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AFANASJEV, Anatoli 

 
Nuclear Shapes in Covariant Density Functional Theory: 

Recent Results 
 

A. V. Afanasjev1, S. E. Agbemava1, D. Ray1 and P. Ring2 
1 Department of Physics and Astronomy, Mississippi State University, USA 

2 Fakultät für Physik, Technische Universität at München, Garching, Germany 

 

 
One of most interesting questions of nuclear structure is the existence of different nuclear shapes 
and their evolution with particle number and spin. In particular, a special attention is attracted to 
“exotic” ones, namely, the types of nuclear shapes which have not been studied extensively (or at 
all) in experiment. In my presentation I will focus on recent results obtained within the covariant 
density functional theory (CDFT) [1] which are related to the investigation of such shapes. 
First, I will present the results of global studies of octupole deformation [2]. A new region of 
octupole deformation, centered around Z ∼ 98, N ∼ 196 is predicted for the first time. This region 
plays an important role in fission recycling in the mergers of neutron stars. In terms of its size in 
the (Z, N) plane and the impact of octupole deformation on binding energies this region is similar to 
the best known region of octupole deformed nuclei centered at Z ∼ 90, N ∼ 136. For the latter 
island of octupole deformed nuclei, the calculations suggest substantial increase of its size as 
compared with available experimental data. 
Then, I will discuss the presence of large oblate deformations in superheavy nuclei [3]. It is 
interesting that some well tested covariant energy density functionals predict only very few 
spherical superheavy nuclei above Z = 110 and N = 172; the oblate ground states dominate the 
nuclear landscape here. Such an absence of “magic” spherical superheavy nuclei has never been 
discussed before and it is a consequence of the competition of the shell effects at spherical and 
oblate shapes. 
Note that in those two investigations we pay special attention to the assessment of the accuracy of 
the description of existing experimental data and theoretical uncertainties for the prediction of the 
properties of unknown nuclei. 
Finally, I will discuss super-, hyper- (HD) and megadeformed (MD) shapes and clusterization in the 
N ≈ Z A ∼ 40 mass region [4]. Here, the rotation acts as a tool to bring these exotic shapes to the 
yrast line or its vicinity so that their observation becomes feasible with future generation of γ-
tracking (or similar) detectors. The observation of the HD and MD structures at spin zero is 
basically impossible because they are located at high excitation energy with respect of the ground 
state. For several nuclei in this study (such as 36Ar), the addition of several spin units above 
currently measured maximum spin of 16¯ will inevitably trigger the transition to the HD and MD 
shapes. 
 
 
[1] D. Vretenar, A. V. Afanasjev, G. A. Lalazissis and P. Ring, Phys. Rep. 409, 101 (2005). 
[2] S. E. Agbemava, A. V. Afanasjev, and P. Ring, Phys. Rev. C93, 044304 (2016). 
[3] S. E. Agbemava, A. V. Afanasjev, T. Nakatsukasa, and P. Ring, Phys.Rev. C92, 054310 (2015). 
[4] D. Ray and A. V. Afanasjev, submitted to Phys. Rev. C. 
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ANDREOIU, Corina 

 
The GRIFFIN Facility for Decay Spectroscopy Experiments 

at TRIUMF 
 

Corina Andreoiu∗ 
Simon Fraser University, Burnaby, Canada 

 
 
GRIFFIN [1], the Gamma-Ray Infrastructure For Fundamental Investigations of Nuclei is the new 
decay spectroscopy array located at TRIUMF, Canada’s National Laboratory for Nuclear and Particle 
Physics, in Vancouver, Canada. GRIFFIN consists of 16 large-volume hyper-pure germanium clover 
detectors assisted by a custom-built digital data acquisition system. A suite of ancillary detector 
systems are coupled to GRIFFIN for comprehensive decay spectroscopy experiments with 
radioactive beams delivered by the TRIUMF-ISAC facility. 
The early-implementation experiments with radioactive beams were performed with the GRIFFIN 
array, coupled to SCEPTAR [2], an array of plastic scintillators for beta-particle tagging, and 
PACES [2], an array of five lithium-drifted silicon detectors for high-resolution internal conversion-
electron spectroscopy. Eight lanthanum bromide scintillators for fast gamma-ray timing 
measurements [2], and a neutron detector array for the detection of beta-delayed neutron-emitting 
nuclei called DESCANT [3], are also available for future experiments. 
Results obtained with the GRIFFIN spectrometer near and far from stability using beta decay of 
beams of 115g,mAg [4], 128−130Cd [5]. 46,47K [6,7], and 32Na [8] will be presented along with a discussion 
of future opportunities, including the addition of the Compton and background suppression shields. 
The GRIFFIN spectrometer is funded by the Canada Foundation for Innovation, TRIUMF, and the 
University of Guelph with matching contributions from the British Columbia Knowledge and 
Development Fund and the Ontario Ministry of Research and Industry. TRIUMF receives federal 
funding via a contribution agreement through the National Research Council of Canada. This 
research is supported by the Natural Sciences and Engineering Research Council of Canada. 
 
 
[1] C.E. Svensson and A.B. Garnsworthy, Hyperfine Interactions 225, 127 (2014) 

[2] A.B. Garnsworthy and P.E. Garrett, Hyperfine Interactions 225, 121 (2014) 
[3] P.E. Garrett, Hyperfine Interactions 225, 137 (2014) 
[4] R. Dunlop et al., to be published 

[5] R. Dunlop et al., Phys. Rev. C (2016), accepted 
[6] J.L. Pore et al., to be published 
[7] J. Smith et al., to be published 

[8] F. Sarazin et al., to be published 
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ARICI, Tugba 

 
Shape Coexistence in 70Kr 

 

T. Arici1, W. Korten2, K. Wimmer3, J. Gerl1, P.Doornenbal4 
1 GSI Helmholtzzentrum fur Schwerionenforshung, Darmstadt, Germany 

2 CEA Saclay, IRFU, SphN, Gif-sur-Yvette, France 
3 Department of Physics, University of Tokyo, Japan 

4 RIKEN Nishina Center, Wako, Saitama, Japan 

 

 
Nuclei in the vicinity of the N=Z line around A=70 exhibit very rapid shape changes due to the 
isospin symmetry breaking related to charge effects. This leads to differences in excitation energy 
between analogue states in isobaric multiplets. In this study we probed Coulomb energy differences 
in the Tz = -1 nucleus 70Kr with respect to its mirror 70Se. In 70Kr, no spectroscopic information is 
available so far. We have performed a Coulomb excitation experiment of 70Kr and 72Kr isotopes to 
measure the B(E2;0+→2+) value. The experiment was performed at the Radioactive Isotope Beam 
Factory (RIBF). A 78Kr primary beam at 345 MeV/nucleon was impinging on a 4Be target. The 
BigRIPS fragment separator was used in order to deliver the 70Kr and 72Kr isotopes at around 
150 MeV/nucleon to the secondary target for Coulomb excitation and inelastic scattering 
measurements. The emitted gamma-rays of the reaction were detected by the DALI2 array and 
recoils were identified by the ZeroDegree Spectrometer. Results will allow to make a direct 
comparison with the mirror nucleus 70Se and will give an important new information about shape 
co-existence across the N=Z line. 
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ARITA, Ken-ichiro 

 
Periodic-Orbit Bifurcations and Dynamical Symmetry Restorations 

in Spherical and Deformed Nuclear Mean Fields 

 
Ken-ichiro Arita 

Department of Physics, Nagoya Institute of Technology, Nagoya, Japan 

 

 
Shell structures in the single-particle spectra play essential roles in the microscopic description of 
nuclear shape stabilities and their preference for various types of deformations. Due to the 
quantum fluctuations caused by the non-uniform distribution of single-particle energy levels, nuclei 
show especially strong bindings when the numbers of constituent particles (protons and/or 
neutrons) coincide with the so-called magic numbers corresponding to the closed-shell 
configurations. One finds such magic numbers not only in the spherical mean fields but also in 
deformed potentials. In nuclear deformations, the most important shape degrees of freedom are 
quadrupoles ones. Observed superdeformed states which have large quadrupole deformations with 
axis ratio about 2:1 are attributed to the remarkable shell effect emerging around those shapes. 
Some exotic shapes with reflection asymmetries have been also suggested both theoretically and 
experimentally for ground and excited states in certain regions of the nuclear chart. One of the most 
exciting subjects among them might be the possibility of tetrahedral deformation. 
In this talk, I will discuss the emergences of significant shell structures formed in spherical and 
various exotic-shape nuclear mean fields, and the studies on their semiclassical origins by means of 
the periodic-orbit theory (POT). In semiclassical trace formula, gross fluctuations in single-particle 
level density are described by the contributions of short classical periodic orbits. The magnitude of 
the contribution is strongly dependent on the stability properties of the orbit, which is quite 
sensitive to the shapes of the potentials. Notably, it often shows a remarkable enhancement around 
the bifurcation point of the orbit [1,2]. At the bifurcation points where new periodic orbits emerge 
in the system, the orbit accompanies a local family of periodic orbits around it which makes 
coherent contribution to the level density. The appearance of such degenerate family suggests a 
local restoration of dynamical symmetry around the periodic orbit. 
Thus, the bifurcations of short periodic orbits give the foundations in the outstanding stabilities of 
certain many-fermion systems and the origins of their deformations. After an introduction to the 
POT for gross shell structures, I will present the results of numerical applications to several nuclear 
phenomena, employing the semi-realistic mean-field models with and without spin-orbit coupling: 
- Semiclassical origin of nuclear magic numbers and the pseudospin symmetry [2] 
- Superdeformed shell structures [1,2] 
- Tetrahedral deformation and other types of octupole shapes [2,3] 
 
 
[1] K. Arita, Phys. Rev. C 86 (2012) 034317. 
[2] K. Arita, Physica Scripta 91 (2016) 063002. 
[3] K. Arita and Y. Mukumoto, Phys. Rev. C 89 (2014) 054308. 
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BENDER, Michael 

 

Beyond-Mean-Field Calculations Based on 

Time-Reversal-Invariance-Breaking HFB States - 

Prospects and Perspectives 
 

Michael Bender 
IPN Lyon, IN2P3-CNRS, Université Claude Bernard Lyon-1, Villeurbanne, France 

 
 

Recent progress in high-performance computing made it possible to push “beyond-mean-field 
calculations” for nuclear spectroscopy behind many of their past limitations. This presentation will 

report on the ongoing development of a fully microscopic approach that aims at the mixing of 
angular-momentum and particle-number projected time-reversal-invariance-breaking triaxial HFB 
states within a generator coordinate method (GCM). Projection restores the selection rules for 

electromagnetic transitions that are crucial for the interpretation of experimental data, and the 
GCM turns out to be necessary for a meaningful analysis of coexisting structures in a given nucleus. 
A new type of effective Skyrme interaction is used in order to carry out such calculations without 

formal ambiguities. 
The breaking of intrinsic time-reversal invariance adds new degrees of freedom to this kind of 
approach that were completely absent in most earlier applications. In particular, it provides the 

means to model the coupling of single-particle states to collective motion. Examples to be 
addressed are the description of spectroscopic properties of odd nuclei in such a framework, and 
the role of non-collective degrees of freedom for low-lying states in even-even nuclei.  

While first results obtained clearly show the potential of this kind of many-body method for the 
detailed description of spectroscopic properties, there remain open problems related to the set-up 
and phenomenological adjustment of a predictive effective interaction that can be safely used in 

such calculations. 
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BIJKER, Roelof 

 

Geometric Symmetries in Light Nuclei 
 

Roelof Bijker 
ICN-UNAM, Mexico DF, Mexico 

 
 
The role of discrete (or point-group) symmetries in alpha-cluster nuclei is discussed in the 
framework of the algebraic cluster model which describes the relative motion of the alpha particles. 
Particular attention is paid to the discrete symmetry of the geometric arrangement of the alpha-
particles, and the consequences for the structure of the corresponding rotational bands. The 
method is applied to study cluster states in the nuclei 12C and 16O. The observed level sequences can 
be understood in a simple way as a consequence of the underlying discrete symmetry that 
characterizes the geometrical configuration of the alpha-particles, i.e. an equilateral triangle with 
D(3h) symmetry for 12C, and a tetrahedron with T(d) symmetry for 16O. The structure of rotational 
bands provides a fingerprint of the underlying geometrical configuration of alpha-particles. 
 
  



 

8 

 

BUCHER, Thifhelimbilu Daphney 

 
Characterisation of the iThemba LABS  

Segmented Clover Detector 
 

T.D. Bucher1, E. Laurie1, J. Easton2, S. Noncolela2, O. Shirinda1,3 
1 iThemba LABS, National Research Foundation, South Africa 

2 University of Western Cape, Department of Physics, South Africa 
3 Stellenbosch University, Department of Physics, South Africa 

 
 
The iThemba LABS segmented clover detector manufactured by Canberra France is made up of four 
front tapered n-type HPGe crystals packed closely together in the same cryostat. Each crystal has 60 
mm diameter and is 90 mm long before shaping. The crystals have segmentation in depth at 35 mm. 
The outer contact of each crystal is electrically segmented into 8 contacts. This results in a total of 
36 electronic channels of which 32 are associated with the outer contacts and 4 with the inner core 
contacts of the detector. 
iThemba LABS acquired a Multi Geometry Simulation (MGS) and AGATA Detector Library (ADL) 
codes to simulate the pulse shapes for the iThemba LABS segmented clover detector. These codes 
are capable of simulating the pulse shapes for an arbitrary gamma-ray interaction position within 
the germanium. With these codes, the sensitivity of the iThemba LABS segmented clover detector to 
the exact position of the gamma-ray interaction was tested. The characterization of the detector in 
order to obtain realistic simulations of the pulse shapes is advancing well. The biased voltage and 
the impurity profiles for each crystal as given by the manufacturer are implemented into the codes. 
The orientation of the crystal lattice of one of the germanium crystal is measured and the results 
show that the fast <100> axis is at an angle of 47 degree. The measurements of the preamplifier 
response function for the core of one germanium crystal is performed and implemented into the 
ADL code. The analysis showed that the preamplifier response function of the core is different from 
that of the segments. A modified response function was used for the segments. The drift velocity of 
electrons is been measured and implemented into the ADL code. After including these properties of 
the germanium crystal into the ADL code, we found excellent agreement between the shapes of the 
simulated and measured charge collecting pulses. 
In addition, the proportional cross-talk as a function of the deposited gamma-ray energy was 
determined. In some cases proportional cross-talk as large as 40keV was observed. The correction 
for the proportional cross–talk was successfully implemented and the full gamma-ray energies 
were recovered. Lastly the scanning of the detector for 90 degree Compton scattering is 
progressing well. 
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BUDACA, Radu (1) 

 
Parameter-Free Solutions of the Bohr Model with 

Modified Shape Phase Space 
 

 Radu Budaca 

"Horia Hulubei" National Institute for R&D in Physics and Nuclear Engineering, 

Bucharest, Magurele, Romania 
 

 

A series of new parameter-free models based on a deformed shape phase space associated to a 
Bohr Hamiltonian is discussed. The modified shape phase space is achieved either by combining 
different collective conditions or by inducing an energy dependence of the potential energy. The 
former approach is applied in case of the critical point of the shape phase transition between 
spherical and axially symmetric shapes, while the latter is employed in exactly solvable gamma-
unstable models where the energy dependence in the potential is easier to implement. The 
theoretical construction of the formalisms and the conditions realizing parameter-free energy 
spectra are dully explained. The new parameter-free models acquire or break various 
characteristics of associated dynamical symmetries, fact which provides strong spectral signatures 
for searching experimental candidates. 
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BUDACA, Radu (2) 

