33, 34] plot is a useful tool for a theoretical
interpretation of the experimental results obtained in this work. The TRSs are
sensitive to a speciﬁc nucleonic conﬁguration and show the energy in the rotating
system as a function of the deformation parameters β2 and γ. A minimum of such
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a plot shows the favoured deformation for the nucleus at a speciﬁc rotational frequency and particle conﬁguration [35, 36]. The total Routhian energy is calculated
for a set of deformation parameters β2 and γ, ﬁrst chosen as equally spaced points
in a two-dimensional x-y-grid (see ﬁgure 4.5). The parametrisation of the grid being
for x = β2 cos(γ + 30◦ ) and for y = β2 sin(γ + 30◦ ). The calculated energy values
are then plotted with contour lines for equally spaced energies.
An example from of a TRS plot from the this work is presented in ﬁgure 4.5.
It shows the favoured deformation for 110 Xe (panel a)) and, for comparison, the
energy minimum for the nearest even-even isotopes 112−116 Xe (panels b)-d)) at
zero rotational frequency. The only good quantum numbers for the wave functions
in the rotating frame are the parity, π, and the signature, α. Therefore, each TRS
is deﬁned by the pair (π, α) and the rotational frequency, ω. The conﬁguration in
this case is (+,0) for all depicted xenon isotopes. From the plots in ﬁgure 4.5 it
can be seen that all light Xe-isotopes are “soft” with respect to both deformation
parameters β2 and γ. This means that the nucleus may be susceptible to shape
changes within a relatively small energy range. Panel a) shows for 110 Xe a small
prolate β2 deformation of 0.17 with the axial symmetry intact. The γ deformation
is zero, hence indicating the two principal axes being of the same length. From
ﬁgure 4.5 it can also be inferred for the xenon isotopes, a larger β2 deformation,
and a more pronounced β2 softness with increasing neutron number.

4.7

Gamma-ray Transition Probabilities

The transition probability, T (λ), for a γ-ray transition of multipolarity λ between
two states is related to the overlap of the wave functions for the initial and ﬁnal
states. In a rotational band it can be derived from the quadrupole moment. The
total γ-ray transition probability can be expressed in terms of the reduced transition
probability, B(λ).

4.7.1

Reduced Transition Probabilities

The reduced transition probabilities for an electric and magnetic γ-ray transition,
B(Eλ) and B(Mλ), can be calculated if the transition rates (which are inversely
proportional to the lifetime of the initial state) are known, and can be evaluated
using the expressions [44]
B(Eλ) = 4.57 × 10−22

λ[(2λ + 1)!!]2
8π(λ + 1)

B(Mλ) = 4.15 × 10−20

λ[(2λ + 1)!!]2
8π(λ + 1)




197
Eγ
197
Eγ

2λ+1

T (Eλ)

[e2 fm2λ ]

T (Mλ)

[μN 2 fm2λ−2 ] (4.21)

2λ+1

(4.20)

where λ is the multipole order, Eγ the γ-ray transition energy in MeV and T is the
transition rate in s−1 .
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Figure 4.5: TRS plots at zero rotational frequency for the (π, α) = (+, 0) conﬁguration of the even-even 110−116 Xe isotopes. The arrow in panel a) points to the
favoured (stable) energy minimum of the TRS, corresponding to an elongation of
β2 = 0.17 with γ ≈ 0 (the line γ = 0◦ is indicated in panel b)). The energy
diﬀerence between contour lines is 100 keV.
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The reduced B(Mλ) and B(Eλ) transition probabilities can be expressed in
terms of Weisskopf units (W.u.). The transition rate for a single particle transition
of a given multipolarity and type only depends on the transition energy, Eγ , and on
the mass number, A (except for M1 transitions, which only depend on the energy,
Eγ ). For an M1 and E1 transition the single particle transition rates, T(M1) and
T(E1), are given by [41]
T (M1) = 5.6 × 1013 Eγ3
14

2/3

T (E1) = 1.0 × 10 A

4.7.2

[s−1 ]
Eγ3

[s

(4.22)
−1

]

(4.23)

B(M1)/B(E2) ratios

The probability for a γ-ray transition from a speciﬁc collective rotational state
(within a band) is given by the B(M1) and B(E2) values for a magnetic dipole (M1)
and an electric quadrupole (E2) transition, respectively. The ratio B(M1)/B(E2)
between two such transition probabilities from a state with spin I to states with
spin I-1 and I-2, respectively, can give valuable information on the single-particle
conﬁguration of the states connected by the transitions. The experimental ratios
are obtained from the γ-ray transition energies and the intensities of the M1 and
E2 transitions through the relation [37]:
 2 
μN
[Eγ (I → I − 2)]5 1 1
B(M1; I → I − 1)
= 0.697
,
(4.24)
3
2
B(E2; I → I − 2)
[Eγ (I → I − 1)] λ 1 + δ
e2 b2
where λ is the experimental branching ratio between an E2 and M1 transition emitted from the same state. It is taken as the ratio of the measured γ-ray intensities,
Tγ , of the two transitions as
Tγ (E2)
(4.25)
λ=
Tγ (M1)
The δ parameter is the amount of E2 admixture in the M1 transition and is usually
much less than one. The experimentally deduced B(M1)/B(E2) ratios are compared
to those obtained through the semi-classical formalism of Dönau and Frauendorf [38,
39]. The theoretical expression for calculating the B(M1)/B(E2) values has the form
−2

B(M1; I → I − 1)
12
K2
=
×
1
−
B(E2; I → I − 2)
5Q20 cos2 (γ + 30◦ )
(I − 1/2)2


2 
1/2
Δe
K2
Ω1 (g1 − gR ) 1 ±
+
Ωn (gn − gR ) −
1− 2
I
ω
n
2  μ2 

K
N
(gn − gR )in
(g1 − gR )ip +
2 b2
I
e
n

(4.26)
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Here K = n Ωn denotes the total K value of the conﬁguration; Ω1 , i1 and g1 are
the K-value2 , alignment and g-factor for the particle causing the signature splitting,
while Ωn , in and gn denote the K-value, alignment and g-factor for the additional
quasi-particles involved in the conﬁguration. The total rotational g-factor is denoted gR and is taken to be gR = Z/A. A signature dependent term is present
for the particle that causes the splitting, where Δe is the experimental energy
splitting between the routhians of the two signature partners and can be calculated
using Eq. 4.8. The +(-) sign in the signature splitting term is for transitions from
unfavoured(favoured) to favoured(unfavoured) signature.
The single-particle gyro-magnetic g-factors can be estimated through the Schmidt
relation [40]
g = gl ±

1
(gs − gl )
2l + 1

f or

j =l±

1
2

(4.27)

where the plus sign is for l + 1/2 orbitals and the minus sign is for l − 1/2 orbitals,
respectively. The orbital and spin g-factors for free protons and neutrons are: gl = 1
and gsf ree = 5.5856 for the proton, and gl = 0 and gsf ree = −3.8262 for the neutron.
The spin g-factor is often estimated to be gs = 0.6gsf ree . The quadrupole moment,
Q0 , related to the nuclear deformation is [41]
3
Q0 = √ R2 Zβ2 (1 + 0.16β2)
5π

(4.28)

where Z is the proton number, β2 the elongation deformation parameter and R =
R0 A1/3 , with A representing the mass number and R0 = 1.2 fm. The deformation
parameters β2 and γ can be extracted from TRS calculations (see Sec. 4.6), in the
case there is no experimental information on the transition quadrupole moment, e.g
from lifetime measurements. Since the B(M1)/B(E2) ratios are sensitive to both
the single particle conﬁguration as well as to the nuclear quadrupole deformation,
a comparison with the experimental B(M1)/B(E2) values will give information on
the conﬁguration if the deformation is assumed to be known. This method has
been used in papers I & IV to make conﬁguration assignments for various band
structures.

4.7.3

B(E2) values

The B(E2) transition probabilities are a measure of the nuclear collectivity. A
collective excitation, such as rotations, involves many nucleons participating in the
collective motion. With many nucleons available to generate the collective motion
there are many ways in which they can couple to form, e.g the 2+
1 state. Typically
this scenario can be found far from closed shells (magic numbers) where many
valence nucleons are available to form the collective excitation. This will result in
+
a higher transition probability to de-excite the state and a large B(E2; 2+
1 → 01 )
2 Projection

of the single particle angular momentum onto the symmetry axis (Ω).
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value. Therefore a plot of B(E2) values as a function of neutron number permits
trends of increasing/decreasing nuclear collectivity to be visualised over an isotopic
chain.
In an even-even nuclues, there is a strong correlation between the level energy
+
+
(E(2+
1 )) of the ﬁrst excited state and the B(E2; 21 → 01 ) value. Ideally B(E2)
values are deduced from the level lifetimes, but lacking such information the experimental transition strength can be estimated from the empirical relationship
between the 2+
1 energies and the corresponding transition probability [42] as:
+
+ −1 2 −0.69
Z A
B(E2; 2+
1 → 01 ) ≈ 0.66E(21 )

[e2 b2 ]

(4.29)

This relationship is used to interpret the trend of the B(E2) values in the lightest
xenon isotopes and compare them with theoretical model calculations presented
in [43] (see paper II).
If we assume a quadrupole deformation Q0 (in units of efm2 ) given by a rotational model, the B(E2) strength for a γ-ray transition between any state I → I − 2
can be expressed as
5 2
Q IK20|I − 2K 2
B(E2; I → I − 2) =
[e2 fm4 ]
(4.30)
16π 0
where the Clebsch-Gordan coeﬃcient is given by

3(I − K)(I − K − 1)(I + K)(I + K − 1)
(4.31)
IK20|I − 2K =
(2I − 2)(2I − 1)I(2I + 1)
The models used to calculate the B(E2) values are based on the quadrupole
deformation obtained through TRS calculations, hence the B(E2) values are model
dependent from a collective rotational point of view. So in a transitional region
from a rotational collective to a single particle regime, the theoretically calculated
B(E2) values may not reﬂect the real strengths. The comparison is more relevant
for trends rather than for a quantitative assessment of the B(E2) values.

4.7.4

B(E1) values

If a dipole γ-ray transition connecting states I → I − 1 does not change the parity, then by the selection rules the transition must be of magnetic M1 character.
If it does change the parity the γ-ray transition is of electric E1 multipolarity.
From angular correlation measurements no information can be learned of the electric/magnetic character of a transition, only the multipole order can be determined.
Gamma-ray branching ratios are as mentioned above useful for characterising nuclear conﬁgurations. Another example: For a rotational band where there is a
competition between in-band quadrupole E2 transitions and out-of band E1 dipole
transition the B(E1)/B(E2) ratio can yield information on the E1 transition probability. From Eq. 4.20 the B(E1)/B(E2) ratio can be expressed as
1
Eγ (E1; I → I − 1)
B(E1; I → I − 1)
= 773 × 10−9
B(E2; I → I − 2)
Eγ (E2; I → I − 2) λE2/E1

[fm−2 ]

(4.32)
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where the branching ratio λE2/E1 = T (E2; I → I − 2)/T (E1; I → I − 1), which relates the measured intensities of the γ-ray transitions as: λE2/E1 = Iγ (E2)/Iγ (E1).
Now the B(E1) reduced transition strength can then be computed (in units of e2 fm2 )
by multiplying Eq. 4.32 with the B(E2) value obtained with Eq. 4.30. This can also
be expressed in W.u. Using the single particle transition rate of Eq. 4.23 for an E1
transition with Eq. 4.20, one W.u. is then deﬁned, for a B(E1) value in units of
e2 fm2 as:
1.0 × 1014 A2/3 Eγ3
= 0.0626 A2/3
(4.33)
B(E1; I → I − 1) =
1.598 × 1015 Eγ3
Transition strength estimations for E1 γ-ray transitions were used in paper IV
as evidence for octupole vibrational collectivity, where the mass number for 163 Ta
gives 1 W.u. = 1.87 e2 fm2 .

Chapter 5

Summary of Papers
The experimental results and the author’s contribution to papers I-IV are brieﬂy
discussed in the following.
This thesis describes the experiments to produce and study the extremely neutron deﬁcient 169 Ir, 110 Xe, 172 Hg and 163 Ta atomic nuclei. They are situated in
diﬀerent mass regions of the nuclear chart and have diﬀerent characteristics. The
common theme, however, is the large excess of protons compared to stable isotopes
making them unstable to α particle emission in their ground states or low-lying excited states (in 169 Ir there is an isomeric α decaying state as well). This α emission
plus a short half life make these nuclei (except 163 Ta) suitable to be studied with
the RDT technique. There are currently no other techniques available to access the
structure of such weak fusion-evaporation channels.
All the experiments were performed at the Accelerator Laboratory of the University of Jyväskylä, Finland. The experimental techniques to produce and study
these nuclei were similar. Fusion evaporation reactions were used to produce them
and the gas-ﬁlled RITU separator coupled to the GREAT spectrometer was used
to detect them. Prompt γ rays at the target position were detected with the
JUROGAM Ge-detector array. The 169 Ir, 110 Xe and 172 Hg nuclei were identiﬁed
using the RDT technique, while excited states in 163 Ta could be identiﬁed from a
coincidence cube.
The aim of the experiment involving 169 Ir was primarily to study shape evolution
and band crossings in 170 Pt (see ref. [45]). One of the prominent ’side’ channels in
the fusion evaporation experiment was 169 Ir for which excited states were previously
unknown. Although the author was not personally involved in the experiment, full
responsibility was taken for the subsequent oﬀ-line analysis of the data.
The experiment targeting 110 Xe had the aim of probing the N≈Z 100 Sn region,
oﬀering a chance to search for enhanced T=1 isoscalar n-p pairing, and the possibility of investigating the collective features of the light Xe-isotopes as the N=Z
+
line is approached. Energy systematics of 2+
1 and 41 states and empirical transition
probabilities from these states were compared with theoretical predictions.
47

CHAPTER 5. SUMMARY OF PAPERS

48

The analysis of the data for 172 Hg proved to be the most challenging of them
all, due to the minute production cross section of ∼ 10 − 15 nb. Only when the
data were combined from two diﬀerent experiments (performed on three separate
occasions) could enough statistics be obtained for an identiﬁcation of the three
lowest excited states. The analysis beneﬁtted from the data collected in the 172 Au
experiment [46], which employed the same fusion-evaporation reaction as the 172 Hg
experiment.
The experiment investigating 163 Ta was designed principally to study 163 Re, but
the 3p-exit channel leading to 163 Ta was by far the strongest fusion-evaporation
exit channel in the experiment. The large production yield allowed for a γ-γ-γ
coincidence cube to be constructed, and its evaluation resulted in the identiﬁcation
of excited states in 163 Ta for the ﬁrst time, which could be assigned to three diﬀerent
collective band structures.

5.1

Paper I

The 60 Ni+112 Sn→169 Ir +p2n fusion evaporation reaction was used to populate
excited states in 169 Ir. The 60 Ni ions impinging on the 800 μg/cm2 thin 112 Sn
taget were accelerated to 266 MeV by the K130 cyclotron. The cross section for
the reaction was measured to be σ ≈120 μb. Excited states in the odd-A 169 Ir
isotope were established for the ﬁrst time and a level scheme was proposed. Also,
two α decaying states were identiﬁed and conﬁrmed from earlier work. The more
strongly populated α decaying state in the experiment is a low-lying isomeric state,
153(24) keV above the ground state. The γ-ray transitions identiﬁed were from
excited states built on this isomeric state, which was assigned to be based on a
h11/2 conﬁguration. The ground state was assigned as the s1/2 conﬁguration.
The γ-ray cascade feeding the isomeric α decaying state exhibits a rotational
structure consistent with a h11/2 proton coupled to a triaxially deformed core. The
h11/2 state was predicted by TRS calculations to posses a small prolate deformation
of β2 =0.14 at a triaxial shape with γ = −16◦. The conﬁguration assignment of the
yrast h11/2 band-head and the deformation parameters were in agreement with the
deduced B(M1)/B(E2) ratios.
The coupled band structure in 169 Ir shows a large signature splitting between
the two branches in the band. This continues the trend of increasing signature
splitting with decreasing neutron number for the lightest Ir-isotopes. Interestingly
the theoretical prediction from TRS calculations point to the opposite trend of a
slight decrease of triaxiality with decreasing neutron number for the odd-A 169−175 Ir
isotopes. This is thus contrary to the standard interpretation of increasing γ deformation with increasing signature splitting, and may imply an inability of the
model to predict the shape evolution of the lightest Ir isotopes (TRS calculations
are known to have good predictive power of nuclear shapes close to stability). On
the other hand the γ-softness of the calculated energy minima tends to increase
with increasing neutron number. Taking this into account, the eﬀective γ deforma-
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tion may be diﬀerent from that in a given minimum point in a TRS plot. Further
investigation is needed.
The author performed the data analysis and was the principal author of the
paper.