 
Shape Phase Transition with a Quasi Exactly Solvable 

Sextic Potential 
 

 P. Buganu and R. Budaca 

"Horia Hulubei" National Institute for R&D in Physics and Nuclear Engineering, 

Bucharest, Magurele, Romania 
 

 

The quasi-exact solvability of the sextic potential with a centrifugal barrier is adapted for the 
gamma-rigid prolate regime of the Bohr-Mottelson model. The scaling property of the potential 
leads to a single parameter dependence of the normalized energy spectrum comprising the ground 
and beta vibrational bands with all the associated E2 transition probabilities. Through the variation 
of the free parameter, one can follow a shape phase transition between a spherical equilibrium 
shape and a well deformed one, crossing a critical point where the potential is maximally flat. Such 
a theoretically predicted transition is found to occur in the Ru isotopic chain, with 104Ru identified 
as a critical nucleus. 
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CASTEN, Richard 

 

The Dangers of Statistical Tests of Nuclear Structure Models 

 
R. Casten 

  Yale University, Old Field, USA 

 

 

It is common to assess the quality of nuclear models using statistical tests such as chi-square 
measures. Yet such tests, carried out without special care, can be extremely misleading. These 
dangers center on three issues: how to deal with data of differing precision, which observables to 
focus on, and theoretical uncertainties. These topics will be discussed with simple (idealized) 
examples. Time permitting, an application to a model of a partial dynamical symmetry based on 
SU(3), will be discussed, that illustrates the pros and cons of this model, the importance of valence 
nucleon number, and the issues of testing models mentioned above. 
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CEDERWALL, Bo 

 
Neutron-Proton Correlation Phenomena in the Heaviest 

Tz≈0 Nuclei 
 

Bo Cederwal 
Department of Physics, KTH Royal Institute of Technology, Stockholm, Sweden 

 
 

Nucleonic pair correlations play an important role in many nuclear structure-related phenomena as 
well as for nuclear masses. Nuclei with N≈Z exhibit enhanced neutron-proton (np) correlations as 
the valence neutrons and protons occupy identical orbitals, although the details of these 

correlations are not well understood. In particular the consequences for nuclear pairing and 
superfluidity have been in the focus for a long time. In addition to the normal isovector (T=1) 
pairing mode based on like particle nn and pp Cooper pairs which have their spin vectors 

antialigned and occupy time-reversed orbits, neutrons and protons may here also form np T=1, I=0 
pairs. Of special interest is the long-standing question of the possible presence of a BCS-type of np 

pairing condensate [1-3] predicted to be built primarily from isoscalar T=0, I≠0 np pairs, which still 
eludes experimental verification. The talk will review various, mainly experimental, aspects of 
enhanced neutron-proton correlation phenomena in nuclei along the N=Z line, approaching 100Sn 

and beyond. In this unique region of the nuclear chart a rather complex picture of neutron-proton 
pair correlations with is beginning to emerge [4]. The search for isoscalar BCS-type pairing and 
investigations of the related “static” spin-aligned neutron-proton pair structure [5,6] in the A=90-

100 mass region will be discussed. The talk will touch upon different experimental approaches and 
their future potential, with an emphasis on gamma-ray spectroscopic methods. 
 

 
[1] Goodman, A.L., Adv. Nucl. Phys. 11, 263 (1979) 
[2] Engel, J., Langanke, K. & Vogel, P., Phys. Lett. B 389, 211–216 (1996) 

[3] Civitarese, O., Reboiro, M. & Vogel, P., Phys. Rev. C 56, 1840–1843 (1997) 
[4] Frauendorf, S.  & Macchiavelli, A.O., Prog. Part. Nucl. Phys. Lett. 78, 24–90 (2014) 
[5] Cederwall, B. et al., Nature 469, 68–71 (2011) 

[6] Qi, C. et al., Phys. Rev. C 84, 021301 (2011) 
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CHEN, Qibo 

 
Descriptions of Triaxial Band Structures in 133La 

 

Q. B. Chen* 
State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking 

University, Beijing, China 
 

 
Since the chirality in nuclear physics was originally suggested 20 years ago, it has been one of the 
hot topics in nuclear physics.  

Recently, experimental results on the odd-A 133La nucleus have been obtained from a high-statistics 
experiment performed at the ATLAS accelerator facility with the Gammasphere array. Three new 

bands of quadrupole transitions and one band of dipole transitions are identified, and the 
previously reported level scheme is revised and extended to higher spins.  
Here the focuses are mainly on the theoretical descriptions for the observed structures in 133La. 

Firstly, the adiabatic and configuration-fixed constrained covariant density functional theory 
calculations were performed to search for the possible configurations and deformations. Potential 
energy surfaces in the β-γ plane are obtained. The configurations are tentatively assigned to all 

observed bands. With the obtained configurations and deformations, the particle rotor model 
calculations were carried out to calculate the experimental energy spectra and B(M1)/B(E2) ratios. 
Furthermore, the orientation of the angular momenta of the core and of the active particles is 

investigated. It is found that the chiral geometry exists in the nearly degenerate dipole bands, and 
the other dipole band can be interpreted as a magnetic rotation band. 
 

  

                                                           
*
 Thanks to A.D. Ayangeakaa, M.P. Carpenter, C.J. Chiara, U. Garg, S.S. Ghugre, S. Guo, R.V.F. Janssens, 

F.G. Kondev, T. Lauritsen, J.T. Matta, J. Meng, B.K. Nayak, R. Palit, D. Patel, C.M. Petrache, 

D. Seweryniak, and S. Zhu for the fruitful discussions. 
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CLÉMENT, Emmanuel 

 
Shape Coexistence at the 40 Sub-Shell Closures 

 

Emmanuel Clément 
CNRS GANIL, Caen, France 

 
 
Shape coexistence at the Z=40 and/or N=40 are examples of interplay between macroscopical and 
microscopical effects in nuclear matter leading to the competition between spherical normal state 
and intruder deformed configurations. How the nuclei change drastically its shape when adding or 
removing one or two pairs of nucleon remains an open subject in nuclear structure. Experimentally, 
the development of radioactive beams facilities and state of the art detections systems opened new 
avenues in the study of shape coexistence. In this presentation, the systematic study of shape 
coexistence in neutron deficient Se and Kr isotopes, neutron rich Sr and Zr and neutron rich Fe and 
Ni isotopes below 68Ni will be discussed from both experimental and theoretical perspectives. 
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CRAWFORD, Heather 

 
Shapes and Symmetries in Nuclei Studied with GRETINA* 

 

Heather Crawford 
Nuclear Structure Group, Nuclear Science Division, LBNL, Berkeley, USA 

 

 
GRETINA [1], a first implementation of a gamma-ray tracking array, combines unparalleled position 
resolution, large Ge efficiency, and good P/T to provide a powerful tool for inbeam gamma-ray 

spectroscopy. 
The commissioning in 2012 demonstrated the technical feasibility and unique capabilities of a 
gamma-ray tracking array, and successful physics campaigns have followed at NSCL/MSU 

(2013/14) and ATLAS/ANL (2014/15). New physics results have been shown in a broad range of 
topics, confirming the excellent performance of the array in both high and Coulomb barrier- energy 
environments, and in multiple configurations. GRETINA is again operating at NSCL for a second 

campaign coupled to the S800 spectrometer. 
In line with the topic of this workshop, we will present selected highlights from these scientific 
campaigns that have focused on the studies of nuclear shapes, symmetries, and collectivity. 

 
 
[1] S. Paschalis, I.Y.Lee et al., NIM A709 (2013) 44-55 

 
  

                                                           
*
 This work is supported by the U.S. Department of Energy, Office of Nuclear Physics, under contract no 

DE-AC02-05CH11231. 



 

16 

 

CSEH, Jozsef 

 

Exotic Shapes and Exotic Symmetries 

 
Jozsef Cseh 

MTA ATOMKI, Debrecen, Hungary 

 

 
Recently we have developed a new method for the determination of the shape isomers, which is 
based on the self-consistency of the quadrupole deformation [1,2,3]. We carry out Nilsson 
calculations in combination with the quasidynamical U(3) symmetry [4]. The advantage of this 
approach is that the connection of the deformed state with the possible cluster-configurations, and 
consequently with the reaction channels which can populate them (or in which they can decay) is 

determined by an U(3) selection rule. In the case of the hyperdeformed state of the 36Ar [1] and the 
superdeformed states of the 28Si [2] the experimental observations [5,6] seem to justify our 
theoretical predictions.  For the description of the excitation spectrum, including the low-lying part, 
as well as the shape isomer, we apply [7] the semi microscopic algebraic quartet model [8]. This 
model is a symmetry governed truncation of the no-core SU(3) shell model [9]. 
The multichannel dynamical symmetry [10] connects the quartet (shell) model with the cluster 
description [11] (within the semi microscopic algebraic approach). In the cluster framework we 
apply Elliot’s SU(3) model for the internal structure of the clusters, and the relative motion is also 
treated in terms of an algebraic model [12]. 
When the multichannel dynamical symmetry holds, then not only the cluster model states can be 
selected from the shell model basis, but the energies and the electromagnetic transition ratios are 
in coincidence as well. Therefore, a complete cluster spectrum can be projected out from the 
quartet description. 
In the case of the 28Si nucleus we were able to predict the 12C+16O cluster spectrum of the high-lying 
molecular resonances from the quartet-model description of the low-lying bands [7], in good 
agreement with the experimental finding. 
 
 
[1] J. Cseh, J. Darai et al, Phys. Rev. C 80 (2009) 034320 
[2] J. Darai, J. Cseh, D.G. Jenkins , Phys. Rev. C 86(2012) 064309 
[3] J. Darai, J. Cseh et al, Phys. Rev. C 84 (2011) 024302; Phys. Lett. B 639 (2006) 451 
[4] D. J. Rowe et al, J. Math. Phys. 29 (1988) 572; Phys. Lett. B 210 5 (1988) 5 
[5] W. Sciani et al, Phys. Rev. C 80 (2009) 034319 
[6] D.G. Jenkins et al. Phys. Rev. C 86 (2012) 064308 
[7] J. Cseh, G. Riczu, Phys. Lett. B 757 (2016) 312 
[8] J. Cseh, Phys. Lett. B 743 (2015) 213 
[9] T. Dytrych et al., J. Phys. G 35 (2008) 123101 
[10] J. Cseh, Phys. Rev. C 50 (1994) 2240 
[11] J. Cseh, Phys. Lett. B 281 (1992) 173;  J. Cseh, G. Lévai, Ann. Phys. (NY) 230 (1994) 165 
[12] F. Iachello, R.D. Levine, J., Chem. Phys. 77 (1982) 3046 
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CULLEN, David 

 
Lifetimes of Nuclear States in Proton-Emitting Nuclei 

from Differential Plunger Measurements 
 

David Cullen 
University of Manchester, United Kingdom 

 
 
Over the last few years, a programme of research performed at the University of Jyvaskyla, Finland 
has established the first measurements of the nuclear state lifetimes built above proton emitting 
states [1-5]. Lifetimes have been deduced in several nuclei; 109I [1], 151Lu [2,3] and 113Cs [4] for the 
first time using a specially constructed Differential Plunger for Unbound Nuclear States (DPUNS) 
plunger [5]. The new experimental results have led to the development of a non-adiabatic quasi-
particle code which has been required to explain proton emission based on the experimental 
deformations extracted from the lifetime measurements. This talk will show how the new lifetime 
values for the ground- and isomeric-state proton decays in 151Lu are best interpreted by a mildly 
oblate deformation, settling a long-standing theoretical debate about the shape of 151Lu. The very 
recent lifetime results for the more deformed proton emitter 113Cs will also be discussed. In this 
case the wavefunctions extracted from the non-adiabatic quasi-particle code were used separately 
to evaluate both proton emission and gamma-ray transition rates as a function of deformation. In 
this study, a consistent quadrupole deformation was found to match both the experimental proton 
emission half-life and the lifetime of the electromagnetic state in 113Cs. This deformation is in 
agreement with the earlier proton emission studies, but is now more firmly supported based on the 
measured electromagnetic transition rates. The perspectives for future measurements with a new 
differential plunger involving two degrader foils and its application to measuring lifetime in 
isobaric analogue states will also be discussed. 
 
 
[1] M. Procter, D.M. Cullen et al. Phys. Lett. B704 (2011) 118–122 
[2] M. Procter, D.M. Cullen et al. Phys. Lett. B 725 (2013) 79–84 
[3] M. Taylor, D.M. Cullen et al. Phys. Rev. C 91, 044322 (2015) 
[4] D. Hodge, D.M. Cullen et al. To be submitted to Phys. Rev. C. May 2016 
[5] M. Taylor, D.M. Cullen et al. Nuclear Instr. and Methods in Phys. Res. A 707 (2013) 143–148 
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DEDES, Irene 

 

Mathematical Modelling of the Nuclear Mean-Field: 

Woods-Saxon Potential as a Test Case 

 

 
 Irene Dedes 

IPHC, IN2P3-CNRS, Université de Strasbourg, France 

 
 
We present the results of our pilot project which aims at establishing the uncertainties in 
reproduction of the single-nucleon levels within the spherically symmetric phenomenological 
nuclear mean-field Hamiltonian – here modelled with the help of the Woods-Saxon potential. This 
specific model Hamiltonian has certain advantages: it is relatively simple, but at the same time it 
contains all the mathematical features needed for testing the parametric instabilities. Therefore we 
believe it provides an excellent test-ground for the nuclear mean-field theories and the underlying 
Hamiltonians. 
In our tests we use the set of experimental single-particle levels in the well-known spherical nuclei 
16O, 40Ca, 48Ca, 56Ni, 90Zr, 132Sn, 146Gd, 208Pb. An important part of the information about predictive 
power can be obtained by an appropriate sampling within the full population: In our case the full 
population is composed of 8 nuclei and by selecting various sub-sets for which we optimize the 
parameters we are able to verify the quality of the predictions in the remaining elements of the 
population. The latter correspond to the borders of the population, in which case we talk about 
“prediction-mode extrapolation”, in the opposite case: “prediction-mode interpolation”. In parallel 
we perform the Monte-Carlo tests of the parametric correlations. According to the well-known 
theorems of the inverse problem theory of Applied Mathematics, the presence of the parametric 
correlation destabilizes the possibility of a reliable prediction in the extrapolation mode - the most 
important in the domain of the physics of exotic and superheavy nuclei. We present the illustration 
of the process of elimination of the parametric correlations and discuss the possible solutions in the 
nuclear context. 
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We extend to odd nuclei an equation of motion phonon method (EMPM) developed for even-even 
nuclei [1], which describes the detailed spectroscopic properties of neutron rich nuclei, including 
the fine structure of giant and pygmy dipole resonances [2, 3, 4]. Following closely the EMPM 
prescriptions [1], we derive and solve iteratively a set of equations of motion which yield an 
orthonormal basis of states composed of an odd particle coupled to orthonormal multiphonon core 
states in turn generated iteratively, starting from a Tamm-Dancoff basis, by the EMPM procedure.  
The basis so obtained is used to solve the eigenvalue problem in the full particle-phonon space. The 
formalism does not rely on approximations. These are, nonetheless, allowed naturally by the 
particle-phonon structure of the states. For way of illustration, we performed a self-consistent and 
parameter free calculation for A=17 isobars in space encompassing, for each spin v, particle-core 
states |(p × αn)v〉 with n = 0, 1, 2, 3. Starting with a Hamiltonian composed of an intrinsic kinetic 
term and an optimized chiral nucleon-nucleon potential at next-to-next leading order (NNLOopt), 
which minimizes the contribution of the three-body term [5], we derived a Hartree-Fock (HF) basis 

from a harmonic oscillator space including all the shells up to Nmax = 16 and determined a TDA 
basis free of center of mass spurious admixtures [6]. We further included all particle-core two and 
three phonon states fulfilling the energy conditions Eα2 ≤35MeV and ǫp+Eα3 ≤55MeV, respectively. 
The coupling to the one phonon states brings the HF energies very close to the corresponding 
experimental levels. The particle-phonon energies enhance greatly the level density, consistently 
with experiments. They however, lie above ∼ 11 MeV and do not get intermixed with the single- 
particle levels as the experiments would require. The two phonons leave the low energy spectrum 
unchanged and have the only effect of enhancing further the level density above ∼ 8 MeV. Only once 
the three phonons are included, several particle-phonon intruders fill the low energy sector and 
reduce greatly the gap with experiments. The three phonons also induce a strong quenching and 
fragmentation of the electric dipole resonance in qualitative agreement with the experimental cross 
section. A further moderate quenching would be needed for a complete agreement. The phonon 
states have a weak quenching effect on the magnetic moment and the beta decay ground state 
transition, consistently with experiments. They also contribute significantly to approach the 
theoretical quadrupole moments to experiments but not sufficiently to reproduce the measured 
values. For a better agreement, it would be necessary to enhance the weight of the particle-core 
components. 
 
 
[1] D. Bianco et al., Phys. Rev. C 85 2012, 014313 
[2] F. Knapp et al.,  Phys. Rev. C 90  2014, 014310 
[3] F. Knapp et al., Phys Rev. C 92  2015, 054315 
[4] G. De Gregorio et al., Phys. Rev. C 93 2016, 044314 
[5] A. Ekström et al., Phys. Rev. Lett.110 2013 192502 
[6]. D. Bianco et al., J. Phys. G. Nucl. and Part. Phys 41 2014 025109 
  



 

20 

 

DE GREGORIO, Giovanni (2) 

 

A Self-Consistent Equation of Motion Multiphonon 

Method for Even and Odd Mass Nuclei 
 

G. De Gregorio1,2, F.  Knapp3, N. Lo Iudice1,2, P. Vesely4 
1 University of Naples "Federico II", Napoli, Italy 

2 Istituto Nazionale di Fisica Nucleare (INFN), sezione di Napoli, Napoli, Italy 
3 Institute of Particle and Nuclear Physics, Charles University, Prague, Czech Republic 

4 Institute of Nuclear Physics, Academy of Sciences, Czech Republic 
 
 

Several extensions of the random-phase approximation (RPA) have been adopted to study the 
fragmentation of the giant dipole resonance (GDR) and, in general, the anharmonic features of the 
nuclear spectra. Relativistic quasiparticle time blocking approximation (RTBA) [1], second RPA 
(SRPA) [2, 3], and the quasiparticle phonon model (QPM)[4] are some of them. 

We have proposed an equation of motion phonon method (EMPM) [5, 6] which derives and solves 
iteratively a set of equations of motion to generate an orthonormal basis of multiphonon states 
built of phonons obtained in particle-hole (p-h) Tamm-Dancoff approximation (TDA). 
Such a basis simplifies the structure of the Hamiltonian matrix and makes feasible its 
diagonalization in large configuration and phonon spaces. The diagonalization produces at once the 
totality of eigenstates allowed by the dimensions of the multiphonon space. The formalism treats 
one-phonon as well as multiphonon states on the same footing, takes into account the Pauli 
principle, and holds for any Hamiltonian. 

The method was adopted mainly to investigate the dipole response in the heavy, neutron rich, 208Pb 
[8, 9] and 132Sn [10]. Fully selfconsistent calculations using a Hamiltonian composed of an intrinsic 
kinetic term and an optimized chiral potential NNLOopt [7] have emphasized the crucial role of the 
two-phonon basis in enhancing greatly the fragmentation of the GDR and the density of low-lying 
levels associated to the pygmy dipole resonance (PDR), consistently with experiments. 

Recently, the method has been formulated in terms of quasiparticles and applied to the open shell 
neutron rich 20O. A calculation using a Hartree-Fock-Bogoliubov basis derived from the same chiral 
Hamiltonian has shown that the low-lying spectrum can be reproduced only once the two-phonon 
basis is included. The two phonons have an important quenching effect on the dipole response, 
necessary for reproducing semi-quantitatively the experimental cross section in both GDR and PDR 
regions. 

The method has been extended, now, to odd nuclei with one particle external to a doubly magic 
core. An analogous set of equations is derived and solved iteratively to generate an orthonormal 
basis of states composed of a valence particle coupled to n phonons (n = 1,2,…n…) generated within 
the EMPM. 

A self-consistent calculation, using the same chiral potential in a space including up to two phonons 
and, under some simplifying assumptions, three phonons, has been performed for the A=17 nuclei. 
The multiphonon states enhance enormously the density of levels and compress the whole 
spectrum, consistently with the data. They contribute substantially to improve the agreement with 
the experimental moments and transitions strengths. Moreover, they exert a crucial quenching 
action on the dipole response, necessary for reproducing the cross section in GDR and PDR regions. 
 
 
[1] E. Litvinova et al. 2008 Phys. Rev. C 78, 014312 
[2] P. Papakonstantinou et al. 2010 Phys Rev. C 81, 024317 
[3] D. Gambacurta et al. 2011 Phys. Rev. C 81, 054312 
[4] V. G. Soloviev, Theory of Atomic Nuclei Quasiparticles and Phonons  
      (Institute of Physics Publishing, Bristol, Avon, 1992) 
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Recent experimental discoveries have revealed that the neutron effective single-particle evolution 
above 78Ni (N>50) shows peculiar or unpredicted behaviours. The aim of this work is to determine 
the nature of the low-lying yrast or quasi yrast 7/2+ and 9/2+ states in 32 < Z < 40, odd-neutron 

N=51 nuclei, in order to assess their ‟collective” (core-particle coupled) or υ1g7/2 and 
υ(2d5/2)2(1g9/2)-1 single-particle origin and better constrain the relative position of the neutron 
single-particle states above a 78Ni core. Calculations show that there is a difference of about two 

orders of magnitude between core-particle coupled state and single-particle state half-lives.  
A Recoil distance Doppler-shift (RDDS) experiment has been performed at LNL (Italy). Neutron-rich 
nuclei were produced via multi-nucleon transfer with the 82Se(@ 505 MeV) + 238U system. The 

setup combined the AGATA demonstrator, the PRISMA fragment spectrometer and the Cologne 
plunger. The number of plunger distances was restricted to only two with the goal to provide the 

half-live domain (< 1 ps or several tens ps) of the states of interest. Half-lives of the lowest-lying 
7/2 and 9/2 states of two N=51 nuclei, 87Kr and 85Se, as well as indications of higher lying state half-
lives up to spin 19/2- in 87Kr have been measured. Structure analysis of these states will be 

discussed. 
A 14 days experiment combining AGATA and the VAMOS fragment spectrometer has been run last 
year with the aim to probe the medium spin structure of neutron-rich nuclei in the vicinity of 78Ni, 

to experimentally determine the size of the N=50 gap as well as the πf5/2-πp3/2 spacing in 79Cu. The 
fusion-fission mechanism in inverse kinematics for the 238U (@ 6.2 MeV/A) + 9Be reaction at an 
energy around the Coulomb barrier was used as it was earlier shown to be an efficient method to 

populate neutron-rich nuclei at relatively large angular momentum. AGATA in a compact 
configuration was coupled to VAMOS++, providing an event-by-event unambiguous (A,Z) 
identification of one of the fission fragments, and the prompt gamma-rays emitted in coincidence. 

The VAMOS++ and AGATA data presorting is completed. Excellent mass and atomic number 
resolutions have been obtained. Preliminary results on the gamma rays assigned to various 
neutron-rich Ge and Zn isotopes will be presented. 

 
  

                                                           
*
 On behalf of the AGATA-PRISMA and AGATA-VAMOS collaborations 
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Based on the recent development of ab initio many-body calculations for medium mass nuclei, I will 
discuss how nuclear phenomena associated with the emergence of rotational and particle number 
symmetry breaking are described within first principle calculations. 
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New excited states have been recently discovered in the 212Po nucleus in the study of a transfer 

reaction of an α particle from a low-energy heavy-ion beam. These new states have surprising 
properties, such as extremely short lifetimes: thus their decay mode, which only proceeds via the 
emission of a dipole electric E1 transition, implies the existence of a large electric dipole moment of 

the system [1,2]. 
The 212Po isotope is a heavy nucleus with 4 nucleons above the doubly magic stable nucleus 208Pb. 
As such, its structure should be relatively easy to describe through the shell model, namely, 

2 neutrons and 2 protons placed on the first available orbits, solutions of the potential created by 
208Pb. But this type of model cannot explain that the system would have an electric dipole moment 
at such low excitation energy. Only the assumption of a cluster-type structure “α+208Pb”, underlying 

in 212Po, can explain the existence of these new states. Until now, “α+core” states had been reported 
only in light nuclei, and interpreted as arising from the collective rotation of the system around its 
center of mass. However, in the case of the “α+208Pb” system, the collective rotation is prevented by 

the great mass of the spherical core. The states discovered in 212Po have been interpreted by a 
completely new mechanism: the vibration of the “α-core” distance around its equilibrium 
position [1,2]. 

The population mechanism of these cluster states has been studied using data recorded in a 
dedicated experiment performed at Jyvaskyla. The influence of the dipole momentum of the 

projectile on the population of the cluster states has been characterized via the comparison of the 
212Po production yields obtained from two different beams. 
In order to go further, an experiment –already accepted– will be performed at GANIL using a setup 

combining the AGATA γ array and a silicon particle detector [3]. 
 
 

[1] A. Astier et al., Phys. Rev. Lett. 104, 042701 (2010) 
[2] A. Astier et al., Eur. Phys. J. A. 46, 165-185 (2010) 
[3] A. Jungclaus and A. Astier. Approved proposal at GANIL (2015) 
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Breaking of the rotational symmetry is spontaneously induced by the coupling between the 
individual particle motions and the corrective motion, which was pioneered by Bohr and 
Mottelson [1]. Furthermore, the interplay between the spatial deformation and the pair 
deformation, which is the deformation in the gauge space, play important roles in nuclear structure. 
The deformation is a fundamental element to determine spectroscopic properties of nuclei. 
Systematic, non-empirical, and unrestricted studies of nuclear shape could provide useful insights 
into the nuclear structure. 
We have performed a systematic study of the nuclear excited states with a self-consistent mean-
field model employing Skyrme effective interaction [2]. Our calculation is based on the Hartree-
Fock plus BCS model represented in the three dimensional Cartesian coordinate space which allows 
to describe any shape, such as non-axial octupole deformation while dealing with the pairing. 
In this work, we calculate the ground states of nuclei over 1,000, and show the distribution for 
quadrupole (prolate, oblate and triaxial) and octupole deformed nuclei. Figure 1 shows the 

octupole deformed nuclei in the chart with respect to the octupole deformation parameter β3. We 
can see a characteristic localization of the distribution, and we will discuss non-axial octupole 
deformation appeared in our results.  
 
This work was funded by ImPACT Program of Council for Science, Technology and Innovation 
(Cabinet Office, Government of Japan), and was supported by Interdisciplinary Computational 
Science Program in CCS, University of Tsukuba. 
 
 
 
[1] A. Bohr and B. R. Mottelson, Nuclear Structure  Vol.II (W. A. Benjamin, 1975) 
[2] S. Ebata, T. Nakatsukasa and T. Inakura, Phys. Rev. C90 (2014) 024303 
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Traditionally effective interactions like Skyrme, Gogny or relativistic interactions have been used in 
basic mean field approaches to describe with great success bulk properties of ground states of 
nuclei, such as masses, quadrupole moments, radii, etc. However, recent developments in beyond 
mean field calculations, with particle number and angular momentum projection in conjunction 

with the Generator Coordinate Method (with the deformations (β,γ), pairing gaps (∆Z, ∆N) and 
angular frequency as generator coordinates) have shown that the Gogny force [1,2,3] is also able to 
provide high quality nuclear spectroscopy. 

Applications to the description of the spectrum and transition probabilities of the nuclei 42Si and 
44S as well as the odd and even Mg isotopes show that these calculations provide an accuracy 
comparable with state-of-the-art shell model calculations with tuned interactions. The advantages 
of the present approach as compared to the shell-model one are the added value of the intrinsic 
system interpretation and that the interaction, the Gogny force, is well known for its predictive 
power and good performance for bulk properties all over the chart of nuclides. 
 
 
[1] M. Borrajo, T. R. Rodriguez and J. L. Egido, Phys. Lett. B 746 (2015) 341-346 
[2] J. L. Egido, M. Borrajo and T. R. Rodriguez, Phys. Rev. Lett. 116 (2016) 052502 
[3] M. Borrajo and J. L. Egido, submitted for publication 
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The study of exotic nuclei at the limits of nuclear existence by laser spectroscopy requires the 
application of a technique with high efficiency and high spectral resolution. Laser ionization in the 
low-temperature and low-density supersonic gas jet from a de Laval nozzle installed at the buffer 
gas cell exit, results in a great reduction of the collisional broadening and thereby in a significant 
improvement of the spectral resolution [1] and the ionization efficiency. In-gas-jet laser 
spectroscopy studies on the neutron deficient actinium isotopes 214,215Ac (at the N=126 shell 
closure) revealed a total spectral resolution down to ~400 MHz, enabling a 25-fold improvement in 
the extracted isotope shifts and hyperfine A- and B- parameters in comparison to former in-gas-cell 
spectroscopy studies [2]. Moreover, the results show that the total ionization efficiency in the gas 
jet is comparable to that in the gas cell (~0.5 %) and can potentially be improved by at least one 
order of magnitude by optimizing the duty cycle. Combining these results with state-of-the-art 
atomic calculations, nuclear properties such as spins, magnetic dipole and electric quadrupole 
moments, and differences in mean charge radii have been obtained for a number of actinium nuclei 
around the N=126 neutron shell closure. A comparison to large-scale shell-model calculations 
provides new evidence to the extent of magicity in this region. 
Further characterization and optimization of the in-gas- jet technique is ongoing at the off-line 
IGLIS laboratory at KU Leuven, where the physical and technical limits of the technique are being 
explored. This will ensure the best performance in spectral resolution and ionization efficiency for 
the future IGLIS setups [3] that will be coupled to the in-flight mass separator MARA, at the 
Department of Physics in the University of Jyväskylä, and to the Superconducting Separator 
Spectrometer (S3) at the new radioactive ion beam facility SPIRAL2 (GANIL). 
 
 
[1] Yu. Kudryavtsev et al., Nucl. Instr. Methods B 297 (2013) 7 
[2] R. Ferrer et al., in preparation 
[3] R. Ferrer et al., Nucl. Instr. Meth. B 317 (2013) 570 
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Changes in nuclear structure are expected in nuclei around neutron-rich shell closures at 78Ni and 
132Sn with a large neutron to proton ratio. Unexpected features appear and collective phenomena 
may arise in the vicinity of these exotic shell closures. Relevant experimental information may be 

obtained from gamma spectroscopy in combination with excited-level half-life measurements. 
The Advanced Time-Delayed Method (fast-timing) has been used to measure level lifetimes in 
several Sn, Sb and Te nuclei around the doubly magic 132Sn nucleus. Complementary production 

techniques were employed. Firstly, beta-decay studies have been performed at the ISOLDE facility 
at CERN. 