5.2

Paper II

The extremely neutron-deﬁcient N=Z+2 110 Xe isotope was produced using the
54
Fe+58 Ni→110 Xe +2n reaction at a beam energy of 195 MeV. Gamma-ray transitions were identiﬁed for the ﬁrst time. The production cross section was extremely
low, σ ≈50 nb, close to the limit of what is possible for in-beam measurements with
state-of-the-art equipment for nuclear spectroscopy. The identiﬁcation of 110 Xe
was achieved with the aid of the α decay of its daughter, 106 Te. Despite the weak
population rate is was possible, thanks to the selectivity of the RDT technique, to
identify the three lowest excited states in 110 Xe.
The energy level of the ﬁrst excited 2+
1 state was compared with the systematic
trend from heavier even-even Xe-isotopes. The new results for 110
54 Xe56 show that
state
diﬀers
only
by
4 keV (less than
the excitation energy of the lowest excited 2+
1
state
in 110 Xe is
1 %) from that of 112 Xe while the excitation energy of the 4+
1
lower than that of its 112 Xe counterpart. This is contrary to the expected trend of
+
increasing 2+
1 and 41 energies as the closed N=50 shell is approached.
The empirically deduced transition strength, B(E2), for the 2+
1 state, revealed a
slight increase for 110 Xe as compared with heavier even-even isotopes. This trend
is also in disagreement with theoretical predictions. The experimental results thus
point to an increase in collectivity, while the theoretical models predict a decrease
in collectivity as the N=Z line is approached, coinciding with the expected double
shell closure at 100 Sn. It is proposed that the experimental ﬁndings may indicate an
increase in collectivity resulting from a strong dynamical neutron-proton pairing.
This residual interaction between unlike nucleons may be especially pronounced
where the valence particles occupy identical orbitals, making for an increased spacial
overlap between the neutron and proton wave functions. The experimental results
from this paper indicate that it might be necessary for nuclear models to incorporate
the proposed residual n-p pairing interaction in order to explain the behaviour of
110
Xe.
The author was responsible for running the experiment, performed the data
analysis and wrote part of the paper.

5.3

Paper III

Three γ-ray transitions in the even-even nucleus 172 Hg were identiﬁed and arranged
in a cascade of mutually coincident stretched quadrupole transitions. The transitions were assigned to depopulate the ﬁrst three excited 2+ , 4+ and 6+ states. The
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Ru(78 Kr,2n) reaction employed to populate excited states in 172 Hg had an estimated cross section of σ ≈ 10 − 15 nb. Together with the estimated cross section
reported for the 118 Sn(82 Kr,3n)197 Rn∗ [47] reaction (σ ≈ 15 nb), it is the lowest
reported so far for in-beam γ-ray spectroscopy.
The data were interpreted within the framework of total routhian surface and
quasiparticle random phase approximation calculations. In addition to the wellknown features of shape coexistence previously observed in light Hg isotopes around
the neutron midshell, the systematic trends in the energy of the yrast 2+ and 4+
states in the chain of Hg isotopes indicate a pronounced vibrational collectivity
which is reduced in strength, but at the same time shows a higher degree of harmonicity, as the neutron number decreases below the neutron midshell. From level
energy systematics in the lightest even-even Hg (and Pt) isotopes, the E(4+ )/E(2+ )
level energy ratio approaches 2.0 as the neutron number approaches the N=82 shell
gap. The value of 2.13 for 172 Hg is close to that of a harmonic vibrator. At the same
time TRS calculations predict that 172 Hg is moderately deformed (β2 ≈ 0.14) and
soft with respect to both deformation parameters β2 and γ, suggesting a transition
to a near-spherical shape as compared with heavier even-even Hg isotopes around
the neutron midshell and above.
The author performed the data analysis and was the principal author of the
paper.

5.4

Paper IV

The 106 Cd(60 Ni, 3p)163 Ta∗ fusion evaporation reaction was used to populate excited
states in 163 Ta. The cross section was estimated to σ ≈ 74 mb. The level scheme
shows three strongly coupled band structures. The yrast sequence is assigned to be
built on a h11/2 proton conﬁguration extending to relatively high spins (I=57/2).
At low spins the yrast band exhibits a large signature splitting which is taken as
evidence that the yrast structure in 163 Ta can be associated with a triaxial shape.
This is not conﬁrmed by TRS calculations, which point to an axially-symmetric
prolate deformed shape. However, the calculated potential energy surface is soft
with respect to the γ parameter and hence an ’eﬀective’ γ-deformation could be
present. It is unclear why the TRS calculations fail to reproduce the negative γ
deformations expected to be associated with the large observed signature splitting.
Further investigation is needed on this matter.
At higher spins the signature splitting disappears as the yrast band forms a
3qp-structure when two νi13/2 neutrons align their angular momenta, driving the
nucleus back to an axially-symmetric shape.
Two additional strongly coupled structures have been observed in 163 Ta (Bands
2 and 3). Band 2 is tentatively assigned to be built on the h11/2 valence proton
coupled to an octupole phonon forming a positive-parity πh11/2 ⊗ 3− conﬁguration.
This intriguing possibility of enhanced octupole correlations in 163 Ta is supported
by the relative strength of the E1 transitions connecting Band 2 with the yrast
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band and the observed aligned angular momentum. For 163 Ta, the Fermi level at a
moderate quadrupole-deformed shape lies close to Nilsson states of d5/2 and h11/2
parentage for protons and close to Nilsson states of f7/2 and i13/2 parentage for
neutrons. Therefore, both protons and neutrons can couple with Δj = Δl = 3 and
induce octupole collectivity.
Band 3 is assigned to be associated with the 3qp πh11/2 ⊗ νi13/2 ⊗ νf7/2 conﬁguration, which is consistent with the spin and parity assignment for this band.
Furthermore, the proposed conﬁguration matches favourably the deduced experimental B(M1)/B(E2) values and the observed experimental alignment for this
band.
The author performed the data analysis and was the principal author of the
paper.
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Gamma rays populating the α-decaying isomeric state in 169 Ir have been observed for the ﬁrst time. The
experiment employed the recoil-decay tagging method using the JUROGAM γ -ray spectrometer, the RITU
gas-ﬁlled recoil separator and the GREAT spectrometer located at the RITU focal plane. The γ -ray cascade
feeding the isomeric α-decaying state exhibits a rotational structure consistent with a h11/2 proton coupled to a
triaxially deformed core. The experimental results are compared with predictions from total Routhian surface
calculations.
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I. INTRODUCTION

Neutron-deﬁcient iridium isotopes lie between the deformed rare-earth nuclei and the near spherical closed proton
shell at Z = 82. Many of these nuclei are known to exhibit
collective structures reﬂecting a variety of shapes and shape
coexistence. Shape coexistence is well known for low-lying
spherical, oblate, triaxial and prolate deformed states in the
chains of neutron deﬁcient isotopes near the Z = 82 shell
closure where proton 2p-2h excitations are important [1]. As
the N = 82 shell gap is approached from the neutron midshell
(N = 104) the positions of the proton and neutron Fermi
surfaces relative to the N, Z = 82 shell gaps make the nuclear
potential soft with respect to elongation (β2 ) and triaxiality
(γ ). A “classic” example of shape coexistence is the structure
of the ground-state band in 176 Pt [2,3], which in experiment
was found to exhibit peculiar features. These features were
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interpreted as resulting from coexistence between a weakly
deformed triaxial structure and a moderately deformed prolate
intruder conﬁguration. Similar behavior can be found in
neighboring neutron-deﬁcient 78 Pt and 76 Os [4–6] isotopes
where intruder states create mixed conﬁgurations at the Fermi
surface, resulting in well-deformed states coexisting with less
deformed, triaxial states. With decreasing neutron number
weakly deformed triaxial shapes are increasingly favored
while the more deformed prolate states are pushed upward
in energy, at least at low spins.
Odd-A nuclei are of key interest for studies of nuclear
shapes since the coupling of the odd particle to the deformed
even-even core can lead to shape dependent effects on the
rotational spectra and their electromagnetic properties, hence
serving as a probe of the nuclear shape. Depending on the
nature and magnitude of the nuclear deformation, different
single-particle conﬁgurations are favored and their relative
energies, therefore also contain information on the nuclear
shape. Furthermore, the shape-polarizing effects of individual
single-particle orbitals can reveal important clues for understanding the mechanisms behind the onset of collectivity and
deformation near closed shells. Shape-polarization effects are
generally believed to be associated with two-particle two-hole
(2p-2h) excitations across a major shell gap and/or with the
occupation of speciﬁc shape-driving orbitals such as the high-j
unique parity (intruder) levels.
For the odd-even nuclei in this mass region, valence protons
occupying either the s1/2 , d3/2 , or h11/2 orbitals dominate
the structure at low spin and low excitation energy. Two
low-lying states are generally observed to decay by proton,
α or β emission. Depending on Z, these states are usually
associated with either an unpaired s1/2 or h11/2 proton, with
the s1/2 conﬁguration forming the ground state [7]. Since
γ -ray transitions between these states would be very slow
due to the large spin difference, charged particle emission is
the dominating decay mode for these states.
©2007 The American Physical Society

M. SANDZELIUS et al.

PHYSICAL REVIEW C 75, 054321 (2007)

The heaviest neutron-deﬁcient 187−189 Ir isotopes show signs
of triaxiality and γ softness [8,9], which disappear near the
neutron midshell (N = 104) where prolate structures become
more prominent. From 173 Ir to 181 Ir rotational bands consistent
with conﬁgurations based on h11/2 , h9/2 , and i13/2 orbitals of
prolate shape have been observed up to high spins [10–14]. In
the lightest odd-mass isotopes, 171−175 Ir, triaxiality again is an
important feature as the yrast bands show increasing signature
splitting with decreasing neutron number. In this transitional
region with N < 96 it has been suggested that a change from
a triaxial shape at low spin to a prolate deformation at higher
spins could be taking place in the h11/2 bands [10–12,15].
Two α-decaying states have previously been assigned to
169
Ir and their properties examined by Poli et al. [16]. The
strongest α-decay branch was suggested to depopulate an
isomeric state based on the h11/2 conﬁguration and the weaker
ground-state α-decay branch was assigned to emanate from
an s1/2 conﬁguration. Both the isomeric and ground-state α
decays were identiﬁed and conﬁrmed in this work, and an
excited structure is found to be based on the isomeric h11/2
state.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Laboratory of the University of Jyväskylä employing the K130
cyclotron. Excited states in 169 Ir were populated using the
112
Sn(60 Ni, p2n) reaction at a bombarding energy of 266 MeV.
The 112 Sn target consited of two stacked self-supporting foils
of a total thickness of 800 μg/cm2 and with ∼93% isotopic
enrichment. The average beam intensity was 4.7 pnA during
6 days of irradiation time. Prompt γ rays were detected at
the target position by the JUROGAM array consisting of
43 EUROGAM phase I [17] and GASP [18] type Comptonsuppressed high-purity germanium detectors. The germanium
detectors were distributed in six rings at six different angles
relative to the beam direction, with ﬁve detectors at 158◦ , ten
at 134◦ , ten at 108◦ , ﬁve at 94◦ , ﬁve at 86◦ , and eight at 72◦ . In
this conﬁguration JUROGAM had a total photopeak efﬁciency
of 4.2% at 1.3 MeV.
Fusion-evaporation products were separated in-ﬂight from
ﬁssion products and scattered beam particles using the RITU
gas-ﬁlled recoil separator [19,20] and subsequently implanted
at the focal plane into the double-sided silicon strip detectors
(DSSD) of the GREAT spectrometer. The GREAT [21]
spectrometer is a composite detector system, which in addition
to the two DSSDs, comprises a multiwire proportional counter
(MWPC), an array of 28 Si PIN diode detectors and two
segmented germanium detectors. Each DSSD has an effective
area of 60 × 40 mm2 , with 200 individual strips at a pitch of
1mm in both directions leading to 4800 independent pixels in
total. All detector signals were recorded independently by the
triggerless total data readout (TDR) acquisition system [22]
where they were given a time stamp of 10 ns precision. This
allowed for accurate temporal correlations between prompt
γ rays detected at the target position, recoil implants at the
RITU focal plane and their subsequent radioactive decays to
be performed. Spatial and temporal correlations in the recorded

data were analysed on and off-line using the GRAIN software
package [23].
Clean γ -ray spectra were obtained using the highly selective recoil decay tagging technique (RDT) [24,25]. An α decay
detected at the same position (pixel) as a previously implanted
recoiling residue provided identiﬁcation for the residue using
its characteristic energy and decay time of the α decay. Prompt
γ rays at the target position could then be associated with the
implantation event. In the case of 169 Ir the relatively short
α-decay half-life previously measured to be 323+90
−66 ms for the
isomeric state [16], ensured that the selection was clean with
respect to random correlations, since the beam intensity was
kept low in order to minimise the probability that a second
recoiling residue would strike the same pixel in the DSSD
before the former had time to α decay. The average count rate
of the DSSD was ∼350 Hz.

III. EXPERIMENTAL RESULTS

The reaction employed in this experiment was primarily
used to study the 2n fusion-evaporation channel populating the
neutron-deﬁcient nucleus 170 Pt [26]. In this work we present
data for the p2n exit channel leading to 169 Ir with a cross
section of σ ∼ 120 μb. Two α-decaying states were identiﬁed.
The more strongly populated α-decaying state is an isomeric
state with measured decay energy of Eα = 6117(3) keV and a
measured half-life of t1/2 = 280(3) ms. The second α-decaying
state is thought to be the more weakly populated ground
state with measured decay energy of Eα = 6010(8) keV.
No accurate half-life could be extracted for the ground-state
α decay since the decay spectrum was too contaminated
with stronger competing channels with overlapping decay
properties. The low-lying isomeric state is 153(24) keV above
the ground state as established by Poli et al. [16] who studied
extended α-decay chains starting from the ground and isomeric
state decays of 177 Tl. In that work, the observation of proton
decays of 177 Tl allowed the ground state to be assigned to a s1/2
conﬁguration and the isomeric state to a h11/2 conﬁguration.
The γ -ray spectra correlated with the isomeric α decay in 169 Ir
and the corresponding daughter α decay are shown in Fig. 1.
The γ -ray energies, relative intensities, angular distribution
ratios (R), and level spin assignments from the decays of
excited states built on the h11/2 isomeric state of 169 Ir are
listed in Table I.
The results for the structure feeding the isomeric h11/2 state
for 169 Ir were obtained from γ -γ coincidence events correlated with its α decay [Eα = 6117(3) keV, t1/2 = 280(3) ms]
detected within 900 ms of a recoil implantation in the same
DSSD pixel. The data were sorted into a Eγ 1 -Eγ 2 coincidence
matrix and analysed using the GRAIN [23] and RADWARE [27]
software packages. The 169 Ir γ -γ matrix contained 2.16 × 105
pairs of γ rays. Since the neighboring isotope 170 Ir was
populated via the pn-channel and has a similar α-decay energy
to 169 Ir [Eα (170 Ir) = 6083(11) keV and t1/2 = 830(300) ms
[7], there was some contamination from 170 Ir in the α-tagged
169
Ir γ -ray spectrum. Figure 1(a) shows a spectrum of γ
rays emitted during the deexcitation of excited states within
169
Ir which is visibly contaminated by the three strongest
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121.1(1)∗
130.5(1)
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178.0(3)
190.6(3)∗
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206.5(1)
223.6(2)
232.5(4)∗
242.5(4)a
252.9(6)
256.6(4)b
263.8(2)
273.9(3)c
290.6(3)
310.6(2)
317.6(4)
323.6(2)
328.6(1)∗
335.1(2)∗
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361.0(2)∗
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658.3(3)
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720.3(2)
745.4(2)
762.4(4)
785.3(2)
833.5(4)
937.3(3)
992.5(2)

Iγ (%)
6.1(5)
6.6(5)
24.3(7)
23.6(7)
16.4(6)
12.0(5)
5.5(4)
31.5(8)
14.3(6)
17.0(6)
2.7(4)
26.8(7)
14.0(5)
28.0(8)
4.7(5)
62.6(11)
<2.0d
5.8(5)
24.5(7)
7.7(4)
7.3(4)
6.5(4)
4.1(4)
8.0(4)
5.2(4)
5.6(7)
40.7(9)
96.5(12)
5.7(4)
5.8(21)
46.6(10)
18.4(8)
8.1(8)
6.4(9)
11.1(9)
5.3(10)
13.6(6)
100.0(13)
19.0(6)
29.6(9)
12.4(7)
47.6(10)
6.7(5)
11.0(5)
19.6(7)
9.9(6)

R

0.67(2)

0.87(3)

0.64(7)
0.92(2)

0.89(2)

15/2− → 13/2−
(23/2− ) → (21/2− )
23/2− → 21/2−
19/2− → 17/2−
(29/2− ) → (27/2− )
(19/2− ) → 17/2−
(21/2− ) → 21/2−
21/2− → 19/2−
23/2− → 21/2−
(25/2− ) → (23/2− )
(23/2− ) → 21/2−
(33/2− ) → (31/2− )

(25/2− ) → (23/2− )
19/2− → 17/2−
13/2− → 11/2−
(23/2− ) → (19/2− )
17/2− → 15/2−
(23/2− ) → 19/2−
21/2− → 19/2−
(17/2− ) → (15/2− )

γ
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FIG. 1. (a) Recoil-α correlated 169 Ir γ -ray spectrum. Lines
marked with a dot represent contamination from the three strongest
transitions in 170 Ir, at 218, 267 and 370 keV, respectively [28]. (b) As
in (a), but requiring additional correlation with the isomeric (h11/2 )
165
Re daughter α decay [7].
170

Ir γ -ray transitions [28]. This contamination is largely
removed in the mother-daughter correlated γ -ray spectrum
shown in Fig. 1(b). Although the α-decay properties are
very similar in the daughter nuclei of 169 Ir and 170 Ir,
with Eα (165 Re) = 5518(5) keV, t1/2 (165 Re) = 1.9(3) s and
Eα (166 Re) = 5533(10) keV, t1/2 (166 Re) = 2.1(4) s [7], the
mother-daughter correlated spectrum shows unambiguous γ ray identiﬁcation of 169 Ir due to the much weaker α-decay
branch in 166 Re compared with that in 165 Re.
The partial level scheme for 169 Ir deduced from the γ -γ
matrix tagged by the isomeric α-decay is shown in Fig. 2.
Several other α-tagged 169 Ir γ rays were identiﬁed (see
Table I), but either poor statistics or ambiguous coincidence
relationships prevented them from being ﬁrmly placed in
the level scheme. The yrast γ -ray cascade is here assigned to
be built on the π h11/2 state and the γ -ray emission is followed
by the subsequent 6117(3) keV α decay of this state. This state
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a
Two transitions separated by ∼1 keV where the intensity is shared
between the 242 and 243 keV transitions.
b
The 257 keV transition is a self-coincident doublet.
c
Two unresolved transitions at 273 and 274 keV. The bulk of the
intensity is carried by the 274 transition.
d
Too weak to extract an accurate intensity.
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rays mother-daughter correlated

50

−

(15/2 ) → 13/2
15/2− → 11/2−
(21/2− ) → 19/2−
17/2− → 13/2−
(23/2− ) → 19/2−
19/2− → 15/2−
21/2− → 17/2−
23/2− → 19/2−
17/2− → 13/2−
(19/2− ) → 15/2−

Ir (pn)

1000

(33/2 )

−

rays tagged by 169Ir α-decay

2000

(25/2− ) → (23/2− )
19/2− → 19/2−
(27/2− ) → (25/2− )
19/2− → 17/2−
0.76(3)

(a)

3000

Ir X-rays

Eγ (keV)

Jiπ →Jfπ

4000

Counts/keV

TABLE I. Gamma rays assigned to 169 Ir that were observed to
populate the isomeric h11/2 state. Intensities (Iγ ) are adjusted for
detector efﬁciencies and normalised to the strongest transition at
Eγ = 658 keV (statistical uncertainties are given in parentheses).
Transitions marked with an asterisk are assigned to 169 Ir but not
placed into the level scheme.

11/2

Band 1

FIG. 2. Level scheme for 169 Ir as deduced in the present work.
Gamma rays are labeled with transition energies in keV. The intensity
of the transitions is proportional to the width of the arrows. Tentative
spin and parity assignments are indicated by parentheses. The
isomeric h11/2 band head is at 153(24) keV above the s1/2 ground
state [16] (not shown in the level scheme).
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FIG. 3. (Color online) Angular intensity ratios as a function of γ -ray transition energy in 169 Ir (ﬁlled circles) deﬁned through Eq. (1).
Diamonds represent reference values for stretched E2 (286 keV and 463 keV) transitions in 170 Os and stretched M1 and E1 (246 keV and
947 keV) transitions in 169 Re and 170 Os, respectively.

is situated at an excitation energy of 153(24) keV above the
α-decaying ground state [16]. The level scheme has a very
similar structure to that of 171 Ir, which also was assigned to be
built on a π h11/2 state [15]. The spin and parity assignments
in the level scheme follow the assumption of a 11/2− band
head, which is expected near the Fermi surface. Conﬁguration
assignments are discussed in more detail in Sec. IV. In all,
37 γ -ray transitions were placed into the level scheme, which
reaches an excitation energy of Ex = 3439(24) keV above the
s1/2 ground state and a tentative spin and parity I π = 33/2− .
The yrast sequence at low spins in 169 Ir (labeled as Band 1
in Fig. 2) forms a coupled band structure that extends to spin
I π = 23/2− at an excitation energy of Ex = 2406(24) keV
above the s1/2 ground state. It consists of in-band E2 transitions
together with M1 crossover transitions. The placement of
the transitions is based on relative γ -ray intensities and γ -γ
coincidence relationships.
Multipolarity assignments for Band 1 and for some of the
strongest γ -ray transitions feeding into this band were obtained
from intensity ratios considering γ rays measured at  = 158◦
and  = 86◦ and 94◦ angles relative to the beam direction in
the JUROGAM spectrometer. These angular distribution ratios
are calculated through the relation


Iγ (158◦ )
R=N
,
(1)
Iγ (86◦ ) + Iγ (94◦ )
where N is a normalization constant to account for the
different number of detectors; in this case N = 2. In order
to obtain typical values of stretched quadrupole and stretched
dipole transitions, the R values were compared to those of γ

rays previously assigned to some of the stronger evaporation
channels in the experiment. The R values measured were
1.26(2) for the 4+ → 2+ 463 keV transition in 170 Os [29]
and 0.87(6) for the 13/2− → 11/2− 246 keV transition in
169
Re [30], respectively. Therefore, assignment of stretched
quadrupole and stretched dipole transitions in 169 Ir were made
for anisotropies around 1.2 and 0.8, respectively (see Table I
and Fig. 3).
Two side structures (labeled Band 2 and Band 3 in Fig. 2)
have been identiﬁed. Both of these bands feed into the yrast
band, with most of the intensity in Band 2 ﬂowing through the
393 keV and 937 keV transitions, populating states in Band 1 at
17/2− and 13/2− . The 393 keV transition shows an anisotropy
consistent with a dipole transition and is therefore interpreted
as a I = 1 transition depopulating a I π = 19/2− state.
Although tentative, this, together with the relative intensities
of the γ rays depopulating, e.g., the (19/2− ) state of Band 2,
is consistent with the proposed spin and parity assignments of
the states in Band 2. A γ -ray coincidence spectrum produced
by putting a gate on the 393 keV transition is shown in
Fig. 4(a). It shows members of Band 2 and in addition, although
weakly, transitions associated with Band 3. The reason for
the relative weakness of transitions in Band 3 in this gate is
that a large fraction of the intensity bypasses the 393 keV
transition via the 745 and 992 keV transitions. Although the
in-band transitions of Band 3 can be placed in the level scheme
by their relative intensities and coincidence relationships ﬁrm
multipolarity assignments using angular distribution ratios are
not possible due to insufﬁcient statistics. Therefore these spin
and parity assignments are tentative.
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Gating on the 762 keV transition in the yrast coupled band
structure [see Fig. 4(b)] reveals, in addition to all its members,
an additional structure feeding into Band 1 via the 688 keV
and Band 2 via the 264 keV transition, respectively. Spin and
parity assignments for these side bands feeding into the ground
state band are tentative.

IV. DISCUSSION

The yrast band (Band 1) in 169 Ir is interpreted as a deformed one-quasiparticle conﬁguration primarily based on the
11 −
[505] Nilsson state originating from the π h11/2 spherical
2
subshell. 169 Ir does not have multiple rotational bands, unlike
in heavier (A  171) odd-mass iridium nuclei, for which
+
−
additional 52 [402] and 12 [541] band heads are found at low
−
excitation energies with the 12 [541] Nilsson state forming the
+
173−175
Ir, structures built on the 12 [660] orbital
ground state. In
of i13/2 parentage are also observed as intruder bands of large
−
prolate deformation [10,11]. Furthermore, in 169 Ir the 11
[505]
2
band quickly becomes unfavored, i.e., nonyrast (see Fig. 2),
and does not extend to high enough spin for the expected i13/2
neutron alignment to be observed.
In order to interpret the structures of the extremely neutron
deﬁcient odd-A isotopes, and in particular that of 169 Ir, we
have performed total Routhian surface (TRS) calculations [31].
For each rotational frequency, the total energy in the rotating
frame (Routhian) is minimized as a function of the deformation
parameters β2 and γ . Figure 5 displays the calculated TRSs
for the lowest negative parity, negative signature conﬁguration
(corresponding to the α = −1/2 branch of Band 1) for
169,171,173
Ir at a rotational frequency of h̄ω = 0.16 MeV. In
order to illustrate the effect of the odd proton on the nuclear

Ir−E

0.2

0.3

FIG. 4. (Color online) Three γ -γ coincidence spectra generated
from the recoil-α tagged (Eα = 6117 keV) Eγ 1 -Eγ 2 coincidence
matrix. The three gates, indicated by arrows, demonstrate the most
salient features of the 169 Ir level scheme: (a) spectrum in coincidence
with the 393 keV transition depopuling Band 2, (b) spectrum in
coincidence with the 762 keV transition in Band 1, and (c) spectrum
in coincidence with the 937 keV transition connecting Band 2 with
Band 1.
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X= β2cos(γ+30)
FIG. 5. (Color online) Calculated TRSs for the even-N Pt-Ir-Os
N = 92–96 isotones showing the total energy in the rotating frame as
a function of the deformation parameters γ and β2 at a rotational
frequency h̄ω = 0.16 MeV. The top panels show the even-even
170−174
Pt isotopes. The middle panels show the (π, α) = (−, −1/2)
conﬁguration of the odd-A 169−173 Ir isotopes and the bottom panels
display the even-even 168−172 Os isotopes. The energy difference
between contour lines is 100 keV.

deformation, the vacuum conﬁgurations for the corresponding
Pt and Os isotones are also shown. Table II displays the
relevant deformation parameters (γ and β2 ) for the three
Pt-Ir-Os isotones shown in Fig. 5. The deformation parameters
correspond to the most favored collective energy minima of
the TRSs. The TRS plot for 169 Ir in Fig. 5 shows a minimum at
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TABLE II. Calculated deformation parameters
γ and β2 for the Pt-Ir-Os isotopes in Fig. 5
for the (π, α) = (−, −1/2) conﬁguration at h̄ω =
0.16 MeV.
Isotone
N = 92

N = 94

β2

−21◦
−16◦
−5◦
−23◦
−20◦
−9◦
−24◦
−23◦
−12◦

0.13
0.14
0.16
0.15
0.16
0.17
0.16
0.17
0.20

N = 96

170

Pt
169
Ir
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172

Pt
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170
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FIG. 6. (Color online) Calculated TRSs for the (π, α) =
(+, +1/2) A-conﬁguration of 169 Ir showing deformation parameters
γ and β2 at rotational frequency h̄ω = 0.0 (left panel) and h̄ω =
0.16 MeV (right panel). The energy difference between contour lines
is 100 keV.
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γ =−16

s 1/2 d3/2

1
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a triaxial deformation of β2  0.14 and γ = ±16◦ . However,
the nucleus demonstrates pronounced γ softness indicating
that only a small increase in energy may easily change
the sign of the γ deformation to either extreme, in this
case from γ ≈ 16◦ to γ ≈ −16◦ with increasing rotational
frequency, since at higher rotational frequencies a negative
γ deformation is favored over a positive γ deformation. The
energy minimum in the lowest negative-parity TRS of 169 Ir
−
conﬁguration
is assigned to the one-proton π h11/2 [505] 11
2
following the argument in [32,33]. Another minimum becomes
visible with increasing rotation and appears at a deformation
around β2 ≈ 0.15 and γ ≈ −105◦ . This minimum is lower in
energy but is noncollective, and it might be associated with
one of the other band structures observed in 169 Ir.
As can be seen in Fig. 5 and Table II, the position of the
proton Fermi level is predicted to signiﬁcantly inﬂuence the
tendency toward triaxiality of the even-even core. The addition
of the high-j proton to 168 Os drives the core from an almost
axially (albeit γ -soft) symmetric shape to one with a more
pronounced γ deformation. When adding two protons to the
168
Os core the resulting TR surface for 170 Pt reveals an even
larger degree of triaxiality than the 169 Ir (π = −1, α = −1/2)
conﬁguration. The predicted trend of increasing γ deformation
as a function of increasing proton number is coupled to a
parallel tendency toward smaller β2 deformation. However,
while there is a large increase in γ deformation between
Z = 76 and Z = 78, the triaxial minimum based on the h11/2
conﬁguration for 169 Ir is deeper than that of 170 Pt. Hence,
a shape polarizing effect can be inferred for the odd h11/2
proton as well. A different shape dependence with the neutron
number is predicted: Increasing the neutron number results in
an increase in both γ and β2 deformation.
TRS plots for the (π = +, α = +1/2) conﬁguration of 169 Ir
are shown in Fig. 6 for h̄ω = 0 and h̄ω = 0.160 MeV. The TRS
calculation predicts a deformation β2 ≈ 0.15 and γ ≈ −16◦
for this conﬁguration. The deformation of the ground state is
thus very similar to that of the isomeric h11/2 state. This is the

0

Fermi level

d3/2s 1/2 h11/2
−1

−2
−40

−20

γ

0

20

40

[deg]

FIG. 7. Proton single-particle levels (e ) as a function of the
triaxiality parameter γ . The single-particle levels are labeled with
their spherical subshell origin as described in the text. The plot is
made with β2 = 0.142 and h̄ω = 0.0 MeV, using a universal WoodsSaxon potential. The solid lines show levels with (π, α) = (+, +1/2)
and (+, −1/2), and the dashed lines those of (π, α) = (−, +1/2)
and (−, −1/2). The vertical dashed line indicate the relevant γ
deformation for 169 Ir.

lowest single-proton conﬁguration in 169 Ir and corresponds to
a mixed (d3/2 , s1/2 ) ground state.
In order to elucidate the triaxial shape-driving properties
of different proton conﬁgurations in 169 Ir, Fig. 7 shows the
calculated single-particle levels (labeled by the corresponding
spherical subshell) as a function of the triaxiality parameter, γ .
−
[505] proton orbital originating from the h11/2 subshell
The 11
2
is energetically favored by an increase in γ deformation.
However, the slope is rather small, indicating that its shape
polarizing effect is limited. From Fig. 7 it is also clear that
the mixed (d3/2 , s1/2 ) ground state, formed by the Nilsson
+
1+
[400] and 32 [402] orbitals, is indeed lower in energy than
2
−
[505] from the h11/2 spherical subshell
the isomeric orbital 11
2
at the relevant γ deformation of −16◦ . This prediction is in
agreement with the experimental result where the isomeric
h11/2 state is situated at an excitation energy of ∼150 keV
above the s1/2 ground state. This interpretation is also
consistent with the full TRS calculation where the lowest
minimum for the h11/2 state is situated ∼30 keV above the
lowest minimum for the s1/2 ground state. However, cranked
shell model calculations show that at this γ deformation the
ground state is an approximately equal mixture of the states
emanating from the s1/2 and d3/2 spherical subshells.
The observed h11/2 band in 169 Ir shows a large signature
splitting of 150 keV at low spins. This signature splitting is
compared in Fig. 8 with that of the corresponding bands in the
heavier iridium isotopes 171 Ir [15], 173 Ir [10], and 175 Ir [11],
using the staggering parameter S(I) [34] deﬁned as
S(I ) = E(I ) − E(I − 1) − 12 [E(I + 1) − E(I )
+E(I − 1) − E(I − 2)].
169

(2)

The signature splitting in Ir indicates a triaxial deformation
(γ < 0) and is expected to arise from the inﬂuence on the
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FIG. 8. Staggering parameter S(I) as a function of spin I for the
[505]11/2− bands in the neutron-deﬁcient odd-A iridium isotopes
169−175
Ir. The ﬁlled (open) symbols represent the α = +1/2 (α =
−1/2) signature.

mixing of low-K components into the high-K h11/2 proton
conﬁguration. Figure 8 shows that the signature splitting, as
reﬂected by the staggering parameter, ﬁrst increases rapidly
as N decreases from 175 Ir to 171 Ir. The following increase
from N = 94 (171 Ir) to N = 92 (169 Ir) is then signiﬁcantly
smaller. The iridium isotopes exhibit, at low spin (I < 12h̄),
the same trend of increasing signature splitting as in the
odd-mass 167−173 Re isotopes [34] with decreasing neutron
number, indicating a general trend of increasing shape asymmetry as the closed neutron shell N = 82 is approached.
Interestingly, these observations seem not to be consistent
with the results of the TRS calculations, which predict the
oppostite trend, i.e., a less pronounced γ deformation as a
function of decreasing neutron number in the range N =
98 → N = 92.
The trend of signature splitting tailing off with increasing
spin observed in heavier iridium isotopes (see Fig. 8) cannot
be conﬁrmed in 169 Ir, as Band 1 in Fig. 2 only extends to
spin I = 23/2. It also does not extend to high enough spins
for any sign of a paired (νi13/2 )2 band crossing to be visible
as in 171−175 Ir (see Fig. 9). In 169 Ir the characteristic “backbending” for the alignment is not observed. The corresponding
alignment plot for 171 Ir indicates for 169 Ir either a delay in the
crossing frequency or a signiﬁcant difference in the interaction
strength between the 1qp band and the S-band. The former
is an expected result of the lowering of the neutron Fermi
level below the i13/2 shell. CSM calculations predict this shift
to be ∼50 keV. In addition, a reduced interaction strength
for N = 92 as compared to N = 94 can delay the onset of
the alignment. Differences in the shapes between the two
isotopes may also affect the band crossing frequency. This
is the same trend that can be observed in 169 Re and 167 Re
[30,34], where the alignment is delayed by ∼50 keV to higher
frequencies when the neutron number changes from N = 94 to
N = 92.
Considering the γ -soft nature of these neutron-deﬁcient
nuclides it is still not clear whether the large values of the
staggering parameter observed in 169 Ir and 171 Ir is evidence
of a correspondingly large rigid triaxial deformation. Based

0.15
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0.25

0.3

0.35

0.4

hω (MeV)
FIG. 9. (Color online) Experimental aligned angular momentum
ix as a function of rotational frequency h̄ω for the h11/2 band in 169 Ir
and 171 Ir. The ﬁlled (open) symbols represent the α = +1/2 (α =
−1/2) signature. The same Harris parameters J0 = 10h̄2 MeV−1 and
J1 = 50h̄4 MeV−3 [15] have been used for both nuclides.