In one experiment high-purity Sn beams have been extracted by means of SnS+ molecular ions. In a 
second experiment pure, isomer selective, In beams where laser-ionized. Secondly, prompt-fission 
γ-ray measurements have been performed at the PF1B beam line of the reactor of the Institut Laue–

Langevin (ILL), where fission was induced by cold-neutrons, and measurements were carried out 
with a mixed array of Ge and LaBr3(Ce) detectors. 
Information on several nuclei around 132Sn will be provided. We will discuss single-particle states 

in the odd 131Sn and 133Sn, where the isomer selective of the beta-decaying In parents help 
disentangle the decaying patterns. We will also report on transition rates in 135Sb, where the low-
lying 1/2+ state had been earlier identified in beta-decay. The collective E2 transition can be 
compared with the 11/2+ ground-state transition. We will also address the 136Te B(E2; 2+ → 0+) 

puzzle, where the reduced transition rate (in combination with the increased 2+ energy) is not 
consistent with the empirical rule for quadrupole collectivity, nor with the enhanced E2 transitions 

in neighbouring Sb isotopes. The measurements at low energy from beta-decay will be put in 
context in comparison with lifetimes of higher spin states obtained in the fission experiment at ILL. 
A comparison of to 138Te will be provided. 
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I will describe highlights of experiments done at the Holifield Radioactive Ion Beam Facility 

(HRIBF) using pioneer techniques, methods and instrumentation developed specifically for this 
purpose during the last decade and a half. These experiments were aimed to the study of neutron-
rich nuclei primarily at or near the magic numbers. HRIBF was a premier ISOL facility for the 

production of high quality and purity radioactive ion beams. Measurements of energies, B(E2), Q, g 
factors of low-lying states along important isotopic and isotonic chains using new particle-gamma 

instrumentation and techniques. Our approach has been to reduce the risk of unknown systematic 
errors with appropriate experimental design and simplicity of experimental procedures and 
analysis. Progress in the development of a new charged particle array, and on the use of polarized 

targets will be discussed. Finally, I will briefly discuss the possibility of experimentally studying 
shapes of large clusters of atomic ions. 
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The concept of isospin has been widely used in lighter N≈Z nuclei where it is a reasonably good 
quantum number [1-2]. It is, however, interesting to note that the purity of isospin may be restored 
in neutron-rich systems, which are now becoming more accessible in labs [3-4]. Besides, the 
neutron-rich fragments emitted in nuclear fission present a good opportunity to test the goodness 
of isospin [5-6]. 
In this paper, we present the results of our calculations for the relative yields of neutron-rich fission 
fragments emitted in 208Pb(18O, f) by using conservation of isospin and compare [7-8]. We fix the 
isospin of the compound nucleus first and assume that the neutron evaporation leaves us with a 
residual compound nucleus which breaks into fission fragments. We take into account all the 
possible isospin values allowed by algebra and the fact that the fission fragments arise as Isobaric 
Analog States. We then write the isospin wavefunction in terms of the fragments and the Isospin 
Clebsch Gordon Coefficients are used in calculating the fragment yields. We also use the neutron 
multiplicity data for various n-emission channels in each partition, and use them to obtain the 
weight factors in calculating the yields. We then calculate the relative yields of fission fragments. 
Our calculated results are able to reproduce the experimental trends reasonably well. This 
establishes that isospin conservation may prove a very useful concept in neutron-rich systems. 
 
 
[1] W. Satula, W. Nazarewicz, Physica Scripta 91, 023013 (2016) 
[2] D.D. Warner, M.A. Bentley, P.Van Isacker, Nature Physics 2, 311 (2006) 
[3] D. Robson, Annu. Rev. Nucl. Sci. 16, 119 (1966); Science 179, 133 (1973) 
[4] A.M. Lane and J.M. Soper, Nucl. Phys. 37, 663 (1962) 
[5] A.K. Jain, D. Choudhary, B. Maheshwari, Nuclear Data Sheets 120, 123 (2014) 
[6] S. Garg, B. Maheshwari, A.K. Jain, Proc. DAE Symp. Nucl. Phys. 60, 170 (2015) 
[7] A. Bogachev et al, Eur. Phys. A 34, 23 (2007) 
[8] P. Banerjee et al, Phys. Rev. C 92, 024318 (2015) 
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Large-scale shell-model calculations have become a well-established approach to microscopically 
investigate medium- and heavy-mass exotic nuclei, whose description, especially when concerning 
collective properties, requires very large model spaces with many valence nucleons. However, in 
spite of the progress in solving eigenproblems of considerable complexity the dimensions of the 
energy matrices to be diagonalized are in some cases still too large to be exactly addressed also 
with up-to-date shell-model codes. One is therefore forced to adopt truncations of the shell-model 
basis, which are usually based on allowing only a limited number of particle-hole cross-shell 
excitations.  
Here, a new procedure, developed within the framework of realistic shell model, is proposed to 
reduce the computational complexity of large-scale shell-model calculations [1,2]. First, we derive 
an effective “mother” Hamiltonian within a large model space, starting from the free nucleon-
nucleon potential. 
As a second step, we find out the single-particle orbitals relevant to describe the class of isotopes or 
isotones under investigation by studying the effective single-particle energies (ESPE) of this 
Hamiltonian. Finally, a new effective Hamiltonian, defined in the truncated model space including 
the identified reduced number of orbitals, is constructed by way of an unitary transformation of the 
“mother” Hamiltonian. This double-step approach provides a truncation procedure by effectively 
preserving as much as possible the role of the rejected degrees of freedom. As an application, we 
consider nuclei around 100Sn, i.e. even-even 90-98Zr, 92-98Mo, 94-98Ru, 96-100Cd, 98-102Pd, 100-104Sn nuclei. 
Our aim is to check the reliability of our double-step truncation approach and investigate the role of 
the Z = 50 cross-shell excitations in explaining the quadrupole collectivity observed along these 
isotopic chains. Our starting effective Hamiltonian is defined within a model space spanned by 
seven 1p1/2, 0g9/2, 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 proton orbitals and by five 0g7/2, 1d5/2, 1d3/2, 2s1/2, 
0h11/2 neutron orbitals, considering 88Sr as inert core. The one- and two-body terms of this 
Hamiltonian, as well as the effective charges for electric quadrupole transition operator, are 
derived from the high-precision CD-Bonn nucleon nucleon potential [3] by way of many-body 
perturbation theory [4]. By following the evolution of the neutron and proton ESPE, two reduced 
model spaces are identified and the corresponding Hamiltonians constructed. Then, the excitation 
energies of the yrast 2+ states and the B(E2; 0+→ 2+) transition rates are calculated using the three 
Hamiltonians, whenever possible, showing the ability of the truncated Hamiltonian to reproduce 
eigenvalues and electromagnetic transition rates of the original Hamiltonian, especially when the 
ESPE provide a neat separation in energy between the new model subspaces. The comparison of 
experimental and calculated results is also discussed. 
 
 
[1] L. Coraggio, A. Covello, A. Gargano, N. Itaco, and T. T. S. Kuo, Phys.Rev. C 91, 041301 (2015)  
[2] L. Coraggio, A. Gargano, and N. Itaco, submitted to Phys. Rev. C  
[3] R. Machleidt, Phys.Rev. C 63, 024001 (2001)  
[4] L. Coraggio, A. Covello, A. Gargano, N. Itaco, and T.T.S. Kuo, Prog.Part. Nucl. Phys. 62, 135 (2009) 
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The phenomenon of shape coexistence in atomic nuclei has now been established as a relatively 
common behaviour across the nuclear chart. The appearance of these structures seems to depend 
on the delicate interplay between the occupation of different single-particle orbitals and the 
strength of the proton-neutron interactions. A range of experimental setups have been developed at 
ISAC to study shape coexistence effects. 
Shape coexistence between low-lying structures of different shape has been established in the 
neutron-deficient krypton isotopes. In the case of 78Kr which lies at the boundary of this region of 
coexistence, there are discrepancies in the B(E2) transition strengths reported in literature 
between measurements using beta decay and Coulomb excitation. At ISAC, 78Kr has been studied 
through the beta decay of 78Rb using the 8pi spectrometer with the PACES electron detectors. In 
addition, a Coulomb excitation study will be performed at TIGRESS with the SPICE detector. 
In the neutron-rich Sr isotopes there is a dramatic change in ground-state structure that occurs at 
neutron number 60. A series of transfer reaction studies with accelerated radioactive beams has 
been performed with the SHARC silicon barrel coupled with the TIGRESS array to examine the 
evolution of single-particle orbitals around this transition point. 
The details of these studies and other recent experiments will be given and a look to future 
opportunities at ISAC. 
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NUSTAR comprises the current nuclear structure, astrophysics and reactions programme at GSI 
and its proposed continuation and extension at FAIR. NUSTAR relies on the availability of exotic 
rare isotope beams produced by fragmentation reactions and fission of relativistic heavy ions.  
The fragment separator FRS and a versatile set of instruments, including gamma arrays, particle 
spectrometers and a storage ring enable unique experiments at GSI. The Super-FRS at the FAIR 
facility will provide several orders of magnitude stronger beams, providing access to the extremes 
of nuclear stability. To exploit these opportunities novel experimental set-ups are in preparation. 
R&D efforts result already now in improved detectors and enables the NUSTAR collaboration to 
steadily enhance the sensitivity and selectivity limit of their experiments. Current NUSTAR physics 
highlights will be discussed as well as plans for the Phase-0 programme starting in 2018 with the 
powerful FAIR injectors and the Phase-1 programme at the final FAIR facility. 
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Recent Results in the 100Sn Region 
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The nuclear structure in the 100Sn region will be presented. State-of-the-art experimental 
techniques involving stable and radioactive beam facilities have enabled access to exotic nuclei in 
its next neighbourhood. The analysis of experimental data has established the shell structure and 
its evolution towards N = Z = 50, seniority conservation and proton–neutron interaction in the g9/2 

orbit, the super-allowed Gamow–Teller decay of 100Sn, masses and half-lives along the rp-path, and 
super-allowed α decay beyond 100Sn. The status of theoretical approaches in shell model and mean-
field investigations will be discussed and their predictive power assessed. Selected structure 
features of 100Sn and its doubly-magic neighbours 56Ni at N = Z, 132Sn and 78Ni at N ≫ Z are 
compared. 
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Transition Rate Measurements at Extremes of Shape Coexistence 
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The region of the nuclear chart around neutron-deficient Pb nuclei is of great interest in modern 
nuclear structure physics as intriguing phenomena such as the coexistence of multiple shapes have 
been observed. The relation between these configurations and underlying microscopic nuclear 
structure can be studied by measuring transition energies, and transition probabilities between the 
coexisting structures. In nuclei close to the Z = 82 shell gap and the neutron mid shell at N = 104, 
large valence neutron space together with the relatively small proton shell gap provides us with an 
excellent laboratory for such studies. 
Reduced transition probabilities, B(E2) values, give particularly precise information of the 
collectivity and its development in atomic nuclei as a function of N and Z. Measurements of the 
B(E2) values have been carried out through mean lifetime measurements of the neutron-deficient 
Hg, Pb and Po nuclei close to the neutron mid shell at the Accelerator Laboratory of the University 
of Jyväskylä [1]. These studies at the extremes of the proton and neutron ratio have utilised 
selective tagging methods by employing the JUROGAM I & II γ-ray spectrometers and the RITU gas-
filled recoil separator. Experimental methods and the results of these studies, and their impact on 
the theory development will be discussed. 
 
 
[1] R. Julin, T. Grahn, J. Pakarinen and P. Rahkila,  
       Journal of Physics G: Nuclear and Particle Physics 43 (2016) 024004 
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Magnetic Dipole Moment of Chiral Bandhead in 128Cs 
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Magnetic dipole moment measurements may provide an essential data for spin orientation in a 
three component systems like doubly-odd nuclei with core rotation included. Semi classical 
additivity formula for the g-factor of a three component system has a term sensitive to mutual 
orientation of the three angular momenta vectors of the components. In a semi-classical picture, 
this dependence may be used to recognize whether the three angular momenta vectors of 
components are located in one plane (planar configuration) or span the three-dimensional space 
(aplanar configuration). This is particularly interesting in case of nuclear chirality where aplanar 
configurations are expected. Even more interesting observation gives the quantum picture of a 
single coupling scheme. Such coupling scheme is defined as the unique set of expected mutual 
angles between each pair of the angular momenta vectors. The expected angles are always 
maximally chiral as a result of spin precession in quantum angular momentum algebra. Therefore, 
if the wave function of a nuclear state is close to a pure coupling scheme it will always have 
observables with maximum chirality although the nuclear chirality may not be defined in such a 
system due to spin precession. However, the real nuclear states are wave packets built of 
superpositions of many coupling schemes in a spherical basis. This gives the transition to semi-
classical picture where orientations of the three angular momenta vectors are well defined and the 
planar configuration may be formed and observed by the measured g-factor values. Results of the 
TDPAD experiment performed at IPN Orsay will be used to discuss the above features. The g-factor 
of the πh11/2 ⨂ νh11/2 chiral bandhead has been determined indicating significant component of non-
chiral spins configurations. 
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Breaking of Axial Symmetry in Excited Heavy Nuclei 
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During investigations performed at HZDR and TU-Dresden on photon scattering and a study of 
recently reviewed [1,2] experimental results from radiative neutron capture a remarkable effect of 

symmetry breaking in excited heavy nuclei was realized. Such symmetry breaking was predicted 
recently by CHFB-calculations performed at CEA-DAM [3], and the Dresden work was mainly based 
on the deformation values from these calculations. Their impact on predictions for photon strength 

functions and nuclear level densities was investigated; for the latter the following points are of 
importance: 
When axial (or spherical) symmetry is not assumed ad hoc, the collective enhancement of level 

densities leads to good agreement of experimental data to Fermi-gas predictions without the 
usually applied quasi arbitrary increase of the level density parameter. One can then stick to the 
prediction obtained from the Fermi-energy and an only small correction for surface effects is 

needed. The agreement was shown to be equally good for heavy nuclei in the range of 60<A<240 
independent of their distance from nuclear shells. Respective results for spin 1/2 states in nuclei in 
the valley of stability were published as Phys. Lett. [4]; a full paper is expected to appear soon [5]. 

As shown there, a considerable improvement of predictions for average neutron capture resonance 
spacings by a modified back-shifted Fermi-gas model (BSFM) was found. 
This BSFM closely follows the basic principles for a gas of weakly bound Fermions including: 

(1) a phase transition at a temperature defined by statistical theory, 
(2) pairing condensation quasi-independent of nucleon number A,  

(3) the level density parameter fixed by the Fermi energy; 
(4) in finite nuclei the back-shift energy is defined by shell effects [6] and 
(5) the collective enhancement is considerably enlarged, when the projection onto fixed angular 

momentum allows for a broken axial symmetry [4,7]. 
Nearly no parameter fitting is needed to arrive at a good reproduction of average resonance 
spacings [2] for spin-½ in a large number of nuclei as reached by neutron capture into spin-0-

targets, including Maxwellian averaged cross sections [1]. A wide range of Ex was covered by 
complementing the modified BSFM by a constant temperature approximation below the phase 
transition point [8,9]. 