on the increased experimental signature splitting as a function
of decreasing neutron number in these isotopes, one would
expect that this should reﬂect an increased shape asymmetry.
This expectation is not conﬁrmed by the TRS calculations.
Notably, the calculated γ deformations of 169 Ir (γ ≈ −16◦ )
and 175 Ir (γ ≈ −14◦ ) [11] are roughly the same while at
the same time the former exhibits an experimental signature
splitting of 150 keV and the latter shows virtually no
signature splitting at all. On the other hand the γ -softness of
the calculated energy minima tends to increase with increasing
neutron number as can be seen in Fig. 5. Taking this into
account, the effective γ deformation may be different from
that in a given minimum point. It is also noteworthy that
although the signature splitting of the h11/2 band is expected
to be associated with a pronounced triaxial shape, CSM
calculations show that such a large signature splitting is only
expected for γ < −40◦ and that negligible signature splitting
is predicted at the deformation γ ≈ −20◦ [12]. Also, for
171
Ir [15] particle-rotor calculations using the predicted γ
deformation obtained by TRS calculations (γ ≈ −20◦ ) do not
fully reproduce the observed signature splitting. The particlerotor model calculation is also sensitive to the moment-ofinertia and Coriolis attenuation parameters in addition to
its deformation parameters and is therefore not optimized
for signature splitting estimates. Nevertheless, the observed
band in 169 Ir is best described to be associated with a
signiﬁcant triaxial deformation and the predicted h11/2 band
head.
Additional light on the assigned h11/2 conﬁguration of
the yrast band in 169 Ir can be shed with help of the deduced B(M1; I → I − 1)/B(E2; I → I − 2) ratios, which
are sensitive to the single-particle conﬁguration as well as
to the nuclear quadrupole deformation. Figure 10 displays a
comparison of theoretical and experimental deduced B(M1)/
B(E2) values. Theoretical estimates are obtained through the
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semi-classical formalism of Dönau and Frauendorf [36,37]:


−2
12
K2
1−
2
2
2
◦
(I − 1/2)
5Q0 cos (γ + 30 )
2
2 
K
e
× 2 1±
{(g1 − gR )[(I 2 − K 2 )1/2 − i1 ]
I
h̄ω
 2 
μN
,
(3)
− (g2 − gR )i2 }2
e2 b2

where the +(−) sign in the signature splitting term is for
transitions from unfavored(favored) to favored(unfavored)
signature. The expression takes into account the effect of
the triaxiality parameter γ . The sufﬁxes 1 and 2 refer to the
strongly coupled and decoupled quasiparticles respectively.
In this case, there is no decoupled particle present since
the conﬁguration only involves a single strongly coupled
quasiproton. Also the alignment i1 is set to zero. The singleparticle gyro-magnetic g1 factor was obtained through the
Schmidt relation [38]
g1 = gl ±

1
(gs − gl ) for
2l + 1

1
j =l± ,
2

(4)

where gl = 1 and gs = 0.6gsfree (gsfree = 5.5856) for the proton.
The plus sign in Eq. (4) is for the l + 12 h11/2 proton
orbital leading to a single-particle g-factor calculated to be
g1 = 1.21. The rotational gyromagnetic factor gR was taken
to be Z/A = 0.456. A band head K-value of 11/2 was used
and the quadrupole moment was set to Q0 = 5.6 eb based on
the TRS calculations. The ratio of the experimental reduced
magnetic dipole [B(M1)] and stretched electric qudrupole
[B(E2)] transition probabilities have been extracted using the
formula [10]
B(M1; I → I − 1)
B(E2; I → I − 2)
[Eγ (I → I − 2)]5 1 1
= 0.697
[Eγ (I → I − 1)]3 λ 1 + δ 2




μ2N
, (5)
e2 b2

where the transition energies Eγ (I → I − 1) and Eγ (I →
I − 2) are given in units of MeV and represent I = 1
and I = 2 transitions, respectively. The experimental γ -ray
branching ratios λ are taken as the ratio of the measured γ -ray
intensities of the I = 2 and I = 1 transitions deﬁned as
Tγ (I → I − 2)
.
(6)
λ=
Tγ (I → I − 1)
The E2/M1 multipolarity mixing ratio δ deduced from
angular-correlation coefﬁcients in heavier odd-A iridium
isotopes 171−173 Ir have values δ < 0.2 [10,15]. Such small
δ values would have negligible effect on the extracted
B(M1; I → I − 1)/B(E2; I → I − 2) values and therefore
a constant mixing ratio of δ = 0 has been used in the analysis.
Figure 10 supports the assumption of a one-quasiparticle
proton residing in the [505]11/2− Nilsson orbital coupled
to an even-even core of moderate quadrupole deformation

B(M1)/B(E2) (μ N/eb)

=

8
169

2

B(M1; I → I − 1)
B(E2; I → I − 2)

Ir

6

Data (δ=0)
β=0.14 γ=−16
β=0.14 γ=0
β=0.14 γ=16
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FIG. 10. (Color online) Experimental B(M1; I → I − 1)/
B(E2; I → I − 2) values as a function of initial spin Ii for the
[505]11/2− band in 169 Ir. The measured values are compared with
the predictions of the semiclassical model of Dönau and Frauendorf,
shown here both for positive and negative γ deformation as described
in the text. The slight staggering of the experimental values is
due to favored (α = +1/2) and unfavored (α = −1/2) signature of
the strongly-coupled band, represented by ﬁlled and open symbols,
respectively. A γ deformation of γ ≈ −16◦ agrees best to the data.

β2 = 0.14 with negative triaxiality parameter γ = −16◦ . The
theoretical B(M1)/B(E2) values reproduce the experimentally deduced values with increasing spin even when the band
head K-value at K = 11/2 and the deformation parameters
from the TRS calculation are left unchanged. Hence, no use of
an effective K-value is necessary at the observed spins which
otherwise could point to a decrease in K from the band-head K
with increasing frequency and taken as evidence for K-mixing.
Up to the observed spin I π = 23/2− in the yrast [505]11/2−
band no smooth increase for the quadrupole moment, from
the band-head value Q0 = 5.6 eb used in the calculation,
is needed in order to ﬁt the experimental data points. With
a higher γ value and similar β2 deformation the theoretical
values overestimate the strength of the B(M1)/B(E2) ratios.
Thus, the calculated values for the relevant π h11/2 orbital are
in good agreement with the assumed conﬁguration and its
calculated deformation parameters.
V. SUMMARY

Gamma-ray transitions have for the ﬁrst time been assigned
to the neutron-deﬁcient nucleus 169 Ir using the recoil-decay
tagging technique. A level structure has been established
comprising one yrast coupled band based on the α-decaying
11/2− state, and several other bands feeding into it. The yrast
structure has been assigned a single-quasiproton conﬁguration
based on the [505]11/2− Nilsson state of h11/2 shell model
parentage. This state is predicted by TRS calculations to have a
small prolate deformation of β2 = 0.14 and to possess a triaxial
shape with γ = −16◦ . This prediction is in agreement with
the deduced B(M1)/B(E2) ratios. The trend of increasing
signature splitting in the h11/2 bands of the light iridium
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isotopes as a function decreasing neutron number is carried
through into 169 Ir. This experimental trend is, however, not
consistent with the TRS calculations which predict an opposite
trend in shape asymmetry. On the other hand, the softness of
the predicted shapes adds complexity to the interpretation of
these results.
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[24] E. S. Paul et al., Phys. Rev. C 51, 78 (1995).
[25] R. S. Simon et al., Z. Phys. A 325, 197 (1986).
[26] D. T. Joss et al., Phys. Rev. C 74, 014302 (2006).
[27] D. C. Radford et al., Nucl. Instrum. Methods A 361, 297 (1995).
[28] B. Hadinia et al. (to be published).
[29] G. D. Dracoulis et al., Nucl. Phys. A486, 414 (1988).
[30] X. H. Zhou et al., Eur. Phys. J. A 19, 11 (2004).
[31] W. Nazarewicz et al., Nucl. Phys. A435, 397 (1985).
[32] R. Wyss et al., Nucl. Phys. A503, 244 (1989).
[33] R. Wyss et al., Phys. Lett. B215, 211 (1988).
[34] D. T. Joss et al., Phys. Rev. C 68, 014303 (2003).
[35] I. Hamamoto, Phys. Lett. B211, 1 (1988).
[36] D. Dönau and S. Frauendorf, in Proceedings of the Conference
on High Angular Momentum Properties of Nuclei, Oak Ridge,
edited by N. R. Johnson (Harwood, New York, 1983), p. 143.
[37] F. Dönau et al., Nucl. Phys. A471, 469 (1987).
[38] K. L. G. Heyde, The Nuclear Shell Model (Springer-Verlag,
Berlin Heidelberg, 1994), p. 174.

054321-9

PRL 99, 022501 (2007)

PHYSICAL REVIEW LETTERS

week ending
13 JULY 2007

Identiﬁcation of Excited States in the Tz  1 Nucleus 110 Xe: Evidence for Enhanced Collectivity
near the N  Z  50 Double Shell Closure
M. Sandzelius,1 B. Hadinia,1 B. Cederwall,1,* K. Andgren,1 E. Ganioğlu,2 I. G. Darby,3 M. R. Dimmock,3 S. Eeckhaudt,4
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Gamma-ray transitions have been identiﬁed for the ﬁrst time in the extremely neutron-deﬁcient (N 
Z  2) nucleus 110 Xe, and the energies of the three lowest excited states in the ground-state band have
been deduced. The results establish a breaking of the normal trend of increasing ﬁrst excited 2 and 4
level energies as a function of the decreasing neutron number as the N  50 major shell gap is approached
for the neutron-deﬁcient Xe isotopes. This unusual feature is suggested to be an effect of enhanced
collectivity, possibly arising from isoscalar n-p interactions becoming increasingly important close to the
N  Z line.
DOI: 10.1103/PhysRevLett.99.022501

PACS numbers: 21.10.Re, 23.20.Lv, 27.60.+j

With the recent reﬁnements in experimental techniques,
it is becoming possible to delineate the structure of heavy
nuclei over long isotopic chains, across the entire span of
major shells and beyond. This is of fundamental importance for testing the validity of nuclear structure models,
which are generally derived from the properties of nuclei at
or near stability. It is expected that important features of
current model descriptions may not be extrapolated to
nuclei far from stability, providing a strong experimental
and theoretical impetus for studies of such rare systems. As
the neutron and proton drip lines are approached, new
phenomena are likely to appear due to the effects of
coupling to the unbound ‘‘continuum’’ of states, the changing density distributions of neutrons and protons, and the
interactions between neutrons and protons in new combinations of single-particle states near the Fermi level [1,2].
The latter can be expected to result in new regimes and
modes of nuclear deformation, since it is well known that
residual neutron-proton interactions are important for the
development of nuclear deformation and low-lying collective phenomena such as rotations and vibrations [3]. Such
effects, which are due to the interaction of unlike particles,
are unique to atomic nuclei and are therefore not found, for
example, in other mesoscopic systems such as atomic
clusters. This class of phenomena may be especially pronounced in the vicinity of the N  Z line due to strong
dynamical coupling between the neutrons and protons
occupying identical orbitals [4]. This Letter presents the
ﬁrst -ray spectroscopic study of the Tz  1 nucleus
110
Xe, at the limit of what is currently achievable with
state-of-the-art detector systems for nuclear spectroscopy.
0031-9007=07=99(2)=022501(4)

An important aspect for understanding the structure of
nuclei far from stability is the evolution of collectivity with
proton and neutron number. The mechanisms behind the
emergence of collective phenomena are favorably studied
in medium-mass and heavy nuclear systems with a limited
number of valence nucleons outside closed shells. The
region around the presumed doubly magic self-conjugate
100
50 Sn50 nucleus is, in this respect, a unique regime, since it
is the only place on the Segrè chart where the nuclei
contain a sufﬁcient number of particles (the level density
is high enough) for pronounced collective excitations to
appear, and, at the same time, the N  Z line coincides
with an expected double shell closure. When the valence
neutrons and protons occupy identical orbits neutronproton correlations are expected to be particularly important, with theoretical predictions of isoscalar (T  0)
neutron-proton pairing to appear [5–9]. Such dynamical
coupling of neutrons and protons has, however, to our
knowledge not been taken into account in any current
mean ﬁeld calculations. Further theoretical work as well
as experimental data that may elucidate the structural
evolution of nuclei approaching 100 Sn are therefore of
major importance in order to develop a better understanding of neutron-proton correlations and their implications
for nuclear shell structure far from stability.
For the most neutron-deﬁcient xenon nuclides, the
single-particle orbitals closest to the Fermi surface for
both protons and neutrons are derived from the 2d5=2 ,
1g7=2 , and 1h11=2 subshells. The nucleus 110 Xe, which
has four valence protons and six valence neutrons outside
the 100 Sn core, is at the current lower mass limit of the
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emitted following the implantation of a recoiling fusionevaporation residue. This spectrum has no distinct peak
that can be attributed to the decay of 110 Xe. Fortunately, the
daughter of 110 Xe, 106 Te, is an  emitter with a 100%
branching ratio and a short (’70 s) half-life [16,17].
This enabled around 1200 110 Xe ions to be cleanly selected
by means of ‘‘mother-daughter’’ correlations in which the
recoil implantation and subsequent  decays of 110 Xe and
106
Te are required to occur in the same DSSD pixel within
the speciﬁed time intervals [Figs. 1(b) and 1(c)]. The halflife of 110 Xe as extracted from the recoil--decay time
correlations was measured to be 93(3) ms while the
-particle energy was determined to be 3717(19) keV,
corresponding to a Q value of 3856(20) keV. Our results
are in agreement with previous decay studies of 110 Xe
which have obtained a half-life of 10535
25 ms [16], an
-decay branching of 64  35% [18], and a Q value of
3885(14) keV [19].
Figure 2(a) shows the prompt -ray energy spectrum
extracted by requiring delayed coincidence with implantation of a recoiling fusion-evaporation residue, whereas the
spectrum in Fig. 2(b) was created from clean 110 Xe events
by requiring recoil-mother-daughter-decay correlations.
The three most intense -ray transitions assigned to
110
Xe (470, 643, and 777 keV) have been ordered into a
ground-state band based on their relative intensities (caption, Fig. 2). Because of the low production cross section of
approximately 50 nb, the statistics were too limited for a
full - coincidence analysis. However, it was found that
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xenon isotopic chain. It is predicted to lie at the proton drip
line and to be bound only by about 0.2 MeV [10]. The
lightest Xe isotopes belong to the ‘‘island’’ of alpha radioactivity that also includes the very neutron-deﬁcient Te, I,
and Cs isotopes. The characteristic alpha (or proton) decays can be used as a signature, ‘‘tag,’’ for identifying
excited states in these exotic nuclei using the highly selective recoil-decay tagging (RDT) technique [11,12].
The experiment was performed at the K130 Cyclotron
accelerator facility at the University of Jyväskylä, Finland.
54
Fe ions were accelerated to an energy of 195 MeV and
used to bombard a target consisting of a 1:0 mg=cm2 selfsupporting foil of isotopically enriched (99.8%) 58 Ni. The
average beam intensity was 5 pnA during 5 days of irradiation time. Prompt  rays were detected at the target
position by the Jurogam -ray spectrometer consisting of
43 Eurogam [13] type escape-suppressed high-purity germanium detectors. The fusion-evaporation products were
separated in-ﬂight from the beam particles using the gasﬁlled recoil separator RITU (‘‘recoil ion transport unit’’)
[14] and implanted into the double-sided silicon strip
detectors (DSSDs) of the Gamma Recoil Electron Alpha
Tagging (GREAT) spectrometer [15]. Spatial and temporal
correlations of recoil implants and their subsequent radioactive decays were performed and in-beam RDT -ray
spectra were constructed.
A serious complication in the selection of the extremely
weakly populated (  50 nb) 110 Xe nuclei was contamination emanating from the strong population of reaction
channels which are subject to -delayed proton emission,
with energy distributions overlapping that of the groundstate  decay of 110 Xe. This is illustrated in Fig. 1(a),
which shows the correlated energy spectrum for particles
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FIG. 1. (a) Correlated decay energy spectrum obtained by
requiring the implantation of a recoiling fusion product and a
subsequent decay event in the same pixel of the DSSD, within a
correlation time of 330 ms (corresponding to approximately
three half-lives of 110 Xe). The largest peak is due to decays of
the most strongly populated  emitter 109 Te [28]. (b) As in (a)
with the additional requirement of proper spatial and temporal
correlations (220 s) with the subsequent  decay of the daughter nucleus 106 Te. (c) As in (b), showing the energy spectrum
corresponding to the daughter (106 Te)  decays.

FIG. 2. (a) Recoil-correlated prompt -ray energy spectrum,
dominated by transitions in the strongest fusion 3-proton evaporation channel, 109 Sb [29]. (b) As in (a), with the additional
selection of events tagged by the subsequent  decays of 110 Xe
and 106 Te. The energies (given in keV) and relative intensities (%) of the -ray transitions assigned to 110 Xe are as follows:
469.7(2),100(9);
531.5(5),13(3);
586.3(4),39(5);
643.4(3),81(7); 671.7(5),36(5); 691.1(5),38(5); 735.4(5),13(3);
776.6(6),66(7); 816.8(3),19(3). (c) Recoil-decay-tagged prompt
--coincidence spectrum extracted from a sum of gates on the
470, 643, and 777 keV transitions. (d) Level scheme showing the
lowest levels assigned to 110 Xe.
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these  rays form a mutually coincident decay sequence, as
indicated by the sum of coincidence gates shown in
Fig. 2(c). Although the limited statistics precludes an
accurate angular distribution analysis and, hence, ﬁrm
spin assignments, it is likely that the 470, 643, and
777 keV -ray transitions form a cascade of stretched E2
transitions depopulating the ﬁrst excited 2 , 4 , and 6
states, respectively.
In order to elucidate the structural evolution in the xenon
isotopic chain, our results for 110 Xe are compared with the
energy systematics of the ﬁrst excited 2 and 4 states of
heavier even-even xenon isotopes in Fig. 3. Such energies
are valuable indicators of nuclear deformation and collectivity as demonstrated, for example, by the well-known
existence of a general systematic relationship between the
transition strengths [BE2 values] and the 2
1 energies of
even-even nuclei [20,21]. For a high degree of collectivity
(deformation), the 2
1 energy will be low, whereas it is
expected to take on a maximum value at a shell closure for
spherical nuclei exhibiting purely single-particle degrees
of freedom. Let us follow the evolution of the xenon
isotopes, starting at the top of the N  50–82 neutron
shell, towards the N  50 shell closure, and, in particular,
focus on the behavior for the lightest nuclides as N approaches Z. The closed neutron shell nucleus 136 Xe exhibits the characteristic features of a rigid spherical system


with a high 2
1 energy and a small E41 =E21  ratio. As
expected, the signatures of collectivity develop and become stronger with decreasing N towards midshell (N 
66), where the 2
1 energy assumes a minimum value and

the E4
1 =E21  ratio is near its maximum. As the neutron
number is decreased further, below midshell, this trend is
(as expected and discussed, e.g., in Refs. [22,23]) initially

reversed, i.e., with increasing 2
1 and 41 energies.
However, for N 58 a different pattern starts to emerge

[23] and for N  56 (110 Xe), it is clear that there has been
no further decrease in collectivity as a function of decreasing neutron number. Features similar to this remarkable
observation have recently been found in the extremely
neutron-deﬁcient tellurium isotopes [17]. Our new results
on 110
54 Xe56 are even more striking as the excitation energy
of the lowest excited 2 state differs only by 4 keV (less
than 1%) from that of 112 Xe, while the excitation energy of
110
the 4
Xe is lower than that of its 112 Xe counter1 state in
part. The collective nature of the yrast spectrum in 110 Xe
therefore seems signiﬁcantly stronger than expected, given
the proximity to the Z  N  50 double shell closure.
In their work on the systematics of BE2 values for light
Xe isotopes, Raman, Sheikh, and Bhatt [22] compare
experimental data with results from calculations using
several state-of-the-art nuclear models. All of them predict

similar decreasing trends for the BE2; 2
1 ! 01  values as
a function of decreasing neutron number N below the N 
66 midshell. We exemplify the theoretical model predictions with total Routhian surface (TRS) calculations based
on the cranked Strutinsky formalism [24]. The TRS calculations reveal energy minima as a function of the deformation parameters 2 , 4 , and  at moderately deformed
prolate shapes with the elongation parameter 2 gradually
decreasing as a function of decreasing neutron number,
from 2  0:23 for 116 Xe to 2  0:17 for 110 Xe. Since
experimental BE2 values are lacking for the lightest
(110;112 Xe) nuclides, a comparison between the theoretical
predictions and the available experimental data is made
(see Fig. 4) based on the empirical relationship

 1 2 0:69
BE2; 2
[21] between
1 ! 01   0:66E21  Z A
2
energies
in
even-even
nuclides
and the corresponding
1
reduced transition probabilities, which are a measure of the
nuclear collectivity. The comparison is more relevant for
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FIG. 3 (color online). Energies of 2
1 (squares) and 41
(circles) states plotted versus neutron number N for even-even
Xe isotopes in the mass region 110 A 136. Data are from
the present work and Refs. [23,30].
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N
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FIG. 4 (color online). Systematics of theoretical BE2; 2
1 !
0
1  values compared with empirical data derived from experi
mental 21 energies according to the formula proposed by
Raman, Sheikh, and Bhatt [22]. Data points with error bars are
directly measured BE2 values for 114;116 Xe [25].
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trends rather than absolute BE2 values, although the
directly measured values available for 114;116 Xe [25]
show a fair agreement with the theoretical predictions.
Whereas the TRS calculations, as well as the wide spectrum of theoretical model calculations presented in
Ref. [22], predict a continuous decrease in BE2 as a
function of decreasing neutron number N, the experimentally deduced values instead reveal a leveling off, with even
a small increase in the empirically deduced BE2 value
for 110 Xe. Hence, it appears that the energies of the lowlying yrast states of the xenon nuclei close to N  50
deviate clearly from a large variety of theoretical model
predictions.
It is noteworthy that, although important effects on
fundamental nuclear properties, such as a weakening of
the nuclear shell structure [26,27], have been predicted far
from stability, they are expected for highly neutron-rich
nuclei and not on the extremely proton-rich side of the
valley of stability, as in the present case. While the rigidity
of nuclear shell structure as extrapolated from nuclei near
stability is questionable for highly neutron-rich nuclei, a
well-developed double shell closure at N  Z  50 has
been generally expected. The observed breaking of the
trend of increasing ﬁrst excited 2 and 4 energies for
the highly neutron-deﬁcient Te and Xe isotopes as a function of decreasing neutron number therefore points to
unexpected features of these extremely neutron-deﬁcient,
isospin-symmetric nuclei.
Seeking a physical mechanism behind the observed
effect, we note that, in Ref. [23], increased octupole correlations were suggested as a possible cause of increased
quadrupole deformation based on results from HartreeFock–BCS calculations. The observed effect might also
be related to neutrons and protons occupying similar orbitals, the enhancement of collectivity observed in the lightest Xe isotopes then possibly arising from enhanced
vibrational correlations, due to the increased inﬂuence
from isoscalar neutron-proton interactions as N approaches
Z. Such features have previously not been considered in the
long-standing search for neutron-proton pair correlations
in N  Z nuclei and are beyond the framework of current
nuclear structure models.
In summary, -ray transitions in the highly neutrondeﬁcient nuclide 110 Xe have been identiﬁed for the ﬁrst
time, and the three lowest energy levels in the ground-state

band are proposed. The observed 2
1 and 41 energies in
110
Xe reveal a breaking of the normal trend of decreasing
collectivity as the neutron number approaches the N  50
shell closure. This is a pattern that signiﬁcantly deviates
from the expected increased inﬂuence from single-particle,
seniority coupling near the shell closure. These ﬁndings
constitute possible evidence for the importance of isoscalar
neutron-proton interactions for the development of nuclear
collectivity.
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Excited states in the extremely neutron-deﬁcient isotope 172 Hg have been established for the ﬁrst
time. The 96 Ru(78 Kr,2n) reaction was employed to populate excited states in 172 Hg with a cross
section σ ≈ 15 nb. The highly selective Recoil-Decay Tagging (RDT) technique was used to obtain
clean in-beam γ-ray spectra for 172 Hg. The yrast ground-state band has tentatively been established
up to I = 6. The data have been interpreted within the framework of total routhian surface and
quasiparticle random phase approximation calculations.
PACS numbers: 21.10.Re,23.20.Lv,27.60.+j

I.

INTRODUCTION

The nucleus 172 Hg is situated at the proton drip-line,
at the edge of the classical region of shape coexistence
below the Z=82 shell gap. It may be noted that the
shape coexistence phenomenon was ﬁrst discovered in the
neutron-deﬁcient Hg isotopes. Although not recognized
as such from the outset, Bonn et al [1] noticed isotope
shifts of the Kα X-rays in 183 Hg and 185 Hg, around the
neutron midshell (N=104), which were interpreted as a
sudden increase in quadrupole deformation and hence a
change in the nuclear shape as compared to the heavier Hg isotopes. A spectacular feature of the midshell
Hg isotopes is that the prolate-deformed conﬁguration is
lower in energy than that built on an oblate shape for the
odd-mass isotopes whereas the opposite is true for even-A
isotopes [2]. This is manifested as an odd-even staggering of the nuclear radius and observed via, e.g., isotope
shifts [3]. Theoretical calculations show for N≤110 that
the weakly deformed oblate ground-state band is crossed
by a prolate-deformed intruder band at low spins [2, 4, 5].
The prolate-deformed intruder band has been explained
as due to proton 4p-6h excitations across the Z=82 shell
gap, into the h9/2 orbital. For the Hg isotopes around
the midshell this competition between low-lying oblate
and prolate shapes is reproduced in Nilsson-Strutinsky
type of calculations [6] as energy minima in the deformation surfaces of nearly the same depths for the two
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competing structures. In addition, these nuclei are predicted to be soft with respect to changes in deformation.
A small amount of excitation energy may therefore alter
the deformation signiﬁcantly and cause a transition from
one minimum to the other. The delicate balance between
such coexisting structures is also easily shifted as the neutron number is changed along the isotopic chain. It has
been found that the prolate intruder structure reaches its
minimum energy in 182 Hg, lying only slightly above the
ground state [7].
The aim of this work is to investigate the transition
between the collective and single particle regimes for the
light Hg isotopes and the character of the active collective
degrees of freedom.

II.

EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Laboratory of the University of Jyväskylä, Finland, employing the K130 cyclotron. Excited states in 172 Hg were
populated using the 96 Ru(78 Kr, 2n) fusion-evaporation
reaction at bombarding energies of 337-355 MeV. The
2
enriched 96 Ru target (96.5%) consisted of a 500 μg/cm
self-supporting metallic foil. A 50 μg/cm2 carbon charge
reset foil was mounted immediately downstream from the
target in order to optimise the transmission of the fusionevaporation residues in the RITU separator (see below).
The experiment was performed in two parts. Beam energies of 348-355 MeV were chosen in the ﬁrst part of the
experiment to favour the pn channel leading to 172 Au.
Beam energies between 337 and 345 MeV were found to
favour the 2n channel and were employed in the second
part of the experiment, leading to the results reported
here on 172 Hg. For this part about one day each was
run with a 337 and 342 MeV beam energy, respectively,

2
was ∼ 300 Hz.
III.

EXPERIMENTAL RESULTS

An energy spectrum of decay events observed in the
DSSD, vetoed by events in the gas counter, is shown
in Fig. 1. The spectrum is produced by requiring an
α decay occurring within 1 ms and in the same pixel
after a recoil implantation. In total, around 600 recoil
correlated 172 Hg α decays were registered for which the
entire α-particle energy was deposited in the silicon detector. This corresponds to an average 172 Hg α-decay
rate of ∼1.9 α’s/h. With a 10 pnA average beam intensity, a 100% α-branching ratio, assuming a 40% transmission through RITU and a 55% eﬃciency for a full
α-energy deposition in the DSSD, a cross section for the
78
Kr+96 Ru →172 Hg∗ +2n reaction of σ ≈ 15 nb is estimated. Such an extremely low cross section is close to the
limit of what is feasible for in-beam γ-ray spectroscopy
using current state-of-the-art detectors systems.
8.0

171

150

172

3

Counts/10 keV x 10

while about four days of beam time utilised a beam energy of 345 MeV. The average beam intensity was ∼10
pnA. Prompt γ rays were detected at the target position
by the JUROGAM array consisting of 43 EUROGAM
phase I [8] and GASP [9] type Compton-suppressed germanium detectors. The germanium detectors were distributed in six rings at diﬀerent angles relative to the
beam direction, with ﬁve detectors at 158◦ , ten at 134◦,
ten at 108◦ , ﬁve at 94◦ , ﬁve at 86◦ and eight at 72◦ .
In this conﬁguration JUROGAM had a total photo-peak
eﬃciency of 4.2% at 1.3 MeV.
The fusion-evaporation residues were separated inﬂight from ﬁssion products and scattered beam particles using the RITU gas-ﬁlled recoil separator [10, 11]
and subsequently implanted into the Double-sided Silicon
Strip Detectors (DSSD) situated at the focal plane of the
GREAT spectrometer. The GREAT [12] spectrometer is
a composite detector system, which in addition to the
two DSSDs, comprises a multi-wire proportional counter
(MWPC), an array of 28 Si PIN diode detectors and one
segmented planar germanium detector. Each DSSD has
an eﬀective area of 60x40 mm2 , with 200 individual strips
at a pitch of 1 mm in both directions, leading to 4800
independent pixels in total. In addition, three clover germanium detectors were placed around the focal plane of
RITU for detection of delayed high-energy gamma rays.
All detector signals were recorded independently by the
triggerless Total Data Readout (TDR) acquisition system [13] where they were given a time stamp of 10 ns
precision. This allowed accurate temporal correlations to
be performed between prompt γ rays detected at the target position, recoil implants at the RITU focal plane and
their subsequent radioactive decays. Spatial and temporal correlations in the recorded data were analysed using
the GRAIN software package [14].
Clean γ-ray spectra were obtained using the highly selective Recoil-Decay Tagging (RDT) technique [15, 16].
The characteristic energy and half-life of an α decay detected at the same position (pixel) as a previously implanted recoiling residue provided identiﬁcation for the
residue. Prompt γ rays emitted at the target position
could then be associated with the implantation event.
The recoiling residues were discriminated from scattered
beam components by means of the energy loss (ΔE) in
the MWPC and the time of ﬂight between the MWPC
and the DSSD. The α-decay properties of 172 Hg, which
have been determined previously by Seweryniak el al. [17]
and Kettunen el al. [18] are well suited for RDT measurements due to the relatively short half-life and the 100%
α-decay branching ratio. The short half-life of 172 Hg,
+320
previously measured to be 250+350
−90 μs [17] and 320−110
μs [18], ensured that the selection was clean with respect
to random correlations. The beam intensity was limited by the count rate of the JUROGAM detectors, and
hence the beam intensity was low enough to minimise the
probability that a second recoiling residue would strike
the same pixel in the DSSD before the former had time
to α decay. The average total counting rate of the DSSD
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FIG. 1: Energy spectrum from radioactive decays in the
DSSD correlated with a preceding recoil implantation in the
same pixel. The maximum correlation time (search time) is
1 ms between a recoil implantation and the subsequent radioactive decay. The inset shows the α-particle energy peak
obtained for 172 Hg with a measured energy of Eα =7348(7)
keV.

Clean RDT γ-ray spectra for 172 Hg were obtained since
no other nuclei with similar or higher α-decay energy
were populated in the experiment (see inset of Fig. 1).
Therefore, no escape events from higher-energy α decays could enter the energy gate used to select the 172 Hg
α-decay events. Fig. 2 shows the 172 Hg α-decay correlated with a recoil-mother-daughter event in the same
pixel in the DSSD, and gives an indication of the purity of the energy gate used for selecting the 172 Hg α decay events considering random correlations. The α-decay
spectrum for 172 Hg is produced without any time condition on its α decay but requiring a three half-life search
time and an energy condition for the 168 Pt daughter α
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decay (t1/2 = 2.0(4) ms, Eα = 6832(10) keV [19]). In
the spectrum there is only evidence of the 172 Hg α decay
with the characteristic low energy distribution of escaped
events, i.e. α particles which have left the DSSD without
depositing their full energy.
The half-life of 172 Hg was determined from the spectrum of time diﬀerences between implanted recoils and
172
Hg α decays as shown in the inset of Fig. 2. The time
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FIG. 2: (Color online) A spectrum showing the recorded α
decay events of 172 Hg. The spectrum is produced by requiring
an additional α decay from the daughter nucleus 168 Pt in the
same pixel in the DSSD. The mother-daughter correlation
time is set to about three half-lives for the 168 Pt α-decay. The
inset shows the Gaussian-like distribution of the logarithm of
the time diﬀerence (dt) between the implanted recoil and the
172
Hg α-decay. A 231(9) μs half-life is extracted for 172 Hg as
described in the text.

diﬀerences (dt) in μs are plotted as ln(dt)/ln(2) giving
the histogram spectrum with the Gaussian-like distribution obtained in the inset, where a ﬁt of this time distribution is also shown. The most probable value of this
distribution is given by ln(τ )/ln(2) as described in [20].
The lifetime, τ , can then be calculated as τ = 2x , where
x is the position of the ’peak’ of the time distribution.
The half-life could thus be determined as t1/2 = 231(9)
μs, consistent with, but signiﬁcantly improving the accuracy over previous measurements. The α-decay energy
for 172 Hg was measured to be Eα = 7348(7) keV (see
Fig. 1), which is consistent with the previously attained
value of Eα = 7350(12) keV [17].
In order to extract information on the excited states
and to obtain a level scheme for 172 Hg, recoil-α-γ singles histograms were sorted oﬀ-line. A total of ∼340
recoil-α-γ events were recorded and associated with the
α decay of 172 Hg. Due to the low production cross section no recoil-α-γ-γ matrices were constructed for 172 Hg.
A prompt energy spectrum of all the γ rays recorded
at the target position in delayed coincidence with a detected recoil in the DSSD is shown in Fig. 3(a). It is
dominated by much stronger fusion evaporation channels
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FIG. 3: (Color online) (a) Gamma-ray energy spectrum in coincidence with any fusion-evaporation residue detected in the
DSSD. (b) Gamma-ray energy spectrum obtained by tagging
with the 172 Hg α decays as described in the text. (c) Gammaray energy spectrum obtained by additional tagging with the
168
Pt daughter α-decay. (d) Gamma-ray energy spectrum requiring the 164 Os grand-daughter α-decay energy as well in
the same pixel of the DSSD as the recoil implantation. When
correlating the decays the search time between subsequent α
decays is set to about three half-lives in all cases.

than the 2n-channel, mainly the 2p and 3p-channels leading to 172 Pt and 171 Ir, respectively. The selective power
of the RDT-technique is exhibited in Fig. 3(b), where
a prompt recoil-α-γ spectrum is shown, obtained by selecting the 172 Hg α decays and using a 1 ms correlation
time. In order to improve statistics all the 172 Hg α escape events (as seen in Fig. 2) which also correlated with
the daughter 168 Pt α-decay were selected and the associated prompt γ rays were added to the 172 Hg α tagged
γ-ray spectrum. In this spectrum the three strongest
lines (673, 760 and 846 keV) are ﬁrmly assigned to originate from decays of excited states in 172 Hg. In addition there are weaker lines (483 and 702 keV) that could
also be associated with 172 Hg, but the limited statistics

4

The proposed level scheme is shown in Fig. 4 with
the measured γ-ray energies and the relative eﬃciencycorrected intensities given in the ﬁgure caption. Based
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760
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846
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0
FIG. 4: The proposed level scheme for 172 Hg. Transition energies are given to the nearest keV and the width of the arrows
are proportional to the measured eﬃciency-corrected intensities. Parentheses denote tentative assignments. The energies
(in keV) and the relative eﬃciency-corrected intensities (%)
are: 672.8(4),100(26); 845.8(3),47(16); 760.0(6),42(16).

on the relative intensities and the energy systematics for
the even-even Hg nuclei the γ rays assigned to 172 Hg
are arranged as a cascade of stretched E2 transitions.
The most intense 673 keV peak is hence assigned to the
2+ → 0+ transition in 172 Hg. On the basis of intensity
arguments the 846 keV and 760 keV peaks are then associated with the 4+ → 2+ and 6+ → 4+ transitions in
172
Hg, respectively. However, it should be noted that the
measured intensities of the 760 and 846 keV γ ray peaks
are very similar with a large relative uncertainty due to
low statistics. Therefore the ordering of the 760 and 846
keV transitions is tentative and the possibility exists of
a reversed ordering of the γ ray transitions depopulating
the 6+ and 4+ states than the one proposed in Fig. 4.