The unexpected finding [4] of broken axial symmetry in a wide range of nuclei with A>50 finds 
additional support by a detailed study [5] of experimentally determined IVGDR shapes: Here only 
one global width parameter suffices and the consequent use of three poles leads to a surprisingly 

good agreement of the data to triple Lorentzians with perfect accordance to the classical TRK sum 
rule.  
 

  

                                                           
*
 now at: Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA 
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A Coulomb excitation experiment to study electromagnetic properties of the strongly-deformed 
band in 42Ca and its coupling to yrast states was performed at the Laboratori Nazionali di Legnaro 

in Italy using the γ-ray spectrometer AGATA Demonstrator and the DANTE charged particle 
detector array. 

The motivation for this measurement was the observation of a rotational structure in 42Ca, which is 
similar to previously identified super-deformed bands in several A~40 nuclei, such as 40Ca, 36,38Ar, 
44Ti. Lifetime measurements in 42Ca using the Doppler-shift attenuation method suggest a smaller 

deformation of the band built on the second 0+ state (1837 keV) than in the case of 40Ca. On the 
other hand, the moment of inertia of this band was found to be very similar to the one of the super-
deformed band in 40Ca. Another argument for the highly-deformed character of this band was the 

observation of its preferential feeding by the low energy component of the highly split GDR 
decaying from 46Ti. 
In the present experiment, Coulomb excitation was used for the first time to populate the highly-

deformed band and to study its decay. Shape parameters of a weakly-deformed ground-state band 
and highly-deformed slightly triaxial side band in 42Ca were determined from E2 matrix element 
measured in the first low-energy Coulomb excitation experiment performed with AGATA. The 

picture of two coexisting structures is reproduced by new state-of-the-art large-scale shell model 
and beyond-mean-field calculations. In this talk the super-deformed and slightly triaxial character 
of the band built on 0+2 will be discussed. 
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Inspired by the increased experimental observations and theoretical interest to a detailed 
spectroscopic study of the light superheavy nuclei, the single-particle and rotational properties of 
nuclei with Z ~ 100 are investigated systematically by the Cranked Shell Model (CSM) with pairing 
correlations treated by a Particle-Number Conserving (PNC) method [1, 2], in which the Pauli 
blocking effects are taken into account exactly. 
By fitting the experimental bandhead energies in more than 30 odd-A nuclei with Z ~100, a new set 
of Nilsson parameters ( and µ) is proposed [3]. The experimentally observed variations of moment 
of inertia (MOI) for the even-even, odd-A, and odd-odd nuclei are reproduced very well by the PNC-
CSM calculations. The upbending mechanism in this region is understood clearly. Taking Cm and Cf 
isotopes for example, the upbendings in the ground state bands are mainly caused by the intruder 
proton (N = 6) i13/2 orbitals. The rotational properties of odd-odd nuclei 251Md and 255Lr are 
investigated in detail [4, 5]. Note that for the odd-odd nuclei in this mass region, the rotational 
bands up to high spin have been observed only in these two nuclei. For the first time, the effect of 
the proton N = 7 major shell in this mass region is tested. The intruder of the proton high-j low- 
1j15/2 (1/2[770]) orbital could lead to band-crossings at frequency region ℏw = 0.15 - 0.25 MeV 
which is quadrupole deformation dependent. The high-K isomeric states observed in experiment 
are studied systematically [6]. The including of the high order deformation 6 leads to a 
strengthened deformed shell gaps at N = 152 and Z = 100, and a better reproduction of the isomer 
energies [6]. Paring reduction of the high-K isomer states in 254No and the systematically observed 
K = 8− isomer states in N = 150 isotones are discussed in detail. Recently, PNC-CSM is further 
developed to describe the properties of the reflection asymmetric nuclei [7]. The microscopic 
mechanism of the frequency variation of the alternating-parity bands in even-even 236,238U and 

238,240Pu and the parity doublets in odd-A nuclei 237U and 239Pu will be presented. 
 
[1] J. Y. Zeng, and T. S. Cheng, Nucl. Phys. A 405, 1 (1983) 
[2] J. Y. Zeng, T. H. Jin, and Z. J. Zhao, Phys. Rev. C 50, 1388 (1994) 
[3] Z. H. Zhang, XTH, J.-Y. Zeng, E.-G. Zhao, and S.- G. Zhou, Phys. Rev. C85, 014324 (2012) 
[4] XTH, Z. Z. Ren, S. X. Liu, and E. G. Zhao, Nucl. Phys. A 817, 45 (2009) 
[5] Y. C. Li and XTH arXiv:1602.01933 
[6] XTH, et al., in preparation 
[7] Y. C. Li and XTH, in preparation 
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In the last decades, the changing structure of nuclei far from stability has attracted a considerable 

amount of attention both experimentally and theoretically. One of the oldest examples is the island 
of inversion around N = 20, where deformed intruder configurations become the ground state 
below the conventionally expected spherical configurations. Since the structure of the nuclei at the 

edges of the island of inversion results from the subtle balance between stabilizing shell gaps and 
proton-neutron correlations, their study is imperative to improve our understanding of the drivers 
of the sudden structural changes in this region. 

Located above the deformed Mg isotopes, the neutron-rich Al isotopes (Z = 13), constitute the 
northern border of the island of inversion. The results of two β-NMR/NQR experiments on 33Al and 
34Al will be presented [1]. The high-precision of the quadrupole moment of 33Al reveals a significant 

amount of intruder configurations in its ground state, placing it inside rather than outside the 
island of inversion. Furthermore, the g-factor and quadrupole moment of the recently discovered 1+ 
state in 34Al [2] is discussed. This state is proposed to have a 1p-1h intruder configuration, so far 

unique in the island of inversion where 2p-2h (and 4p-4h) excitations are found to dominate the 
wave functions. Its g-factor and quadrupole moment, in comparison with the 1+ normal ground 

state of 32Al, enables the confirmation of the proposed intruder nature and offers the exceptional 
opportunity to study the increase in deformation due to these particular 1p-1h excitations. 
 

 
[1] H. Heylen et al., submitted to Phys. Lett. B 
[2] F. Rotaru et al., Phys. Rev. Lett. 109, 092503 (2012) 
 

 

  

                                                           
∗
 For the LISE-GANIL β-NMR collaboration (KU Leuven - GANIL - CEA/DAM/DIF - RIKEN - University of 

Athens - University of Tokyo - Tokyo Institute of Technology) 
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The onset of the deformation in neutron-rich nuclei around A = 100 mass region has for many years 
remained one of the most interesting subjects for nuclear spectroscopy study. For the neutron 
number N = 60, a sudden onset of the deformation has been observed at the ground state, which is 

manifested by the presence of rotational bands (e.g. [1]). On the other hand the occurrence of shape 
coexistence in nuclei with N = 58 and 59, in this region (e.g. [2]), suggests that the evolution of the 
deformation is a more gradual process. In the yttrium isotopic chain, a rotational band above the 4-, 

496-keV K-isomer has been observed in the N = 59, 98Y nucleus, while there was no evidence of the 
deformed structure in the Y isotopes with neutron number less than N = 59. Our goal was to 
investigate N = 57, 96Y isotope where only a few states were known from beta decay study of 
96Sr [3] as well as the long 9.6-s (1140-keV) isomer [4]. 
The yttrium-96 isotope has been produced by fission of both 235U and 241Pu targets induced by cold 

neutron from the reactor at Institut Laue-Langevin. The level scheme up to excitation energies in 
excess of 5 MeV has been established based on multi-fold gamma-ray coincidence relationships 
measured with the EXILL spectrometer [5] which consists of up to 46 HPGe detectors. By exploiting 

delayed- and cross-coincidence techniques, extensive structure has been delineated. During the 
analysis, over 50 new gamma transitions which feed previously known low-spin states as well as 
the long 9.6-s, 8+ isomer have been identified. Moreover, a new isomeric state at 1655-keV 

excitation energy has been located with half-life of 175 ns. Angular correlation analysis allows to 
define spin-parity assignment for most of the identified levels, in particular (7+) for new isomer. By 
using the delayed-coincidence method it was possible to identify above the 175-ns state a few weak 

transitions, which seem to form a rotational band, in analogy to the structure above the 4- isomer in 
the 98Y isotope. 
The existence of the new isomeric state and the possible deformed band built on that isomer in the 

N = 57 96Y isotope shed new light on the study of the onset of deformation in neutron-rich nuclei 
around N = 60. It shows that the deformed structures appear just after the subshell closure at 
N = 56 and evolve smoothly when passing through N = 57-59 isotopes, to became a ground state 

structure in the 99Y isotope, i.e., at N = 60. 
 

 
[1] E. Chiefetz, R.C. Jared, S.G. Thompson, J.B. Wilhelmy, Phys. Rev. Lett. 25 (1970) 38 
[2] W. Urban et al., Nucl. Phys A 689, 605 (2001) 

[3] G. Jung et al., Nucl. Phys. A 352, 1 (1981) 
[4] R. Stippler et al., Z. Phys. A 284, 95 (1978) 
[5] A. Blanc et al., EPJWeb Conf. 93, 01015 (2015)  
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The shape of a particular nucleus results from an interplay between the collective (macroscopic) 
and single-particle (microscopic) energies and, therefore, highly depends on both the atomic 

number Z and the neutron number N. The neutron-rich nuclei around Z=40 and N=60 provide one 
of the best territories for the exploration of this sensitivity. Indeed, the sudden onset of 

deformation observed for neutron-rich nuclei with Z = 36–40 nuclei near N=60 is considered the 
most dramatic shape change in the nuclear chart. Nevertheless, the resent study of the yttrium 
isotopic chain reveal occurrence of shape coexistence in the 98Y isotope [1] and possible rotational 

band above the 6- isomeric state in the 96Y nucleus [2]. This suggests that the evolution of the 
deformation is a more gradual process. Therefore, we decided to investigate whether deformed 
structures are still present in the 94Y nucleus which lies 5 neutrons away from the N=60 boundary. 

So far, very little spectroscopic information has been gathered on 94Y – what regards higher spin 
yrast excitations established was only the presence of the 1.35-μs, (5+) isomer at 1202 keV 
excitation energy [3]. This isomer could be used as a starting point for the identification of 

structures on top of it.  
The 94Y isotope has been produced by fission of 235U target induced by cold neutron from the 
reactor at Institut Laue-Langevin. The level scheme up to excitation energies of about 7 MeV has 

been established based on multi-fold gamma-ray coincidence relationships measured with the 
EXILL spectrometer [4] which consists of up to 46 HPGe detectors. During the analysis, over 30 new 
gamma transitions, which feed the previously known (5+) isomer, have been identified. Angular 

correlation analysis allows to define spin-parity assignment for most of the identified levels. The 
identified transitions don’t show any pattern characteristic for deformed structures. Furthermore, 

no higher located isomer has been found, similar to the ones known in heavier yttrium isotopes on 
which the rotational bands are built. Those findings are in line with the expectations that in 94Y only 
spherical structures are present at low excitation energy.  

 
 
[1] S. Brant, G. Lhersonneau, and K. Sistemich, Phys. Rev. C 69, 034327 (2004) 

[2] Ł. W. Iskra et al., to be published 
[3] J. Genevey et al., Phys. Rev. C 59, 82 (1999) 
[4] M. Jentschel et al., EXILL technical paper, JINST (subm. 2015)   
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Collective motions in atomic nuclei at low excitation energies have often been described in terms of 
rotation and vibration with respect to the ground-state shape. This picture can be altered in exotic 
nuclei with unusual proton-to-neutron ratios, where shape and shell effects can induce a delicate 

interplay between different structures. In self-conjugate nuclei at N=Z, proton and neutron shape 
(deformed shell) effects can be amplified, leading to shape coexistence phenomena pronounced in 
the A=70-80 region. On the neutron-rich side with large isospin asymmetry (N≫Z), the shell 

structure is significantly modified, which results in a competition between the normal and intruder 
configurations at the conventional magic numbers and sometimes induces the halo formation in 

weakly-bound nuclei. 
As a way to observe unique forms and dynamics of exotic isotopes which are often produced in very 
low amounts, the advanced gamma-ray array GRETINA (Gamma-Ray Energy Tracking In-beam 

Nuclear Array) has been employed in the lifetime measurement program with fast rare isotope 
beams at NSCL. This talk will provide an overview of the program and highlight physics results 
obtained for self-conjugate nuclei as well as very neutron-rich nuclei close to the drip-line. Recent 

studies on magnetic properties of halo nuclei will be presented and impacts due to spherical and 
deformed configurations on the transition strengths will be discussed. 
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In recent times, nuclear isomers have taken a centre stage in nuclear physics as they provide a 
useful handle to study various nuclear structure properties in unusual situations. We have recently 

presented a detailed tabulation of more than 2450 nuclear isomers [1]. In this talk, we mainly focus 
on the nuclear isomers in semi-magic nuclei with specific emphasis on the Sn isotopes. The Sn 
isotopes present the longest chain of isotopes with experimental data available from the doubly 

magic 100Sn to the doubly magic 132Sn and beyond up to 138Sn. This range of isotopes covers many 
sub-sets of active valence orbitals leading to significant changes in nuclear structure as we move 
from 100Sn to 138Sn. The concept of seniority, a beautiful symmetry arising from the pairing of 

nucleons in nuclei, has proved very useful in understanding the behavior of semi-magic nuclei. We 
use a generalization of this concept, known as the generalized seniority, and show that it behaves 
almost as a good quantum number throughout the Sn-isotopic chain. 

It is generally believed that the seniority isomers arise only due to E2 transitions, as the odd-tensor 
decays conserve the seniority and show a particle number independent behavior in a single-j 
scheme [2]. By extending the seniority picture to the multi-j degenerate orbitals i.e. the “generalized 

seniority”, we could establish that the decay properties are similar for both even and odd tensor 
electric transitions [3]. We have used this result to understand the decay trends of isomeric states 
as well as other excited states in the multi-j environment. For example, we have shown for the first 

time that the isomers from the Sn-isotopic chain display a similar behavior for E1 decaying 13− Sn-
isomers, and E2 decaying 10+ and 15− Sn-isomers [3]. These findings have opened up the way to 

find a new kind of seniority isomers decaying via odd-Electric transitions. To further extend the 
results for seniority changing transitions, we study the first excited 2+ and 3− states in Sn-isotopes, 
and found that our scheme successfully explains the asymmetric double parabolic trend of B(E2) 

values and the inverted parabolic behavior of B(E3) values [4, 5]. We also extend these calculations 
to the 6+ isomers in 134−138Sn isotopes [6]. To conclude, we are able to describe the decay properties 
of both the isomeric states and other excited states using a simple microscopic generalized 

seniority scheme. These results are supported by shell model calculations based on the most useful 
truncated space guided by the generalized seniority scheme. 
 

 
[1] A. K. Jain, B. Maheshwari, S. Garg, M. Patial and B. Singh,  
      ‘’Atlas of Nuclear Isomer”, Nucl. Data Sheets 128, 1 (2015) 

[2] I. Talmi, Simple Models of Complex Nuclei (Harwood Academic, 1993) 
[3] B. Maheshwari and A. K. Jain, Phys. Lett. B 753, 122 (2016) 
[4] B. Maheshwari, A. K. Jain and B. Singh, Nucl. Phys. A 952, 62 (2016) 

[5] B. Maheshwari and A. K. Jain, to be published 
[6] B. Maheshwari, A. K. Jain and P. C. Srivastava, Phys. Rev. C 91, 024321 (2015) 
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Double-sided silicon strip detectors (DSSSD) are commonly used for event-by-event identification 
of charged particles as well as the reconstruction of particle trajectories in nuclear physics 

experiments with both stable and radioactive beams. Intersecting areas of both p- and n-doped 
front- and backside sectors form individual virtual pixel segments allowing for a high detector 

granularity. DSSSDs are employed in demanding experimental environments and have to withstand 
high count rates of impinging nuclei. The illumination of the detector is often not homogeneous, 
consequently, radiation damages of the detector are distributed non-uniformly. Position-dependent 

incomplete charge collection due to radiation damage limits the performance and lifetime of the 
detectors, the response of different channels may vary drastically. Position-resolved charge-
collection losses between front- and back-side sectors are investigated in an in-beam experiment 

and by performing radioactive source measurements. A novel position-resolved calibration method 
based on mutual consistency of p-side and n-side charges yields a significant enhancement of the 
energy resolution and the performance of radiation-damaged parts of the detector.  

Supported by Bonn-Cologne Graduate School (BCGS). 
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In last years, several methods for microscopic calculations of the fine structure of giant and pygmy 
resonances were developed [1-3]. Among them, the Equation-of-Motion Phonon Method (EMPM) in 
particle-hole formulation was applied for the investigation of fine structure of E1 strength in 16O 
and heavier nuclei 132Sn, 208Pb [4-8]. Recently, EMPM was extended for open shell systems and 
applied to neutron-rich nucleus 20O [9]. It was shown, that multiphonon states enhance enormously 
the density of levels and fragment E1 strength, consistently with the data. The method is fully self-
consistent and designed for general two-body Hamiltonian. We will review recent results based on 
modern chiral nucleon-nucleon interaction NNLOopt [10]. Further, we will discuss the importance 
of two-phonon components in the description of ground states of spherical closed-shell nuclei 
within EMPM. 
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The response of the atomic nucleus to gamma radiation provides crucial information about its 
structure and the forces acting between constituent nucleons. To access these excited modes, 
within the framework of superfluid nuclear density functional theory, the linear response is one of 
the commonly used methods. Traditionally, the linear response, or the quasiparticle random phase 
approximation (QRPA), has been formulated in the matrix form. However, the matrix QRPA 
becomes computationally very demanding with deformed nuclei, resulting usually truncations in 
the used model space.  
To circumvent the large CPU and memory cost of the matrix QRPA, the finite amplitude method 
(FAM) solves the QRPA problem iteratively. We have developed recently a FAM-QRPA module 
which allows to handle non-axial multipole modes [1], without any truncations. This work 
demonstrated the first practical application of the iterative QRPA method for deformed superfluid 
nuclei, with an arbitrary multipole transition operator. 
As an application of the FAM-QRPA, we have done a systematic computation of the nuclear photo 
absorption cross sections for the heavy rare-earth nuclei [2]. The computed results show that for 
isotopes heavier than erbium, there is some deficiency in the cross section, when compared to 
experimental data. A simple modification of the Thomas-Reiche-Kuhn sum rule enhancement factor 
cannot cure this deficiency. 
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The even-even N=90 isotones with Z=60-66, present an interesting phase transition. This phase 
transition in nuclei is characterized by a sudden change of the shape of the nucleus [1]. 148Ce lies on 
the downboundaries of the phase transition region and therefore further elucidate the underlying 

mechanisms that lend the shape phase transition behavior.  
235U and 241Pu fission fragments were measured by a mixed spectrometer consisting of high-
resolution Ge and fast LaBr3(Ce)-scintillator detectors at the high-flux reactor of the ILL. Prompt γ-

ray cascades from the nuclei of interest are selected via Ge-Ge-LaBr3-LaBr3 coincidences. The good 
energy resolution of the Ge allows precise gates to be set, selecting the cascade, hence, the nucleus 
of interest. The excellent timing performance of the LaBr3 detectors in combination with the 

General Centroid Difference method [2] allows the measurement of lifetimes in the ps range in 
preparation for the FATIMA experiment at FAIR. The first results on neutron-rich 148Ce are 

presented. 
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Self-consistent RPA+Skyrme BCS approach is used for the description of E0 [1,2], E1 [3,6], E2 [2], 
M1 [4,5] giant resonance positions and shapes. Comparison of the calculated E0 strength functions 
with experimental data demonstrates a known fact that there is not possible to describe 
experimental GMR in all isotopes with one parametrization of effective nucleon-nucleon 
interaction. It is also manifested how the coupling between E0 and E2 modes leads to the double- 
peak character of the GMR observed in deformed nuclei. A toroidal character of the nucleon flow in 
the E1 excitations in the pygmy E1 resonance energy region is shown. This leads to the new 
interpretation of the pygmy resonance (pygmy resonance is not connected only with a vibration of 
the neutron skin versus N=Z core). Comparison of the Skyrme RPA results with other theoretical 
approaches and with corresponding experimental data on the giant M1 resonance demonstrates a 
good RPA description of the scissor (orbital) part of the M1 resonance while for a good description 
of the spin-flip part of the M1 resonance it is necessary to go beyond the RPA. Calculated neutron 
and proton flows in the excited states of deformed nuclei with energies ~3 MeV (scissor mode 
energies) are in agreement with the standard interpretation of the scissor M1 resonance (angular 
oscillation of the axially deformed proton system versus neutron system around an axis 
perpendicular to the nucleus symmetry axis). The shapes of the nucleon flow in other giant 
resonances are discussed as well. 
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The region of neutron-deficient nuclei near the Z=82 closed shell provides some of the clearest and 
most extensive examples of shape coexistence, a phenomenon where the atomic nucleus exhibits 

level structures characteristic of different nuclear shapes at low (similar) excitation energies. The 
most recent review [1] has summarized the status of shape coexistence in this region, describing a 
systematic picture of spherical, oblate and prolate shapes based on multiple particle-hole 

excitations across the Z=82 shell gap, with the deformed structures reaching their lowest excitation 
energies around the middle of the neutron shell at N=104.  
 

This contribution considers the case of 187Tl with N=106, where the typical picture of spherical, 
prolate and oblate shapes was first established from the observation of characteristic level 
structures associated with h9/2 and i13/2 protons coupled to prolate and oblate shapes, giving 

decoupled ΔI=2 and strongly-coupled ΔI=1 sequences, respectively [2,3]. Subsequent investigations 
determined the magnitudes of the deformations from lifetime measurements [4] and identified 

possibly deformed isomeric states based on three-quasiparticle excitations [5]. The latter study 
hinted at a more complex manifestation of shape coexisting states in this nucleus and motivated a 

more sensitive experiment using Gammasphere that was performed at Lawrence Berkeley 

National Laboratory, using a heavy-ion fusion-evaporation reaction involving a beam of 154 MeV 
32S ions incident on a 1.2 mg/cm2 159Tb target, backed with 4.5 mg/cm2 of 197Au. The beam from 

the 88-inch cyclotron was pulsed at 60 ns intervals, enabling the separation of both in- and out-of-

beam events. Preliminary results were presented in Ref. [6].  
 
We will discuss the full level scheme now deduced for 187Tl and make comparisons with new 

potential energy surface calculations (similar to those in Ref. [7]) that can be used, in conjunction 
with spectroscopic information and observation of characteristic level structures, to deduce the 
nature of the various shapes that are manifest in 187Tl. A rich structure of shape coexisting states is 

now identified beyond the usual spherical, oblate and prolate shapes. These include a well-
deformed triaxial band based on the 11/2−[505] proton state, deformed isomeric states based on 
multi-particle excitations, and an i13/2 proton band with an enhanced deformation mid-way 

between the usual prolate shape and the superdeformed shape (see, for example, Ref. [8] for the 
neighbouring case of 189Tl) that is observed in heavier Tl isotopes.  
 

  This work was supported by Australian Research Council Discovery Project FT100100991 
and the U.S. Department of Energy, Office of Science, Office of Nuclear Physics under Contract No. 
DE-AC02-05CH11231. 
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For escape-suppressed detector arrays such as Gammasphere, techniques have been developed to 
unfold spectra and, thus, to extract the true quasi-continuum of gamma rays emitted in fusion 

evaporation reactions [1]. This makes it possible to perform quasi-continuum spectroscopy at very 
high spins and finite temperatures (known as QC and Ridge spectroscopy, see [2]). Furthermore, by 
removing the heavimet shields from the BGO Compton suppressors of Gammasphere, it is possible 

to directly determine entry distributions for heavy ion reactions using the spectrometer as a 
calorimeter [2]. 
With the advent of tracking detector arrays, it should be possible to measure the quasi-continuum 

of gamma rays as well as entry distributions with superior precision. However, the techniques for 
doing so are significantly more elaborate. We will propose some new techniques and discuss the 
first results from unfolding of an 152Eu spectrum measured in a tracking array. 

This material is based upon work supported by the U.S. Department of Energy, Office of Science, 
Office of Nuclear Physics, under contract number DE-AC02-06CH11357. This research used 

resources of the ANL’s ATLAS facility, which is a DOE Office of Science User Facility. 
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When a left-handed and a right-handed nuclear system form in angular momentum space, a pair of 
nearly degenerate rotational bands is observed [1]. A good chiral symmetry is revealed by an 
observation of close near-degeneracy in all properties of the partner bands. Search for chiral 
symmetry systems was performed in 193,194Tl isotopes using the AFRODITE array at iThemba LABS.  
In 194Tl a pair with excellent near-degeneracy was discovered [2,3]. The close similarity of the 
bands was also confirmed by DSAM lifetime measurements [4]. A third partner band was found in 
this nucleus [3]. This observation hints at a possible formation of a second chiral system associated 
with the same configuration. This makes 194Tl a very interesting case for studying chiral symmetry.   
The analysis of the 193Tl data revealed the presence of three partner bands [5]. Spin and parity were 
assigned to these bands. A very interesting feature is that two of these bands cross each other. A 
tentative fourth band was observed, but could not be linked to known levels. 
The studies in the 193,194Tl isotopes will be presented and discussed. 

 
This work is supported by the National Research Foundation of South Africa. 
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The iThemba Laboratory for Accelerator Based Sciences has been operating a K=200 Separated 

Sector Cyclotron for nuclear physics research, isotope production and hadron therapy since about 
1986. The conflicting demands of these diverse application place severe restrictions on research 

capacity and on the possibility to respond to future demands.  
 iThemba LABS plans to acquire a high current 70 MeV cyclotron  that would serve the needs of  
radioisotope production, thus allowing the SSC to be used primarily for research. In addition an 

ISOL based Radioactive-ion beam facility using 66 MeV protons is planned. 
The first step towards a RIB facility is to install and test a suitable production target/ion source. We 
have a collaboration with INFN Legnaro, who will supply the “front-end’ which is a copy of the SPES 

target and ion source. The design can accommodate various target materials. With a uranium–
carbide target and 70 MeV protons at 150 μA the expected yield is 2 x 1013 fissions/s, however 
initial tests will be limited to 50 μA. The design of low-energy beam lines and end-stations are well 

advanced and it is expected that low-energy fission fragment beams could be available for 
experiments after 2018. 
Various options for the post-acceleration and experimental facilities are under consideration. 
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We present a symmetry-based approach for describing prolate-oblate and spherical-prolate oblate 
shape coexistence in nuclei [1]. The proposed number-conserving rotational-invariant bosonic 
Hamiltonian involves three-body terms. It preserves two different variants of SU(3) symmetry for 
the prolate and oblate ground bands and the U(5) symmetry for selected spherical states. 
Quadrupole moments and B(E2) transition rates, involving these states, are calculated in closed 
form and isomeric states are identified by means of selection rules. The purity of particular subsets 
of states, in the presence of other mixed states, demonstrates the relevance of partial dynamical 
symmetries to shape-coexistence in nuclei. 
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The N=20 Island of Inversion has been the subject of intense work, both experimentally and 
theoretically [1]. As protons are removed from 40Ca, changes in the balance between the monopole 
shifts of the single-particle levels and the pairing plus quadrupole correlations erode the N=20 shell 

gap, leading to deformed (2p2h, 4p4h) ground states in these nuclei, expected a-priori to be semi-
magic and spherical. The nucleus 32Mg takes center stage in this region where neutron pairs 
promoted from the sd to the fp levels across the narrowed N=20 gap are energetically favored. The 

enhanced occupation of these deformation-driving fp orbitals causes the nucleus to deform [2,3]. 

While there is evidence for the existence of deformed ground states, band structures, which are 
considered the fingerprints of rotational motion, have not been observed and a basic question on 

what exactly are the excitation spectra and collective modes remains largely unanswered. We will 
present results from a measurement with GRETINA [4] at the S800, studying the yrast band in 32Mg 

populated via a fragmentation reaction [5], and discuss the results, within a rotational description. 

In parallel, and contrary to the accepted interpretation and the results above, Fortune [6] carried 
out a two-level model analysis of the reaction 30Mg(t,p)32Mg, studied by Wimmer et al. [7] at 

CERN/ISOLDE and put forward the puzzling conclusion that in 32Mg the 0+1 appears to be 
dominated by the sd-shell components (≈80%) and the excited 0+2 by the fp-shell two-particles 
two-holes intruder. Inspired by Large-scale Shell Model calculations [5,8] that predict the 

coexistence of 0p0h, 2p2h and 4p4h states in the low-lying excitation spectra, we have reexamined 
the phenomenological analysis of Fortune extending it to a 3x3 level mixing. The results agree well 
with those of the Shell Model, and provide a simple framework that captures the main structure 

ingredients and solves Fortune’s puzzle. 
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The semi-magic nuclei are a fertile ground to look for good seniority states and a significant amount 
of work already exists in this area, more so for the Z = 50, Sn-isotopes. Seniority isomers arise due 

to the selection rules, generally relating to the E2 decays. In this paper, we present a comparative 
study of the identical and mirror behavior of the high-spin seniority isomers in the Z = 50 and the 
Z = 82 chains. The behavior of these isomers has been qualitatively discussed by many groups in 
terms of the single-j seniority ν = 2 and 3 states in the even-even and even-odd isotopes 

respectively, for both the chains. The high-j h11/2 and i13/2 intruder orbitals play an important role in 
these isomers. In this paper, we study the B(E2) variation of these isomers by using the generalized 

seniority scheme, applicable to many-j degenerate orbitals [1]. We show that the isomers known to 
arise mainly from the high-j intruder orbitals, do require the configuration mixing and the 
generalized seniority as an essential requirement. The large scale shell model calculations also 

support these results. 
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The study of properties of the giant dipole resonance (GDR), especially its gamma decay, at high 
temperature and angular momentum is one of the central topics in nuclear structure as it provides 
insight into the behaviour of nuclei under extreme conditions. Of special interest are shape changes 

induced by high angular momentum leading to very elongated nuclear shapes, particularly the 
predicted Jacobi and Poincare shape transitions. The former one has been experimentally observed 
in number of nuclei up to mass 90 [1-5]. The latter is predicted [6,7] to occur at extremely very high 

spins in exotic neutron-rich nuclei formed in fusion-evaporation reactions induced by high-
intensity radioactive beams 