IV.

DISCUSSION

Gamma rays emitted from excited states in 172 Hg are
presented here for the ﬁrst time. Our results suggest a
tentative level scheme of yrast levels up to the 6+ state.
The data obtained in this work are compared with the
energy systematics of excited low-lying levels for the entire Hg isotopic chain ranging from the N=126 (206 Hg)
closed shell nucleus, see Fig. 5. The level energies of the
ﬁrst three excited states (2+ , 4+ and 6+ states) of the
Hg isotopes are also compared with the equivalent levels in even-A Pt isotopes (where known). From Fig. 5
it is apparent that the excitation energies of the 2+ , 4+
and 6+ levels in 172 Hg are higher than in any other Hg
isotopes except for the closed-shell nucleus 206 Hg. The

Level Energy [MeV]

make their assignment more tentative. Both the daughter (168 Pt) and the grand-daughter (164 Os) of 172 Hg are
α emitters with a 100% α-branching ratio. Therefore,
recoil-α-α and a recoil-α-α-α correlations were also investigated. Figs. 3(c) and 3(d) show the daughter and
grand-daughter correlated prompt γ-ray 172 Hg spectra,
respectively. These two γ-ray spectra conﬁrm the assignment of the three strongest lines to 172 Hg from the recoilα correlated spectrum. Hence, despite of the limited
statistics the clean α-correlation chain and the unique
identiﬁcation of γ rays with the RDT method enables a
ﬁrm assignment of the identiﬁed γ rays to 172 Hg.
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FIG. 5: (Color online) Energy level systematics for the yrast
states in even-N Hg and Pt isotopes for 90  N  126. The
excitation energies of the 2+ , 4+ , and 6+ levels for Hg (open
symbols) are plotted together with those energy levels (closed
symbols) for the even-N Pt isotones. The level energy of the
4+ state in 172 Hg is also indicated with an alternative level
due the ambiguity of the placement of the 760 and 846 keV γ
rays as described in the text. The data are taken from [23–25]
and from the present work.

trend of increasing level energies as a function of decreasing neutron number from the neutron midshell at
N=104 in the Hg isotopes is carried through down to
172
Hg . This is consistent with the predicted transition
from a predominantly prolate structure, coexisting with
a weakly-deformed oblate ground state, near the midshell to a near-spherical ground state, as pointed out in
Refs. [21, 22, 24].
Total Routhian Surface (TRS) calculations (see Ref. [6]
for details) for the even-A 172−176 Hg isotopes are shown
in Fig. 6. These nuclei are predicted to be weakly deformed (β2 ≈ 0.10 − 0.15) and soft with respect to both
deformation parameters (β2 and γ). The TRS calculations predict a gradual transition from the shape coexistence regime around midshell towards a dominance of
lower deformation with decreasing neutron number. The
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FIG. 6: (Color online) Total Routhian Surfaces calculated at a rotational frequency of ω = 0.240 MeV for the yrast ground
state band in 172 Hg (left), 174 Hg (middle) and 176 Hg (right). Weakly deformed collective and non-collective minima are visible
at a deformation β2 ≈ 0.10 − 0.15. For increasing neutron number a well deformed (β2 ≈ 0.35, γ ≈ −15◦ ) minimum starts
to develop. The depth of the potential energy surfaces is given by the colour coding, where blue(dark grey) shows the lowest
energy and red(light grey) the highest. The energy diﬀerence between contour lines is 100 keV.

near-oblate ground state also evolves steadily towards a
more spherical shape with decreasing N as the N=82
closed shell is approached. This trend is in agreement
with the gradual increase in the measured 2+
1 energies in
the even-even 174−178 Hg nuclei [21, 22, 24]. Experimental evidence of a deformed prolate minimum has been
observed down to 176 Hg [21, 22, 24] (the band head was
estimated to lie about 1200-1300 keV above the weaklydeformed oblate ground state using a two-band-mixing
approach) while it is absent for 174 Hg [24]. This would indicate that the prolate deformed intruder band has been
pushed up signiﬁcantly in energy in 176 Hg as compared
with the even-A midshell 180−184 Hg isotopes, and that it
has disappeared in 174 Hg and 172 Hg as the TRS calculations also suggest.
It is interesting to compare this systematic trend with
the light Pt isotopes. Here, a transition from a predominantly rotational to a vibrational character as a function
of decreasing neutron number below the midshell was
suggested for the lowest-lying yrast states [26], based on
quasi-particle random phase approximation (QRPA) calculations. For the Hg isotopic chain, the energy systematics (see Fig. 5), even taking into account the known
eﬀects of shape coexistence, are quite diﬀerent, with systematically higher 2+ energies than for the Pt isotones.
This may indicate smaller deformation and/or a higher
degree of vibrational rather than rotational collectivity
in the light Hg isotopes as compared with the Pt isotopes. The diﬀerence in the 2+ level energies between
the Pt and Hg isotopes, especially around the midshell,
is also evidence of the predominantly oblate nature of the
ground and low-lying excited states in Hg as compared
with those in Pt, where the same states are predicted to
be of a prolate character.
An interesting similarity between 172 Hg and the light-

est even-even Pt isotopes is the near constant level spacing between the lowest excited states, resembling those
of a harmonic vibrator. The E(4+ )/E(2+ ) ratio is 2.26
(or 2.13 if the 760 and 846 keV transitions would be interchanged) which is closer to the harmonic vibrational
limit of 2.0 than the values ∼2.5 obtained for Hg isotopes with N≥108 (which are more similar to those of a
gamma-soft rotor). These trends could also be regarded
as an evolution of vibrational collectivity with a varying
degree of harmonicity. For 170 Pt, the isotone of 172 Hg,
the comparable energy ratio of the 4+ and 2+ states is
2.30, slightly higher than that in 172 Hg. Furthermore,
the ratio is approaching the harmonic limit with a value
of 2.02 for the lightest known even-even Pt isotope, 168 Pt.
In order to investigate theoretically the collective nature of the light Hg isotopes, combined QRPA and
Woods-Saxon TRS calculations were performed for the
even-even N=92-104 Hg and N=90-100 Pt isotopes. The
QRPA calculations are speciﬁcally aimed at characterizing low-lying collective vibrational states. The doubly
stretched quadrupole-quadrupole (QQ) interaction [27]
in both the particle-hole (ph) and the particle-particle
(pp) channel as well as the monopole pairing interaction
were included in the QRPA calculations. The requirement of Galilean invariance was imposed in order to set
constraints on the strength of the QQ interaction in the
pp channel. For the ph channel, we slightly adjusted the
selfconsistent strength of the QQ force of the harmonic
oscillator potential in order to obtain the spurious 1+
state at zero energy [28]. In Fig. 7 the experimental and
calculated 2+ level energies for the lightest even-even Hg
and Pt isotopes are plotted below the neutron midshell.
From the Pt energy systematics in Fig. 7 an overall drop
in the QRPA 2+ excitation energy can be inferred as the
neutron number decreases below N=100. The lowering
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energy ratio close to 2.0 point to that the low-lying excitations in 172 Hg still could be close to those of harmonic
vibrator.
From the above discussion it is evident that lifetime
measurements of the 2+ states in the light Pt and Hg
isotopes are necessary in order to further elucidate the
collective degrees of freedom in these nuclei.
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Excited states in the extremely neutron-deﬁcient nucleus 172 Hg have been populated in heavy-ion fusion90 92 94 96 98 100 102 104 106 evaporation reactions and studied using the spectromN
eters JUROGAM and GREAT, coupled to the gas-ﬁlled
RITU recoil separator. The production cross section was
estimated to be about 15 nb. The yrast band has been
FIG. 7: (Color online) Energy systematics of the 2+ excited
state, both experimental and QRPA calculated, for the lighttentatively deduced up to the I π = 6+ state and can
est even-even Hg (open symbols) and Pt (ﬁlled symbols) isobe associated with a near-spherical ground state. TRS
topes. For the Hg isotopes the QRPA E(2+ ) values are calcalculations suggest that the prolate intruder structure
culated from the neutron midshell (N=104) and for Pt only
observed in heavier Hg isotopes is pushed up to even
the E(2+ ) values for N≤100 are considered.
higher energies in 172 Hg, making it disappear above those
spins attained experimentally for 172 Hg. Our QRPA calculations suggest that 172 Hg has a lower degree of vi+
of the vibrational 2 state and the increasing closeness
brational collectivity than the midshell nuclei while the
to the experimental 2+ energies as the neutron number
nearly constant level spacing in 172 Hg between the lowest
decreases suggests a signiﬁcant vibrational admixture for
excited 2+ , 4+ and 6+ states may indicate a transition to
the lightest platinum isotopes. From Fig. 7 it is also evia near-spherical harmonic collective vibrational structure
dent that the QRPA calculations deviate markedly from
as compared with heavier even-even Hg isotopes around
the experimental values, and that they cannot reproduce
the neutron midshell and above.
the 2+ level energy for the Pt midshell nuclei, which is
consistent with the interpretation that the low-lying energy levels in these Pt nuclei are predominantly of a roAcknowledgements
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Excited states in 163 Ta have been identiﬁed for the ﬁrst time using the 106 Cd(60 Ni, 3p) fusion
evaporation reaction. Gamma rays were detected by the JUROGAM γ-ray spectrometer and recoil discrimination was achieved by utilising the RITU gas-ﬁlled separator in conjunction with the
GREAT spectrometer situated at the focal plane of RITU. The yrast states are assigned to a
strongly-coupled rotational band based on a πh11/2 conﬁguration. This structure exhibits a large
signature splitting at low spins which disappears after the paired band crossing due to the alignment of a pair of i13/2 neutrons. This eﬀect is ascribed to triaxial shape changes induced by the
core polarizing properties of the deformation aligned h11/2 proton and the rotational aligned i13/2
neutrons. Two additional strongly coupled band structures have been established and are discussed
in terms of octupole-vibrational and two-quasiparticle excitations built on the yrast structure. The
experimental results are compared with predictions from cranked-shell model and total Routhian
surface calculations.
PACS numbers: 21.10.Re,23.20.Lv,27.60.+j

I.

INTRODUCTION

The light neutron-deﬁcient odd-A tantalum isotopes
are predicted to have near-prolate deformations of β2 ∼
0.2−0.3 [1–3] and exhibit rotational bands built on diﬀerent quasiparticle (qp) conﬁgurations. This behaviour has
been observed down to the N=92 nucleus 165 Ta [1]. Excited states have also been observed in the lightest known
157
Ta [4] and 159 Ta [5] nuclei. For these neutron deﬁcient nuclei, approaching the N=82 shell closure, mean
ﬁeld calculations predict decreasing quadrupole deformation and softening of the nuclear potential with respect
to the triaxial deformation parameter γ. Depending on
the magnitude and nature of the nuclear deformation the
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‡ Present address: University of the West of Scotland, Nuclear
Physics Group, School of Engineering and Science, High Street,
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positions of diﬀerent single-particle orbitals will change
relative to the Fermi surface. Odd-Z, even-N nuclei in
this mass region are therefore of key interest to study
since the coupling of the odd proton to the rotating deformed even-even core can serve as a probe of the nuclear
structure, providing valuable tests of nuclear models.
One striking phenomenon observed in the neutrondeﬁcient odd-Z even-N 71 Lu, 73 Ta, 75 Re and 77 Ir nuclei
is the signature splitting observed in the yrast band built
on deformed high-K Nilsson states of πh11/2 origin. This
is often illustrated by plotting the energy staggering of
the energy levels for the signature partner bands, which
is generally found to increase as the neutron number decreases down to N ∼ 90 [1, 6–9]. The increased signature
splitting is believed to be associated with a substantial
negative γ deformation (γ  −15◦ ). Given that the nuclear potential is suﬃciently soft, i.e. susceptible to the
deformation-driving eﬀects of the valence particles, the
occupation of orbitals from the upper part of the πh11/2
shell may drive a prolate-deformed nucleus towards negative γ deformations [10]. The experimentally observed
occurrence of signature splitting in this mass region can
therefore be qualitatively explained by triaxial shapes in-

2
duced by such conﬁgurations.
A natural consequence of nuclei exhibiting a potential energy surface that is soft with respect to changes
in the nuclear shape is a susceptibility to shape vibrations. Gamma- and beta-type vibrational excitations are
commonly observed in the rare earth region. Octupole
vibrations are however much less proliﬁc. Microscopically, correlations between single-particle levels diﬀering
by Δl = Δj = 3 can induce octupole-vibrational excitations, but it appears that the necessary conditions for
this to occur are rarely met across the nuclear chart.
For 163 Ta, the Fermi level at a moderate quadrupole deformation lies close to Nilsson states of d5/2 and h11/2
parentage for protons and close to Nilsson states of f7/2
and i13/2 parentage for neutrons. Hence, it is a favorable case to search for experimental evidence of octupolevibrational excitations.
This work reports on the ﬁrst observation of excited
states in 163 Ta. Three distinct rotational band structures
are found. The underlying conﬁgurations are discussed
in terms of the deduced rotational and electromagnetic
properties and compared with results from Cranked Shell
Model (CSM) and Total Routhian Surface (TRS) calculations.

II.

EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Laboratory of the University of Jyväskylä employing the
K130 cyclotron. Excited states in 163 Ta were populated
using the 106 Cd(60 Ni, 3p) fusion evaporation reaction at
a bombarding energy of 270 MeV. The enriched 106 Cd
2
target consisted of a 500 μg/cm self-supporting metallic
foil. The average beam intensity was ∼4.4 pnA during
6 days of irradiation time. Prompt γ rays were detected
at the target position by the JUROGAM array consisting of 43 EUROGAM phase I [11] and GASP [12] type
Compton-suppressed high-purity germanium detectors.
The germanium detectors were distributed in six rings at
six diﬀerent angles relative to the beam direction, with
ﬁve detectors at 158◦ , ten at 134◦, ten at 108◦ , ﬁve at
94◦ , ﬁve at 86◦ and eight at 72◦ . In this conﬁguration
JUROGAM had a total photo-peak eﬃciency of 4.2% at
1.3 MeV.
The fusion-evaporation products were separated inﬂight from ﬁssion products and scattered beam particles using the RITU gas-ﬁlled recoil separator [13, 14]
and subsequently implanted at the focal plane into
the double-sided silicon strip detectors (DSSD) of the
GREAT spectrometer. The GREAT [15] spectrometer
is a composite detector system, which in addition to the
two DSSDs, comprises a multi-wire proportional counter
(MWPC), an array of 28 Si PIN diode detectors, a segmented planar germanium detector and a clover germanium detector. Each DSSD has an eﬀective area of 60
x 40 mm2 , with 200 individual strips at a pitch of 1
mm in both directions leading to 4800 independent pix-

els in total. Two additional clover germanium detectors
were placed around the focal plane for the detection of
delayed γ rays in this experiment. All detector signals
were recorded independently by the triggerless total data
readout (TDR) acquisition system [16] where they were
given a time stamp of 10 ns precision. This allowed for
accurate temporal correlations between prompt γ rays
detected at the target position, recoil implants at the
RITU focal plane and their subsequent radioactive decays to be performed. Spatial and temporal correlations
in the recorded data were analysed on- and oﬀ-line using
the GRAIN software package [17].
The Recoil Decay Tagging (RDT) technique [18, 19]
can be used to identify prompt γ-ray transitions in some
nuclides by correlating them with subsequent characteristic α decays detected in the DSSDs of the RITU focal
plane. However, a clean prompt γ-ray spectrum, only
containing γ-ray transitions belonging to 163 Ta could
not be obtained in this way. With the relatively high
count rate of ∼3 kHz in the DSSD during the experiment, the long correlation time between a recoil implantation and the α decay of 163 Ta (t1/2 =10.9(14) s [20] and
bα ≈ 0.2% [21]) the probability was high that a second
(or more) recoiling residue would strike the same pixel
in the DSSD before the ﬁrst residue has time to α decay. Therefore, identiﬁcation and assignments of γ-ray
transitions from excited states of 163 Ta had to be made
from a recoil-correlated spectrum. The recoiling residues
were discriminated from scattered beam components by
means of the energy loss (ΔE) in the MWPC and the
time of ﬂight between the MWPC and the DSSD.
In the oﬀ-line analysis, the JUROGAM data were used
to construct a three dimensional symmetric Eγ1 − Eγ2 −
Eγ3 cube and asymmetric matrices for determination of
γ-ray multipolarities by means of directional correlation
of decays from oriented states (DCO). Coincidence relationships in the matrices and the cube were established
using the RADWARE software package [22].