In the talk the status of experimental findings, their interpretation, and possible connections to the 
superdeformed and hyperdeformed structures at low temperatures will be overviewed. In addition 
the outlook of this type of studies will be discussed in the context of soon available radioactive 

beam facilities. In addition, the concept and status of construction of the novel gamma-ray 
calorimeter PARIS [8] and its role in such investigations will be discussed. 
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The measurement of prompt fission γ-ray spectrum (PFGS) is quite important to study de-
excitation process of neutron-rich fission fragments, since the PFGS include information on sharing 
the total excitation energy between two fragments, and quantities such as level density parameters 

to describe de-excitation process of the fragments. The PFGS measured for spontaneous fission of 
252Cf shows a broad bump at energies more than 8 MeV. This interpreted as a giant dipole 
resonance (GDR) of the fragments centered around 15 MeV. For neutron induced fission, however, 

no data are available in the energy range larger than 7 MeV. This prompted us to make a new 
measurement to extend the known PFGS for 235U(n,f) up to 20 MeV. An experimental apparatus 

consists of two multi-wired proportional counters to detect fission fragments and two large volume 
LaBr3(Ce) scintillators to measure the γ−rays from the fragments. The measurement has been 
carried out at the PF1b beamline of the Institut Laue Langevin. Scintillators enable us to increase 

the detection sensitivity for the PFGS by about 5 order of magnitude, which is high enough to take 
data at energies more than 15 MeV. In this contribution, we will present the results obtained the 
measurement. We also present our recent activities on fission study using multi-nucleon transfer 

reactions, and future radioactive beam facility planned to be developed at Japan Proton Accelerator 
Research Complex (J-PARC). 
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An experiment has been realized using the EUROBALL IV array at Strasbourg to study the fission 
products produced in the reaction 208Pb(180,fγ). Nevertheless, the experiment also led to the 

production of 223Th in the fusion-evaporation channel, with three neutrons evaporated. The 
structure of thorium isotopes is known to present features of octupole collectivity. The aim of the 
present talk is to report new results about the structure of 223Th, with possible consequences on the 

characterization of its octupole properties. Indeed, the quality of the data allowed us to establish 
more than 25 new levels and extend the yrast band up to 49/2+. This observation has brought to 

light a sharp backbending occurring at the highest spins promoting the 223Th as the heavier thorium 
isotope having an accident observed in its moment of inertia. The interpretation of this 
phenomenon in terms of band crossing will be discussed. Moreover, a new non-yrast structure was 

discovered showing very different features and further details will be presented. 
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The Jacobi and Poincaré shape transitions, during which the shape is changing, correspondingly, 
from oblate through tri-axial to prolate, and from left-right symmetric to the left-right asymmetric 
shapes, have been originally predicted to occur in gravitational objects such as stars [1, 2]. The 

Jacobi shape transition was also predicted to exist in fast rotating atomic nuclei [3,4]. The presence 
of the latter was confirmed experimentally [5] in fast rotating nuclei. It then turns out that an 
atomic nucleus, similarly to the rotating stars, can change its shape from oblate via tri-axial to 

prolate (Jacobi transition) [1] and/or from left-right symmetric to the left-right asymmetric shapes 
(Poincaré transition) [2].  
Recently we have examined [6,7] a competition between the Jacobi-, and Poincaré-type shape 

transitions taking place in hot nuclei when angular momentum, L, increases. The analysis was 
focused on nuclei in which according to our predictions both of these transitions take place for the 
angular momenta below the critical fission limit value. We applied the LSD-C (Lublin-Strasbourg 

Drop - Congruence) model [7] for the macroscopic-energy expression, studied and optimized in a 
preceding article. We have examined systematically the properties of the transitions as well as the 

associated critical spin values defined as spins at which the onsets of the Jacobi and/or Poincaré 
transitions studied take place. We explicitly exploited the fact that the total energy landscape 
becomes flat gradually as function of certain deformation degrees of freedom when the angular 

momentum increases and the nuclei undergo large amplitude oscillations already for L much lower 
than their critical values. We calculated the most probable deformations corresponding the LSD-C 
model potentials by solving the associated collective Schrödinger equation exactly. Predictions 

related to various nuclei (Z=8 - 100) are discussed and illustrated. The highest chance to see the 
Poincaré shape transitions are in the neutron rich nuclei, which might be accessible using the 
beams from the Eurisol facility. 

 
 
[1] C. G. J. Jacobi, Vorlesungen uber Dynamik; Ed. A. Clebsch, printed by G. Reimer, Berlin 1884             

[2] H. Poincare, Acta Math.7, 259 (1885) 
[3] S. Cohen, F. Plasil and W. J. Świątecki, Ann. Phys. 82, 557 (1974) 
[4] K. Pomorski and J. Dudek, Int. J. Mod. Phys. E13, 107 (2004) 

[5] A. Maj  et al., Nucl. Phys. A 731, 319 (2004) and references therein 
[6] A. Maj, K. Mazurek, J. Dudek, M. Kmiecik and D. Rouvel, Int. J. Mod. Phys. E19, 532 (2010) 

[7] K. Mazurek, J. Dudek, A. Maj  and D. Rouvel,  Phys. Rev. C91, 034301 (2015) 
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Regarded as the evidence of stable triaxiality of nuclei, the chirality and wobbling have become hot 
topics in nuclear physics. Theoretically, it is extensively investigated by particle rotor model and 

tilted axis cranking approach. Recently, a collective Hamiltonian method was constructed based on 
the tilted axis cranking single-j shell model, and was successfully applied for investigating the chiral 
and wobbling modes. Its successes guarantee its application for realistic TAC calculations. 

 
During the past several decades, covariant density functional theory (CDFT) has achieved great 

successes in describing many phenomena in stable as well as exotic nuclei. In particular, the tilted 
axis cranking covariant density functional theory (TAC-CDFT) has been widely used to investigate 
the phenomena of magnetic rotation and antimagnetic rotation. Therefore, it is of interest to 

construct the collective Hamiltonian based on the TAC-CDFT to investigate the chiral mode. 
For describing the chiral mode, a three dimensional TAC-CDFT is necessary. Such a calculation is 
time-consuming. The current status of such attempt is introduced. Including the first step the 

collective Hamiltonian based on a two dimensional TAC-CDFT and the developed collective 
Hamiltonian to study the wobbling bands in 135Pr, and the progress of the collective Hamiltonian 
based on a three dimensional TAC-CDFT will be constructed. 
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FIPPS (Fission Product Prompt gamma-ray Spectrometer) is a new instrument under construction 
at the ILL in the context of ILL ENDURANCE program. FIPPS addresses two fundamental domains of 
nuclear physics: fission of heavy elements and structure of neutron rich matter. Neutron capture 
induced reactions provide a suitable way to investigate these domains. FIPPS will complement the 
existing Nuclear Physics instrument suite at the ILL.  
FIPPS consists of a high efficiency Ge detector array surrounding a fission target with a thick 
backing, coupled to a fission fragment spectrometer based on a gas filled magnetic (GFM) device. 
The new instrument will be positioned at a finely collimated halo-free thermal neutron beam at the 
ILL. The combined spectrometer will give access to new nuclear spectroscopy information of 
neutron-rich nuclides by tagging the complementary fragment and new insight into the fission 
process via combined measurements of mass A, nuclear charge Z, kinetic energy Ek and population 
of excited states. 
The status of the future instrument will be presented. 
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The transition of nuclei from spherical to deformed shapes has always been an interesting, yet 
controversial, topic in nuclear structure. Dramatic emergence of deformed ground-state structures 
in stable rare-earth nuclei between N = 88 and N = 90 has often been discussed in terms of a ‘phase 

transition’ [1]. One way to clarify the discussion is to expand the scope of investigation to heavier 
and lighter members of the sequence. However, the lighter isotones are quite neutron rich and 
inaccessible by conventional fusion-evaporation reactions. Nuclei in this region are also expected to 

exhibit strong octupole correlations [2] as polarisation of spin-orbit partners appears to quench the 
Z = 64 subshell closure, resulting in strong couplings between Δj = Δl = 3 nucleon orbitals 
(πd5/2 − πh11/2 and νf7/2 − νi13/2).  

Neutron-rich barium isotopes (Z = 56) have been the subject of recent investigation into the onset 
of nonaxial deformation [3]. This presentation will focus on detailed b–g spectroscopy of low-spin 
structures in the N = 90 nucleus, 146Ba, which was performed at the CARIBU facility [4]. 

Experimental observations are compared to predictions from the interacting boson model, which 
suggest that the role of the γ degree of freedom has previously been underestimated. Possible 
evidence of octupole correlations, which have been observed directly in 144Ba [3], will also be 

discussed.  
This research is supported by the Australian Research Council Discovery Project 120104176 and 

U.S. Department of Energy, Office of Science, Office of Nuclear Physics under Grants No. DE-FG02-
94ER40848 and No. DE-FG02-94ER40834 and Contract No. DE-AC02-06CH11357, and U.S. 
National Science Foundation under Grant No. 1064819. This research used resources of ANL’s 

ATLAS facility, which is a DOE Office of Science User Facility. 
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Major strides have been taken in recent years to access exotic neutron-rich nuclei through fission of 
heavy actinides. The CARIBU [1] radioactive ion-beam facility at Argonne National Laboratory 
exploits the spontaneous fission branch of 252Cf to deliver low-energy and re-accelerated beams for 

a variety of experiments. Fission fragments extracted from a ~1-Ci source are rapidly thermalised 
in a gas catcher. The resulting low-emittance beam is purified in the isobar and MR-TOF separators, 
before delivery to the experimental area. The X-Array (a highly efficient HPGe clover array) and 

SATURN (plastic scintillators and tape-transport system) decay-spectroscopy station [2] has been 
commissioned to perform detailed β-γ decay spectroscopy of un-accelerated (<10 keV) beams. 
Flexibility in design allows the needs of a variety of experiment to be met. The X-Array can be 

operated with one clover replaced by auxiliary detector arrays, such as fast-timing LaBr3 detectors 
or the UMass Lowell SCANS array of Cs2LiYCl6 scintillators [3]. Many new research projects are 
underway, including investigations into nuclear structure in the vicinity of 132Sn, shape changes in 

the A =100 mass region, and the shape of β-delayed neutron spectra. This presentation will review 
capabilities and first physics cases approached with the low-energy decay-spectroscopy program.  
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Six superdeformed rotational bands in 194Tl, which shows the pronounced increase in the dynamic 
moment of inertia (ℑ(�)) with rotational frequency (ℏ�) in A~190 mass region, are studied using 
soft rotor formula (SRF) [1]. The SRF formula has been used to assign band head spins (I0) of six 
rotational superdeformed bands in even-A (odd-odd) 194Tl nucleus. The least-squares fitting 
method is employed to obtain the band head spins of these six bands in A~190 mass region. The 
present approach profits from the comparison of the calculated transition energies with the 
experimental transition energies.  Model parameters are extracted by fitting of intraband γ-rays 
energies, so as to obtain a minimum root-mean-square (rms) deviation between the calculated and 
the observed transition energies. The excellent agreement between the calculated and observed 
transition energies gives good support to the model. The dynamic moment of inertia (ℑ(�)) is also 
extracted and its variation with rotational frequency (ℏ�) is investigated. 
 
 
R. K. Gupta, Phys. Lett. B, 36 (1971), 173 
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The nuclear structure of multiphonon γγ-band of 168Er is investigated by using the Modified Soft 
Rotor Formula (MSRF) proposed by Gupta et al. [1]. The moment of inertia parameters along with 
softness parameter and constant energy parameter EK so obtained are considered to study the 
nuclear structure. We further calculate the excitation energies of 168Er nucleus using these 
parameters and compared the results with experimental data and discuss their systematic. This 
provides very interesting results about the nature of the nucleus and its relation with deformation. 
The values of the softness parameter and positive values of moment of inertia are obtained for 
multiphonon γγ-band. The constant energy parameter EK in the MSRF formula is also illustrated. 
The staggering patterns in these bands are also studied in detail. 
 
 
[1] J. B. Gupta, S. Sharma and V. Katoch, Pramana J. Phys., 81 (2013), 75 
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Nuclei at the drip line are weakly bound and decay through various channels. Near the proton drip, 
for 80 > Z > 50, proton emission is the dominant decay process. Studies in this regard yield rich 
information about the structure and decay of such exotic nuclei [1]. In our approach [2-4], the 
proton emitters are considered as system of even-even core coupled to the valance particles. In a 
microscopic way, the Hamiltonian of the proton emitters can be evaluated through a coupling 
matrix which considers the coupling between the particles and the spectrum of the core. This 
model allows us to calculate the energies and the wave functions of the proton emitters without 
assuming a fixed moment of inertia for the core. We consider a nonadiabatic approach [2, 3] where 
we consider the Coriolis mixing of quasi-particle states near the Fermi energy, instead of assuming 
the (Nilsson) orbital from which the proton is emitted. We have tested the precision of rotational 
spectra obtained within our approach for nuclei near the beta-stability region and then applied it 
for nuclei around the proton drip line where we can calculate the decay widths also. Application of 
our approach to the deformed proton emitters 109I and 147,147mTm with triaxial shape degree of 
freedom reveals that the triaxial shapes are not important in the former but quite crucial in the 
latter. We could explain the decays of 147,147mTm and their rotational spectra in a unified way 
without any ambiguity in the choice of parameters. 
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Evaluation of nuclear structure and decay data is the ultimate step for broadly disseminating the 
results of fundamental research conducted over many years. These recommended data and their 
associated uncertainties are entered into databases such as ENSDF (Evaluated Nuclear Structure 
Data File) and are the cornerstones for current and future research. In order to build the decay 
scheme of a radionuclide, a critical review of every related publication is necessary. However, 
experimental information is always missing and theoretical models are mandatory for filling in the 
blanks. Beyond the huge effort to ensure the comprehensive nature of the databases, only limited 
testing is performed on a systematic basis. Such testing is essential in understanding the quality of 
the evaluated nuclear data stored therein. 
Regarding β decays, the LogFT program written in the 1970s has been used by evaluators ever 
since in order to calculate mean energies of β spectra, log ft values and intensities of electron 
capture transitions. Due to the limited computing power at that time, this code was implemented 
with very simple analytical models and tabulated parameters to ensure fast calculations. Aiming for 
better recommended data, the BetaShape program has been developed for the calculation of  
spectra with the ultimate intention of broadly disseminating it, beyond the data evaluation 
community. Ensuring fast computation is still mandatory nowadays when calculating thousands of 
transitions. An almost analytical model has thus been developed based on Behrens and Bühring 
formalism [1]. Allowed and forbidden unique transitions are calculated specifically and no 
limitation exists on the transition order, while forbidden non-unique transitions are determined 
using the ξ approximation. The Fermi function and the λ� parameters involved in the definition of 
the theoretical shape factor are determined from the Coulomb amplitudes of the relativistic 
electron wave functions. These wave functions are calculated for the Coulomb potential of a 
uniformly charged sphere, which means that the finite nuclear size effect is intrinsically taken into 
account. Dirac equations are solved numerically as no analytical solution exists even for such a 
simple potential. Radiative corrections that account for virtual photon exchange and internal 
bremsstrahlung were also implemented. The usual but very approximate screening correction from 
Rose was kept as an option but a new one adapted from Bühring [2], exhibiting no breakdown at 
low energy and being theoretically more refined, was also implemented. A database of measured 
shape factors has been included and experimental information is always preferred if present. The 
correlated ν spectrum is also calculated. Most of the formalism has been described in a recent 
publication [3], except the Bühring screening correction, together with a systematic comparison of 
these calculations with experimental shape factors gathered in the database. 
The BetaShape program can be used with a bespoke interface which extracts the data from ENSDF 
files to determine the parameters required for the calculation of each transition. All the transitions 
within the ENSDF database have been calculated using both LogFT and BetaShape. A comparison of 
the results highlights the strengths and weaknesses of the current nuclear data, stressing the need 
for an effort from all walks to improve the reliability of the nuclear structure databases. This 
statement is particularly true for nuclei sparsely studied by experimentalists where reliable 
theoretical predictions with firmly established uncertainties would be essential to improving the 
quality of the nuclear data. 
 