III.

EXPERIMENTAL RESULTS

Part of the α-particle energy decay spectrum of all the
radioactive decays in the DSSD following a recoil implantation can be seen in Fig. 1. The spectrum is produced by
applying a maximum correlation time of 30 s between a
recoil implantation and the subsequent decay. Although
163
Ta has a very weak α-decay branch (bα ≈ 0.2%) the
3p reaction channel is by far the strongest in the experiment, and hence a peak from its α decays can be
clearly seen at an energy of Eα = 4630 MeV. Using the
background subtracted intensity for the 163 Ta α peak,
for which the entire α-particle energy was deposited in
the DSSD, an average α-decay rate of 143 α particles per
minute could be determined. Assuming a 4.4 pnA average beam intensity, a 0.2% α-branching ratio, a 40%
transmission through RITU and a 55% eﬃciency for a
full α-energy deposition in the DSSD, a cross section for
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FIG. 1: Alpha-particle energy spectrum from radioactive decays in the DSSD correlated with a preceding recoil implantation in the same pixel. A maximum correlation time (search
time) of 30 s is set between a recoil implantation and the subsequent radioactive decay. The alpha decays from some of
the most strongly populated fusion-evaporation channels are
indicated above their respective peaks.

Fig. 2(a) shows a prompt JUROGAM spectrum containing γ rays associated with an implanted fusionevaporation residue in the DSSD. The γ rays from the
main fusion-evaporation channels are marked by various symbols as indicated in the legend. In addition,
the three-particle exit channel leading to 163 W (2pn)
and four-particle exit channel leading to 162 W (2p2n) are
shown in Figs. 2(b) and 2(c). Gamma rays from 163 W
and 162 W are visible in the recoil correlated spectra (Fig.
2(a)). The long and cleanly correlated α chains for 163 W
and 162 W enable a ﬁrm identiﬁcation of γ rays from these
two competing channels in agreement with the previous
observation by Dracoulis et al. [23]. Other strong fusionevaporation channels are the 2p- and 4p-channels leading
to 164 W [24] and 162 Hf [25], respectively. The most intense γ rays, previously assigned to these nuclei, are also
indicated in Fig. 2(a).
Due to the unfavourable α decay characteristics of
163
Ta it was not possible to assign γ rays to 163 Ta with
the traditional RDT-technique by correlating with the
subsequent α decays. However, based on the expected
population intensity of the 3p exit channel, the identiﬁcation of γ rays from the strongest competing fusionevaporation exit channels and Ta X-ray coincidences, the
γ-ray transitions indicated in Fig. 2(a) are assigned to
originate from decays of excited states in 163 Ta. In addition, several of the strongest γ rays here assigned to 163 Ta
have previously been associated with A=163 [26] using
the Daresbury recoil separator. All the γ rays detected in
coincidence with these transitions in the recoil-correlated
spectrum and with Ta X-rays could therefore, without
any ambiguity, be assigned to originate from 163 Ta.
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FIG. 2: (Color online) (a) Gamma-ray energy spectrum in coincidence with any fusion-evaporation residue detected in the
DSSD. (b) Recoil-mother-daughter-granddaughter tagged γray energy spectrum of 163 W. (c) as in (b) but correlated with
the α decay chain starting with 162 W [23]. When correlating
the decays the search time between subsequent α decays is
set to about three half-lives in all cases.

The γ rays in coincidence with an implanted recoil in
the DSSD were sorted into a symmetric Eγ1 − Eγ2 − Eγ3
coincidence cube and analysed using the Levit8r software
package [22]. The resulting level scheme for 163 Ta is presented in Fig. 3. Spin assignments are based on the
electromagnetic properties of the γ-ray transitions and
on the systematics of the heavier odd-A tantalum isotopes 165 Ta and 167 Ta [1, 2] which reveal level schemes
similar to 163 Ta. Further details concerning spin assignments are discussed in section IV. Multipolarities for the
strongest transitions in 163 Ta have been deduced from a
DCO analysis. With this method the intensity of γ-rays
measured in the detectors at 94◦ and at 158◦ relative
to the beam direction were sorted into an asymmetric
γγ-coincidence matrix. The DCO ratios could then be
determined through the relation
RDCO =

Iγ1 at θ1 ; gated by γ2 at θ2
Iγ1 at θ2 ; gated by γ2 at θ1

(1)

where γ1 and γ2 are two transitions in mutual coinci-
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FIG. 3: Level scheme for 163 Ta as deduced in the present work. Gamma rays are labelled with transition energies in keV.
The intensity of the transitions is proportional to the width of the arrows. The tentative 45-keV transition in Band 1 was not
observed directly, but is inferred from the presence of the 333 keV transition.

dence and θ1 and θ2 correspond to detectors situated in
ring 1 (158◦ ) and ring 5 (94◦ ) relative to the beam direction, respectively. Typical values of the RDCO ratios
are ∼ 0.8 for a pure stretched dipole (M1 or E1) transition and ∼ 1.3 for a pure stretched quadrupole (M2 or
E2) transition, respectively. The γ-ray energies, relative
intensities, DCO ratios and level spin assignments from
the decays of excited states in 163 Ta are listed in Table I.
TABLE I: Gamma-ray energies, relative intensities, DCO ratios and
spin-parity assignments for 163 Ta. Intensities (Iγ ) are adjusted for detector eﬃciencies and normalised to the strongest transition at Eγ = 288
keV. Statistical uncertainties are given in parentheses. All spin and parity assignments are tentative.∗ The transition is not observed directly but
inferred from systematics and the presence of the 333-keV transition.
Eγ (keV )
(45)∗

Iγ (%)
Band 1:

RDCO

Jiπ →Jfπ
11/2− → 9/2−

TABLE I: (Continued.)
Eγ (keV )

Iγ (%)

RDCO

141.6(4) 10.0(3)
144.2(3) 34.0(7) 0.83(10)
175.9(4)
9.2(4)
1.0(9)
195.1(2)
4.4(5)
201.0(3) 30.4(10) 0.75(8)
209.8(2)
4.4(5)
220.4(2) 30.0(9)
244.3(3) 28.0(7)
279.1(2) 20.8(8)
283.4(2) 19.8(7)
288.1(3) 100.0(13) 0.98(8)
306.3(3) 15.2(7)
325.0(3) 11.2(8)
333.1(4) 10.0(6)
339.3(4)
4.8(6)
342.6(7)
1.0(7)

Jiπ →Jfπ
31/2− → 29/2−
15/2− → 13/2−
19/2− → 17/2−
23/2− → 21/2−
33/2− → 31/2−
27/2− → 25/2−
35/2− → 33/2−
37/2− → 35/2−
39/2− → 37/2−
41/2− → 39/2−
13/2− → 11/2−
43/2− → 41/2−
45/2− → 43/2−
13/2− → 9/2−
47/2− → 45/2−
33/2− → 29/2−
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TABLE I: (Continued.)

TABLE I: (Continued.)
Eγ (keV )

Iγ (%)

RDCO

355.2(5)
6.0(7)
370.0(2)
4.8(6)
379.8(3)
2.4(5)
393.4(2) 46.3(9) 1.0(10)
402.3(4)
<1
414.1(5)
1.5(4)
421.3(3)
5.6(7)
432.9(4) 88.0(13) 0.98(8)
464.7(2)
6.8(5)
475.3(2) 21.2(7) 0.83(12)
494.3(2) 15.2(4)
523.3(4)
8.4(3)
531.0(2)
9.6(8)
538.2(3) 35.6(9)
562.8(3) 10.8((5)
569.2(2) 79.6(11) 1.14(5)
589.6(3)
6.8(4)
631.7(4)
8.4(3)
636.5(4) 29.5(9) 1.13(11)
651.2(2) 30.0(9) 1.27(19)
665.1(3)
6.0(6)
670.5(4) 54.0(6) 1.18(12)
693.6(3)
3.6(4)
703.9(4) 14.8(6)
723.9(4)
5.2(5)
726.3(3) 13.6(5)
740.1(3) 44.4(10) 1.14(13)
750.3(4)
2.0(3)
781.8(5)
1.2(3)
815.3(4)
<1

Jiπ →Jfπ
49/2−
51/2−
53/2−
17/2−
55/2−
57/2−
35/2−
15/2−
37/2−
21/2−
29/2−
39/2−
25/2−
17/2−
41/2−
19/2−
43/2−
45/2−
31/2−
21/2−
47/2−
23/2−
49/2−
29/2−
51/2−
25/2−
27/2−
53/2−
55/2−
57/2−

→ 47/2−
→ 49/2−
→ 51/2−
→ 19/2−
→ 53/2−
→ 55/2−
→ 31/2−
→ 11/2−
→ 33/2−
→ 19/2−
→ 27/2−
→ 35/2−
→ 27/2−
→ 13/2−
→ 37/2−
→ 15/2−
→ 39/2−
→ 41/2−
→ 27/2−
→ 17/2−
→ 43/2−
→ 19/2−
→ 45/2−
→ 25/2−
→ 47/2−
→ 21/2−
→ 23/2−
→ 49/2−
→ 51/2−
→ 53/2−

19/2+
21/2+
23/2+
17/2+
25/2+
25/2+
19/2+
23/2+
25/2+
23/2+
19/2+
21/2+
15/2+
17/2+

→ 17/2+
→ 19/2+
→ 21/2+
→ 15/2+
→ 23/2+
→ 21/2+
→ 15/2+
→ 19/2+
→ 21/2+
→ 21/2−
→ 17/2−
→ 19/2−
→ 13/2−
→ 15/2−

Band 2:
178.5(4)
221.1(3)
224.6(4)
235.1(5)
240.1(3)
399.2(4)
413.3(3)
445.2(3)
464.1(2)
648.6(3)
854.8(4)
899.6(3)
979.9(4)
1069.7(3)

3.2(5)
8.4(3)
21.6(7)
1.2(5)
9.2(7)
2.4(7)
2.4(5)
14.0(6)
2.0(5)
18.8(6)
24.4(7)
22.4(7)
2.8(3)
6.0(5)

0.92(14)

1.0(11)
0.63(19)
0.75(17)
0.71(12)
0.64(21)

Band 3:
118.6(3)
131.9(3)
161.1(4)
215.2(4)
246.6(3)
252.1(3)
262.9(4)
280.3(5)
301.1(4)

26.4(7)
31.6(8)
24.4(8)
23.2(7)
20.8(6)
2.4(3)
19.2(4)
4.0(5)
10.8(6)

1.06(20)
27/2+ → 25/2+
0.76(19) 25/2+ → 23/2+ (Band 2)
1.06(15)
29/2+ → 27/2+
0.95(13)
31/2+ → 29/2+
33/2+ → 31/2+
27/2+ → 23/2+ (Band 2)
35/2+ → 33/2+
29/2+ → 25/2+
39/2+ → 37/2+

Eγ (keV )

Iγ (%)

322.3(3)
328.4(3)
350.7(5)
357.3(6)
376.3(4)
387.7(4)
438.2(3)
461.6(4)
476.4(3)
509.4(3)
585.1(4)
623.3(3)
688.5(4)
715.7(4)
766.5(4)
789.1(3)
826.6(5)

13.2(5)
5.2(4)
1.2(4)
2.8(4)
2.4(3)
7.2(6)
3.2(5)
7.3(6)
1.2(4)
10.8(7)
7.2(5)
11.4(6)
6.4(5)
9.6(6)
3.2(4)
4.8(5)
2.4(4)

RDCO

Jiπ →Jfπ
37/2+ → 35/2+
43/2+ → 41/2+
47/2+ → 45/2+
25/2+ → 21/2+ (Band 2)
31/2+ → 27/2+
41/2+ → 39/2+
45/2+ → 43/2+
33/2+ → 29/2+
49/2+ → 47/2+
35/2+ → 31/2+
37/2+ → 33/2+
39/2+ → 35/2+
41/2+ → 37/2+
43/2+ → 39/2+
45/2+ → 41/2+
47/2+ → 43/2+
49/2+ → 45/2+

The yrast band structure (labelled as Band 1 in Fig. 3)
is a strongly coupled band that extends to spin I=57/2
and excitation energy Ex = 7212 keV relative to the
band head. Fig. 4(a) shows a γ-ray spectrum demanding
coincidence with the 288 keV transition. In this spectrum all the γ-ray transitions in Bands 1-3 are visible
except the 333 and 433 keV transitions. Fig. 4(b) only
shows the γ-ray transitions from Band 1. The spectrum
is produced by summing the 288, 144, 393, 176, and 475
gates, in each case requiring an additional coincidence
with the 201 keV transition. For the lower part of Band
1 the intensity ﬂows mostly via the E2 transitions of the
favoured α = −1/2 signature, while for the upper part,
above the back-bend at spin I > 31/2−, the intensity is
carried largely by M1 transitions. No transitions depopulating the band head have been identiﬁed even though it
is not expected to be the ground state. The yrast band
structure is associated with the [514]9/2− Nilsson conﬁguration (see below) and is expected to lie at a rather
low excitation energy and to constitute the α-decaying
isomeric state with a 10.9 s half-life. Any γ rays depopulating this state could be low in energy and thus below
the observable threshold of the focal plane Ge detector.
The γ-ray transition depopulating the 11/2− level feeding the 9/2− level would have an energy of only 45 keV. It
is not observed in the coincidence spectra in Fig. 4 since
it is highly converted and close to the energy threshold
of the Ge detectors. Its placement in the level scheme is
therefore tentative.
Two additional strongly coupled band structures feeding the yrast band have been observed (labelled as Band
2 and Band 3 in Fig. 3). Band 2 depopulates into Band
1 at low spins. The DCO ratios for the 649-, 855-, 900
and 1070-keV connecting transitions are consistent with
ΔI = 1 transitions of dipole character. They are assigned
(see Sec. IV), as E1 transitions. Band 2 consists of strong
M1 transitions and generally weak E2 transitions and ex-
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tends to spin I=25/2 and a relative excitation energy of
Ex = 2411 keV above the band head of Band 1.
Band 3 is also consistent with a strongly coupled
structure comprising stronger M1 transitions connecting
the two signature partner bands and weaker E2 transitions, extending to spin I=49/2 and an excitation energy
Ex = 5911 keV relative to the band head of Band 1.
Gamma-ray transitions in Bands 2 and 3 can be viewed
in Fig. 4(c). The spectrum is produced by summing all
the gates on the M1 γ-ray transitions in Band 3 and
requiring additional coincidence with the 132 keV transition. Almost all intensity between Bands 3 and 2 ﬂows
through the 132-keV transition, which is assigned to be of
stretched M1 character. The 357 and 252 keV transitions
depopulating Band 3 and feeding Band 2 are too weak
for any DCO ratios to be deduced. However, since they
both most likely change the spin by 2  as established
from the coincidence relationships, they are interpreted
as being predominantly of stretched E2 character. This
makes the M1 dipole assignment of the 132 keV transition
and the spin and parity assignment of Band 3 consistent.

IV.

DISCUSSION

The rotational band structures observed in 163 Ta are
consistent with moderately deformed shapes with β2 ≈
0.2 (see below). Several Nilsson states are expected
to lie close to the Fermi surface in 163 Ta at such a
deformation. For the heavier tantalum isotopes (e.g.
169
Ta) ﬁve band heads are predicted to be below 500
keV [3]. The Nilsson orbitals close to the proton Fermi
level are: h11/2 [514]9/2−, h9/2 [541]1/2−, g7/2 [404]7/2+,
d5/2 [402]5/2+ and d3/2 [411]1/2+. The positive-parity
states based on the spherical d5/2 and d3/2 sub-shells
are generally associated with the ground states in the
heavier Ta isotopes [2, 3]. Conﬁguration assignments of
the bands in 163 Ta are made below based on the systematics of neighbouring isotopes and isotones, and on
the properties of the bands by examining B(M1)/B(E2)
ratios, quasi-particle alignments and band crossing frequencies. In Fig. 5 the experimental Routhians and the
alignments are plotted for the bands in 163 Ta. A rotational reference, with a rotational moment of inertia
deﬁned by the Harris parameters [27] J0 = 212 MeV−1
and J1 = 634 MeV−3 , was subtracted in order to give
a near-constant alignment for the low-spin states. The
quasi-particle labelling scheme for the Nilsson orbitals
closest to the Fermi surface used in this paper is given in
Table. II.
A.

Band 1

The low-spin part (below spin I≤31/2) of the yrast
sequence (Band 1, see Fig. 3) is interpreted as a onequasiparticle (1qp) conﬁguration (e and f conﬁguration),

TABLE II: Labelling convention of the lowest Nilsson orbitals
considered for 163 Ta described by their parity and signature
quantum numbers. Upper case (lower case) letters denote
neutron (proton) conﬁgurations.
Shell Model label Nilsson label
νi13/2
νi13/2
νi13/2
νi13/2
νh9/2 /f7/2
νh9/2 /f7/2
πd3/2
πd3/2
πg7/2
πg7/2
πh11/2
πh11/2

+

1/2 [660]
1/2+ [660]
3/2+ [651]
3/2+ [651]
5/2− [523]
5/2− [523]
1/2+ [411]
1/2+ [411]
7/2+ [404]
7/2+ [404]
9/2− [514]
9/2− [514]

(π, α)

Label

(+, +1/2)
(+, −1/2)
(+, +1/2)
(+, −1/2)
(−, +1/2)
(−, −1/2)
(+, +1/2)
(+, −1/2)
(+, +1/2)
(+, −1/2)
(−, −1/2)
(−, +1/2)

A
B
C
D
E
F
a
b
c
d
e
f

where the odd proton is residing in the [514]9/2− Nilsson
orbital, in agreement with the assignment established for
the yrast structures in the heavier 165−169 Ta isotopes.
At low spins the band has an alignment of ix ≈ 1.6 
which is consistent with the [541]9/2− Nilsson (e) conﬁguration. At a rotational frequency ω ≈ 0.28 MeV
the band exhibits a characteristic back-bend as seen in
the alignment plot (Fig. 5(b)). The structure above the
back-bend is interpreted as a three-quasiparticle (3qp)
conﬁguration following the breaking of a νi13/2 neutron
pair, with the resulting alignment gain of Δix ≈ 10.2 .
The crossing frequency predicted by CSM calculations is
ω ≈ 0.26 MeV, in excellent agreement with the observed
one. Such AB crossings are observed systematically at
similar rotational frequencies in even-N nuclei throughout this mass region. For instance, the observed crossing
frequency and the gain in alignment are identical to those
in the even-even neighbouring isotone 162 Hf (ω = 0.28
MeV, Δix = 10.2 ) [25]. For the heavier odd-A isotopes
165−169
Ta the experimentally observed AB-crossing frequencies are generally slightly lower, ω = 0.24 − 0.26
MeV, than in 163 Ta. The same trend can be observed
in the odd-A isotopes 169 Re and 167 Re [7, 28], and in
171
Ir and 169 Ir [6, 29], where the alignment is delayed by
∼ 50 keV to higher frequencies when the neutron number changes from N = 94 to N = 92. CSM calculations
predict this shift to be ∼ 50 keV between the tantalum
isotopes with N = 92 (165 Ta) [1] and N = 90 (163 Ta),
an expected consequence of the lowering of the neutron
Fermi level below the i13/2 shell. The same CSM calculations also predict a slight reduction in the interaction
strength between the 1qp band and the S-band (3qp band
following the AB crossing) for 163 Ta as compared to the
heavier Ta isotopes, and this is indeed also observed.
In order to conﬁrm the conﬁguration assignment for
the strongly coupled yrast band, B(M1; I → I −
1)/B(E2; I → I − 2) ratios have been extracted from
the experimental branching ratios of competing ΔI = 1
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FIG. 4: Coincidence γ-ray spectra generated from a recoil gated Eγ1 −Eγ2 −Eγ3 coincidence cube with transition energies given
in keV. (a) Spectrum showing γ rays in coincidence with the 288 keV transition. (b) Spectrum showing γ rays in coincidence
with the 201-keV transition and a sum of gates from the 288-, 144-, 393-, 176-, and 475 keV transitions of Band 1. The
spectrum only shows members of Band 1. (c) Spectrum gated by the 132-keV transition and the sum of gates from all the M1
transitions in Band 3, displaying γ rays found in Bands 2-3 and the lowest members of Band 1.

and ΔI = 2 γ-ray transitions. The B(M1)/B(E2) ratios
are sensitive to the single-particle conﬁguration as well
as to the nuclear quadrupole deformation. The experimental ratios were compared to theoretical estimates using the semi-classical formalism of Dönau and Frauendorf [30, 31]. The theoretical calculations use the deformation parameters β2 and γ obtained from our TRS
calculations: β2 = 0.177 and γ = −15◦ for the low spin
part of the band and a slightly smaller quadrapole deformation of β2 = 0.170 and γ = 0◦ for the high spin
states above the back-bend. The single-particle g-factors
were obtained through the prescription of Schmidt [32]
and calculated to be gp = 1.21 for the h11/2 proton orbital. Where possible, experimental g-factors have been

employed for the various quasi-particles involved in the
calculations. The rotational g-factor gR was taken to be
Z/A = 0.448 and the alignments were extracted from the
experimental data as described in the ﬁgure caption of
Fig. 5. The E2/M1 multipole mixing ratios δ were set to
zero.
Several possible conﬁgurations and deformation parameters are given in Fig. 6 in order to compare the
theoretical estimates with the experimentally extracted
branching ratios. For Band 1 below the AB crossing,
the data points are in best agreement with this calculation if we assume a negative γ deformation (γ = −15◦ )
rather than an axially symmetric shape (γ = 0◦ ). This
could be a result of the h11/2 valence proton driving the

8
MeV is evidence of the νi13/2 neutrons polarizing the
nucleus away from negative γ values, towards a nearaxially symmetric prolate shape. This interpretation
is supported by Fig. 6 where a ﬁt to the experimental
B(M1)/B(E2) ratios is best reproduced with γ = 0◦ (or
a slightly positive γ-value), for the adopted eAB(fAB)
conﬁguration.
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FIG. 5: (Color online) (a) Experimental Routhians for the
bands seen in 163 Ta. (b) Experimental aligned angular momenta, ix , relative to a core reference iref = J0 ω + J1 ω 3 with
J0 = 212 MeV−1 and J1 = 634 MeV−3 for positive and
negative parity bands in 163 Ta. In both panels the positive
(negative) signatures are indicated with ﬁlled (open) symbols.

nucleus towards negative γ deformation, giving rise to
the large energy splitting of  140 keV at low spins
between the signature partners in the yrast band of
163
Ta by means of enhanced K-mixing, as discussed below. CSM calculations including the γ degree of freedom show a signature favouring negative γ values for
the high-K πh11/2 conﬁguration [2]. When the signature
dependent term (±Δe /ω) is incorporated in the calculation the splitting between the favoured and unfavoured
signatures is reproduced by the staggered dashed curve
in Fig. 6(a). Although the theoretical values overestimate the B(M1)/B(E2) ratios somewhat there is an overall good agreement with the experimental data. Above
the back-bend (I>31/2) the experimental B(M1)/B(E2)
ratios show a marked increase. This is consistent with
an increase in the B(M1) strength due to the alignment
of the i13/2 neutrons, but might also reﬂect a possible
change in deformation. The signiﬁcantly reduced signature splitting observed above the crossing at ω ≈ 0.28

(a)

Data (δ=0)
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γ = -15°
γ = -15°
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(b)
Data (δ=0) Band 3
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20
Initial Spin Ii [h]

25

FIG. 6: (Color online) Experimental B(M1; I → I −
1)/B(E2; I → I − 2) values as a function of initial spin Ii for
the strongly coupled bands in 163 Ta. The measured values
are compared to the predictions of the semi-classical model of
Dönau and Frauendorf [30, 31]. (a) Values for the [514]9/2−
band (Band 1), before and after the AB crossing (e(f) and
eAB(fAB) conﬁguration, respectively, are shown here for different γ deformations as described in the text. A slight staggering of the experimental values is observed between the
favoured (α = −1/2) and unfavoured (α = +1/2) signature
of the strongly-coupled yrast band, represented by open and
ﬁlled symbols respectively. The staggered dashed line represents the theoretical calculation taking the signature dependent term into account. (b) The curves represent theoretical
calculations for Band 3 with the following conﬁgurations. 1:
πh11/2 ⊗ AB; 2: πh11/2 ⊗ AE; 3: πg7/2 ⊗ AB.

Total Routhian Surface (TRS) calculations [33, 34]
have been performed in order to interpret the observed
band structures. The TRS calculations are sensitive to a
speciﬁc nucleonic conﬁguration and show, for each rotational frequency, the total energy in the rotating frame
(Routhian) as a function of deformation parameters β2
and γ. A minimum of such a surface will show the
favoured deformation for a speciﬁc conﬁguration of the
nucleus at a speciﬁc rotational frequency. The TRS

9
calculations predict an axially symmetric shape, with
β2 ≈ 0.18 and γ ≈ 0◦ , at low rotational frequencies (see
Fig. 7). CSM calculations show that the occupation of
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and compared with the signature splitting of the corresponding bands in the heavier odd-A tantalum isotopes
165−171
Ta [1–3, 36]. The signature splitting can be interpreted as arising from mixing of an Ω = 1/2 component
into the high-K h11/2 proton conﬁguration. However,
since the proton Fermi level is situated high in the h11/2
shell the normal Coriolis mixing of the Ω = 1/2 component into the wave function is expected to be small
for an axially symmetric nucleus. Therefore, in order to
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low-Ω orbital from the i13/2 neutron spherical subshell
drives the nucleus towards positive γ deformation [2].
The alignment of a pair of i13/2 neutrons at ω ≈ 0.28
MeV induces a shift in triaxial deformation towards positive γ. Hence, the TRS calculations are not able to
reproduce the negative γ deformation deduced from the
experimental signature splitting and the B(M1)/B(E2)
values below the back-bend. However, the predicted corepolarizing eﬀect of the i13/2 neutron alignment towards
positive γ values is consistent with the observed disappearance of signature splitting (and the B(M1)/B(E2)
ratios) after the back-bend. If after the band crossing
a γ deformation of ∼ 0◦ is assumed, the large signature
splitting observed at lower angular momentum should
disappear, as is indeed the case.
The signature splitting for band 1 is illustrated in
Fig. 8 using the staggering parameter S(I) [7, 35] deﬁned
as:

200

▲

FIG. 7: (Color online) Total Routhian Surfaces calculated
for the (π, α)=(-,-1/2) e-conﬁguration of 163 Ta showing the
deformation parameters β2 and γ at rotational frequencies
ω = 0.0 MeV (panel (a)) and ω = 0.360 MeV (panel (b)).
A moderately deformed (β2 ≈ 0.18, γ ≈ 0◦ ) minimum is observed at both frequencies. The depth of the potential energy
surfaces is given by the colour coding, where blue(dark grey)
shows the lowest energy and red(light grey) the highest. The
energy diﬀerence between contour lines is 100 keV.
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reproduce the large signature splitting observed in the
high-K [514]9/2− conﬁguration, a mechanism is needed
for enhanced mixing with the Ω = 1/2 orbital. This
can be achieved by a departure from an axially symmetric shape [10] for which K is no longer a good quantum
number. Figure 8 shows that the signature splitting, as
reﬂected by the staggering parameter, increases towards
greater neutron deﬁciency. The energy splitting also in-
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FIG. 8: (Color online) Staggering parameter S(I) as a function
of spin I for the [514]9/2− bands in the neutron-deﬁcient oddA tantalum isotopes 163 Ta, 165 Ta [1], 167 Ta [2], 169 Ta [3] and
171
Ta [36]. The ﬁlled (open) symbols represent the α = +1/2
(α = −1/2) signature.

creases slightly as a function of increasing angular momentum from the band head until the band crossing is
reached. At low spins, the tantalum isotopes follow the
same trend of increasing signature splitting as the oddmass 167−173 Re [7] and 169−173 Ir [6] isotopes with decreasing neutron number, probably reﬂecting a general
trend of increasing shape asymmetry as the Fermi level
decreases in the neutron shell. This trend might be explained by the shape polarizing properties of the πh11/2
orbital which could drive the nucleus towards increasingly negative γ deformations (γ  −15◦ ), if the nuclear
potential surface becomes softer with respect to the γdegree of freedom. Interestingly, these observations seem
not to be supported by the TRS calculations which predict less pronounced γ deformations for the corresponding quasiparticle conﬁguration with decreasing neutron
number. However, it should be noted that an increased
γ softness is predicted with increasing neutron deﬁciency.
The ’eﬀective’ γ deformation of the nuclear wave function
may therefore be non-zero. Above the ν(i13/2 )2 neutron
alignment the staggering parameter becomes signiﬁcantly
smaller in all odd-mass tantalum isotopes (see Fig. 8),
reﬂecting a reduction in the signature splitting. This
is consistent with a transition to an axially symmetric
shape.
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TABLE III: Measured electric dipole (E1) strength in Band
2. B(E2) values have been calculated assuming a quadrupole
deformation of Q0 = 430 e fm2 (taken from TRS calculations).
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in Table III. The observation of enhanced E1 strength,
with B(E1)> 10−5 W.u., is often taken as evidence for
octupole correlations in nuclei (see e.g. [39–41]). All the
values for the γ-ray transitions assigned E1 multipolarity are signiﬁcantly above 10−5 W.u., suggesting strong
octupole collectivity in 163 Ta. Although plausible, the
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FIG. 9: (Color online) Kinematic moments of inertia (J (1) )
as function of rotational frequency (ω), derived from the
experimental γ-ray transitions for the three bands in 163 Ta.
The positive (negative) signatures are indicated with ﬁlled
(open) symbols.

B.

a1

13.7(10)
6.8(7)
5.9(5)

W.u.=1.87 e2 fm2 for

94.6(69)
30.9(32)
40.7(34)

50(5)
16(2)
22(3)

163 Ta

πh11/2 [541]9/2− ⊗ 3− (e ⊗ 3− ) conﬁguration assignment
to Band 2 remains tentative and further experimental
information is needed in order to elucidate its structure.

Band 2
C.

Band 2 exhibits an alignment of ∼ 5  at ω ≈ 0.20
MeV and has a larger moment of inertia than the yrast
band in the same rotational frequency range (see Figs. 5
& 9). This relatively large alignment, and the moment
of inertia, is diﬃcult to reconcile with a pure 1qp conﬁguration based on the Nilsson states close to the Fermi
level. The low excitation energy of the band head, the
alignment and the enhanced moment of inertia suggest
that this band could be formed by coupling the odd h11/2
proton to an octupole vibration. Enhanced octupole collectivity in 163 Ta might arise due to the proximity of
the proton Fermi level to Nilsson states emanating from
the h11/2 and d5/2 spherical subshells and the neutron
Fermi level to the i13/2 and f7/2 spherical subshells, respectively, diﬀering by Δj = Δl = 3. The coupling of a
3− octupole phonon to the yrast [514]9/2− quasiproton
conﬁguration would yield spin and parity I π = 15/2+ for
the octupole vibrational band head, consistent with the
band head spin assignment of Band 2. The relative excitation energy of the 15/2+ state is 1313 keV above the
band head of Band 1 (the 9/2− state) and would thus
represent the excitation energy of the octupole phonon.
The octupole-vibrational phonon can generate an alignment of 3  [37], and the alignment carried by Band 2
is indeed 3 − 4  higher than for Band 1. The strong E1
transitions connecting Band 2 with Band 1 render further
support for assigning Band 2 to an octupole vibrational
structure.
In order to gauge the strength of the E1 transitions
connecting Band 2 with Band 1, B(E1)/B(E2) ratios have
been extracted for the 19/2+, 21/2+ and 23/2+ states.
The B(E1)and B(E2) values are deduced according to the
prescription in [38]. The extracted values can be viewed

Band 3

Band 3 carries an alignment of ∼ 10  at ω ≈ 0.25
MeV (see Fig. 5), which suggests a 3qp conﬁguration.
In the neighbouring even-even isotone to 163 Ta, 162 Hf,
the lowest 2qp conﬁguration has been proposed to be
formed by coupling an i13/2 neutron to an f7/2 neutron
(E(F)-conﬁguration) originating from the [523]5/2− orbital [25]. The alignment for the AE(F) conﬁguration
in 162 Hf relative to the ground-state band is Δix ∼ 9 
at ω = 0.25 MeV. This diﬀerence in aligned angular
momentum compares favourably with the experimental
alignment diﬀerence of Δix ∼ 9.2  at ω = 0.25 MeV
between Band 1 and Band 3 in 163 Ta (see Fig. 5). The
AE crossing in 162 Hf was assigned to occur roughly at
the same frequency as the AB crossing (ω ≈ 0.28 MeV)
by Hübel et al [25].
In Fig. 6(b) the calculated B(M1;I → I −1)/B(E2;I →
I − 2) values are plotted for diﬀerent conﬁguration assignments together with the experimentally deduced values. The best ﬁt to the data points is obtained with
the proposed eAE 3qp conﬁguration. For comparison
the eAB (dotted line) and the cAB (dashed line) conﬁgurations are also indicated. Considering the arguments given above, Band 3 is assigned as the positiveparity 3qp eAE (πh11/2 [541]9/2− ⊗ νi13/2 [660]1/2+ ⊗
νf7/2 [523]5/2−) conﬁguration. It is worth noting that
such conﬁguration assignments have also been made
for similar bands in several neighbouring isotopes, e.g.
167
Re [7], 162 Hf [25] and 163 Lu [9]. We may also note
that Band 3 only connects to Band 2 and not to any
other positive-parity conﬁguration. This is consistent
with the πh11/2 ⊗ νi13/2 ⊗ νf7/2 3qp conﬁguration which
may exhibit strong octupole mixing and its wave func-
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tion may therefore have a large overlap with the proposed
πh11/2 ⊗ 3− conﬁguration of Band 2.
V.

SUMMARY

A level scheme has been established for 163 Ta for the
ﬁrst time comprising three band structures. The yrast
structure (Band 1) has been interpreted as a 1qp conﬁguration at low spins based on the [514]9/2− Nilsson
orbital. For the states with I ≤ 31/2  the band shows
a large signature splitting which can be attributed to a
triaxial shape with γ < 0◦ . At higher spins the signature
splitting disappears as the band forms an axially symmetric 3qp (eAB conﬁguration) structure after the (νi13/2 )2
paired band crossing. Two additional strongly coupled
structures have been observed (Bands 2 and 3). Band 2
is tentatively assigned to be built on the odd h11/2 proton
coupled to an octupole phonon forming a positive-parity
πh11/2 [541]9/2− ⊗ 3− conﬁguration. Band 3 is assigned
to be associated with the 3qp πh11/2 ⊗ νi13/2 ⊗ νf7/2
(eAE) conﬁguration based on the deduced alignments
and B(M1)/B(E2) ratios.
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