[1] H. Behrens, W. Bühring, Electron Radial Wave functions and Nuclear Beta Decay,  
      Oxford Science Publications (1982) 
[2] W. Bühring, Nuclear Physics A 430, 1 (1984) 
[3] X. Mougeot, Physical Review C 91, 055504 (2015) 
  



 

73 

 

NAÏDJA, Houda 

 
Collectivity in Neutron Rich Nuclei above 132Sn Core 

 

Houda Naïdja1 and Frédéric Nowacki2 
1 Constantine 1 University, Constantine, Algeria 

2 IPHC, IN2P3-CNRS, Université de Strasbourg, France 

 

 
New era for theoretical and experimental nuclear structure is dawning due on the one side to the 
number of successful approaches ranging from empirical fits of the interactions, to deriving them 

microscopically from the bare NN potential, and on the other side to the experiments progress by 
the availability of radioactive ion beams, which may provide a stringent test for the validation of 

various theoretical models. 
Within the shell model, special attention has been focused to the neutron rich nuclei beyond 132Sn, 
where many studies have been achieved by the calculations of the low-lying state energies and 

isomeric transitions of tin isotopes 134,136,138,140Sn. 
In the same context, making use of a realistic interaction derived from N3LO and including the 
model space above the closed core 132Sn, the energy levels and the electromagnetic transition rates 

of chain of even-even nuclei with 52 ≤ Z ≤ 60 will be presented and compared to the experimental 
data. I will mainly focus to the appearance of a deformation and the evolution of the collectivity in 
the chain of isotones N=86, where several signatures support the presence of triaxial γ-band in this 

mass region. 
These applications constitute a stringent test of our effective interaction, and our predictions can be 
provided as benchmark for future experimental measurements. 
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New super and hyper-deformed shapes isomers in even-even Hg to Th isotopes are foreseen [1-5]. 
The calculation bases on the macroscopic-microscopic model where the macroscopic energy is 
evaluated using the Lublin-Strasbourg-Drop method and the microscopic, shell plus pairing 
corrections are calculated with the Yukawa-folded single particle potential. The quadrupole 
moments and the energies of the lowest rotational state 2+ in all local minima of the potential 
energy surfaces are evaluated. They are in good agreement with experimental data in the ground 
states [3,5,6]. The obtained potential energy surfaces explain the main features of the fragment 
partition as measured in low-energy fission along the isotope chains which lie in a transitional 
region of the nuclear chart, and shall be essential to consistently understand the evolution of fission 
properties from neutron-deficient Mercury to heavy actinides. The ability of our method to predict 
fission observables over such an extended region looks promising. 
 
 
[1] B. Nerlo-Pomorska, K. Pomorski and C. Schmitt, Physica Scripta, T154 (2013) 014026 
[2] B. Nerlo-Pomorska, K. Pomorski, Ch. Schmitt and J. Bartel, Phys. Scripta 89 (2014) 054031 
[3] B. Nerlo-Pomorska, K. Pomorski, P. Quentin and J. Bartel, Physica Scripta 89 (2014) 054004 
[4] B. Nerlo-Pomorska, K. Pomorski, C. Schmitt and J. Bartel, Phys. Scr. 90 (2015) 114010 
[5] B. Nerlo-Pomorska, K. Pomorski and J. Bartel, Acta Phys. Pol. B47 (2016) 943 
[6] B. Nerlo-Pomorska, K. Pomorski and J. Bartel, Phys. Rev. C84 (2011) 044310 
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Collinear laser spectroscopy is a very powerful tool to study the spin, electromagnetic moments and 
charge radii of exotic isotopes in a model-independent way. At ISOLDE-CERN two collinear laser 

beam lines are currently operational, one dedicated to the optical detection of hyperfine structures 
from resonantly excited atoms or ions (COLLAPS) [1,2] and one dedicated to Collinear Resonance 
Ionization Spectroscopy (CRIS) with ion detection [3,4,5]. In this presentation I will explain the 

complementarities of both techniques and address some recent scientific highlights, with a focus on 
the study of shape changes (with possible examples on Mn, Cu, Zn, Cd and Fr isotopes). 
 

 
[1] C. Babcock et al., Physics Letters B 750, 176 (2015) 
[2] D.T. Yordanov et al., Physical Review Letters 116, 032501 (2016) 

[3] X.F. Yang et al., Physical Review Letters 116, 182502 (2016) 
[4] K.T. Flanagan et al., Physical Review Letters 111, 212501 (2013) 
[5] I. Budincevic et al., Physical Review C 90, 014317 (2014) 

[6] R.P. de Groote et al., Physical Review Letters 115, 132501 (2015) 
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The advent of new radioactive-ion-beam facilities worldwide has allowed access to new nuclear 
shapes and excitations in thus far unexplored nuclei, and a microscopic interpretation of these 
phenomena is a challenging task. Among the contemporary nuclear structure theories, the nuclear 
density functional theory (DFT) provides a global and reliable description of nuclear matter and 
bulk properties. The calculation of spectroscopic properties within the DFT requires one to go 
beyond the mean-field level to restore broken symmetries by projecting a mean-field solution onto 
state with good symmetry quantum numbers and to include quantum fluctuations for collective 
coordinates. Such a calculation presents a major computational challenge for heavy-mass system 
especially when several deformations, e.g., axial asymmetry, reflection asymmetry, etc., have to be 
considered, and often requires an alternative approach that drastically reduces the computational 
cost while keeping essence of low-energy nuclear structure.  
I will present a recently developed method [1,2,3] allowing an accurate and computationally 
feasible description of spectroscopic properties of nuclei, that is constructed by merging the 
microscopic framework provided by the DFT with the algebraic model of interacting bosons. This is 
based on mapping the potential energy surface in the relevant deformation space, calculated within 
the constrained self-consistent mean-field methods within the DFT, onto the corresponding 
interacting boson model (IBM) Hamiltonian. The method exploits the merits of both DFT and IBM – 
the DFT provides the IBM with the microscopic input, while the IBM acts as an effective theory able 
to calculate spectroscopic properties of a wealth of medium-mass and heavy nuclei immediately 
comparable to experiment. In this talk, I will highlight the recent calculations using the proposed 
DFT-based IBM approach - the octupole deformation in radioactive nuclei around actinide region 
[4], shape transition and coexistence in neutron-rich A~100 nuclei [5], and the implementation of 
the method into the calculation of odd-mass nuclei [6]. 
 
 
[1] K. Nomura, N. Shimizu, T. Otsuka, Phys. Rev. Lett. 101, 142501 (2008) 
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[4] K. Nomura, D. Vretenar, T. Niksic, B.-N. Lu, Phys. Rev. C 89, 024312 (2014) 
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In this presentation, we will expose some of the last developments in microscopic nuclear structure 
calculations for exotic nuclei far from stabilitity. In a first part, we will expose recent study on the 

development of collectivity in neutron-rich nuclei around N=40, where recent experimental 
evidence suggest a rapid change from the spherical to rotational regime, in analogy to the island of 

inversion known at N=20 [1] and extension of the island of collectivity towards N=50 [2]. Our 
recent algebraic Nilsson SU3 self-consistent model will be used to describe the intruder relative 
evolution in the vicinity of 78Ni [3]. 

Then new theoretical calculations for the very region of 78Ni will be presented for the first time 
within the interacting shell model framework using an enlarged model space outside a 60Ca core 
comprising pf shell for the protons and sdg orbits for neutrons. Besides, the surprising spectrum of 
78Ni, we predict development of deformation below 78Ni for iron and chromium isotopes, leading to 
the idea of merging islands of collectivity from N=40 to N=50, as already observed from N=20 to 
N=28 [3]. Finally, discussion of the underlying mechanism in terms of Spin-Tensor components will 

be exposed and compared to other neutron-rich regions of the nuclear chart. 
 
 

[1] S. Lenzi et al., Phys. Rev. C82, 054301 (2010) 
[2] C. Santamaria et al., Phys. Rev. Lett. C115, 192501 (2015) 
[3] A. P. Zuker et al., Phys. Rev. C92, 024320 (2015) 

[4] F. Nowacki, A. Poves, submitted to Phys. Rev. Lett. 
  



 

78 

 

OTSUKA, Takaharu 

 
Shell Evolution, Shape Transition and Shape Coexistence 

with Realistic Nuclear Forces 
 

T. Otsuka1,2,3, Y. Tsunoda4, T. Togashi4, N. Tsunoda4, N. Shimizu4, K. Takayanagi5, T. 
Suzuki6 and M. Hjorth-Jensen2,7 

1 Department of Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan 
2 National Superconducting Cyclotron Laboratory, Michigan State University, 

East Lansing, USA 
3 Instituut voor Kern- en Stralingsfysica, KU Leuven, Leuven, Belgium 

4 Center for Nuclear Study, University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan 
5 Department of Physics, Sophia University, 7-1 Kioi-cho, Chiyoda-ku, Tokyo, Japan 

6 Department of Physics, College of Humanities and Sciences, Nihon University, 

Sakurajosui 3, Setagaya-ku, Tokyo, Japan 
7 Department of Physics, University of Oslo, Oslo, Norway 

 
 
We will overview recent developments (i) on the structure of neutron-rich exotic nuclei based on 
modern nuclear forces and (ii) on the shape transition/coexistence driven by the shell evolution.  
The type I shell evolution, which is the change of shell structure within a chain of isotopes, will be 

discussed in terms of the effective interaction derived from the N3LO chiral-EFT two-body and 
appropriate three-body forces.  The newly developed EKK method enables us to derive an effective 
interaction for two major shells, e.g., sd+pf.  Z=10-14 (Ne-Si) isotopes around the island of inversion 

will be described focusing on intruder mixture in transitional nuclei.  Another example is Ca-Ni 
isotopes with the pf-sdg shells, clarifying magicity at 52,54Ca and 68,78Ni as well as strong deformation 
in 62,64Cr. 

The shape transition and shape coexistence will be discussed by using the state-of-the-art large-
scale Monte-Carlo shell-model, describing spherical and extremely deformed states on the same 
footing.  The shape coexistence in exotic Ni and its neighbours will be explained in terms of type II 

shell evolution where the shell structure is reorganized due to multiple particle-hole excitations for 
particular orbits, resulting in strongly deformed states at very low energy.  This idea is extended to 
90-110Zr, reproducing the sudden drop of the 2+ level at 100Zr, as an evidence of the first-order 
quantum phase transition.  Here, type II shell evolution is driven cooperatively by the monopole 
components of tensor and central forces.  They weaken the resistance against deformation.  This 

mechanism, which may be interpreted in terms of Dual Quantum Liquid, can be relevant for 
superdeformation and fission.  
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One of the goals of modern nuclear physics research is to understand the origin of coexisting 

nuclear shapes and exotic excitations and their relation to the fundamental interactions between 
the nuclear constituents. Despite of huge amount of both theoretical and experimental efforts, many 
open questions remain [1 and references therein]. In order to verify and understand these subjects 

in more detail, complementary approaches are needed. For example, the experimental program 
carried out at JYFL has included in-beam electron and γ-ray spectroscopy and lifetime 
measurements [2]. The post-accelerated radioactive ion beams available at REX-ISOLDE [3] have 

allowed the Coulomb excitation experiments to be performed using the MINIBALL g-ray 
spectrometer [4]. This talk will give an insight into shape coexistence studies of neutron-deficient 

Pb nuclei carried out JYFL and ISOLDE. The advantages of different techniques will be discussed.  
The Academy of Finland and the EU 7th Framework Programme for Research are gratefully 
acknowledged. 
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[3] P. Van Duppen, K. Riisager, J. Phys. G: Nucl. Part. Phys. 38, 024005 (2011) 
[4] N. Warr et al., Eur. Phys. J. A 49, 40 (2013) 
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Study of band structures of nuclei from symmetry consideration plays an important role in 

understanding different phenomena in nuclear structure. In selected regions of nuclear landscape, 
axial symmetry is broken and these nuclei are described using the triaxial deformed mean-field. 
The novel characteristic rotational features of triaxial nuclei are chirality and wobbling. Selected 

results on these excitation modes will be presented from gamma-spectroscopy studies of nuclei in 
A ~ 110 and 130 regions carried out using the Indian National Gamma Array (INGA) consisting of 
24 Compton suppressed clover detectors coupled to a digital data acquisition system. 
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For productions of superheavy nuclei, one of the key issues is the survival probabilities of 
compound at high excitation energies. However, conventional studies are based on statistical 

models with many parameters. We studied the thermal excited nuclear properties, neutron 
emission rates [1], and fission rates [2] based on the finite temperature Hartree-Fock-Bogoliubov 
theory, in which quantum effects self-consistently fade away.  

Within the deformed coordinate spaces, the thermal neutron gas can be obtained self-consistently, 
which produces the thermal equilibrium pressure. The neutron emission rates can be calculated 

with the neutron gas density. With the temperature dependent fission barriers and mass 
parameters, the thermal fission rates can be calculated from low to high temperatures in a 
consistent picture, based on the imaginary free energy approach.  

These studies are based on microscopic density functional theory and are free of level-density 
parameters, in contrast to the conventional statistical models. The microscopic descriptions of 
thermal decays will be very useful for studying various fissions in reactors and r-process, and the 

survival of compound superheavy nuclei.  
 
 

[1] Yi Zhu and J. C. Pei, Phys. Rev. C 90, 054316 (2014) 
[2] Yi Zhu and J. C. Pei, arXiv:1605.04522  (2016) 
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The description of odd nuclei within the mean field framework implies to break symmetries that 

are conserved for even nuclei. I will define symmetries of HFB calculations and specify those which 
need to be broken in order to describe the nuclear deformation (in HFB calculations with 
constraints), the nuclear vibration (in QRPA approach) and the nuclear rotation (in cranked HFB 

calculation). 
 
Whatever the shape of the ground state, the QRPA approach is able to describe excited states, for 

any multi-polarity and parity, excepted those of the rotational bands. Nevertheless, to calculate 
Gamma strength functions for odd nuclei, all K projections of the total angular momentum, 
including negative ones, have to be considered: the time reversal symmetry is for odd nuclei but it 

is conserved in underlying HFB equations. Rotational degree of freedom can be investigated within 
HFB formalism including constraint on angular momentum. As an example the description of 
rotational band of 251Md will be presented. This latter calculation in an odd-even nucleus implies 

not only to break Time reversal symmetry but also the "Signature" one. 
 
Exact projections for symmetry restauration applied to QRPA and cranking HFB will be mentioned 

in perspectives. 
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Shape coexistence and mixing, competing like-nucleon and neutron-proton pairing correlations, 
and isospsin-symmetry-breaking interactions generate exotic structure and dynamics around N=Z 
line in A~70 region. Beyond-mean-field approaches are needed to describe realistically the 
experimentally accesible properties of these proton-rich nuclei and to predict properties of 
isotopes that play a role in  astrophysical environment. In particular, beta-decay properties of low-
lying excited states of nuclei situated on the rp-process path are expected to influence their 
effective half-lives at the temperatures of X-ray bursts. Recently obtained self-consistent results on 
isospin-related phenomena in A~70 nuclei within complex Excited Vampir beyond-mean-field 
model using an effective interaction derived starting from Bonn CD potential will be discussed [1]. 
Weak interaction rates under terrestrial and stellar conditions have been investigated within the 
same approach [2,3]. The influence of shape coexistence and mixing in the structure of the parent 
states as well as in the independently calculated daughter states on terrestrial and stellar weak 
interaction rates will be presented. 
 
 
[1] A. Petrovici, Phys. Rev. C 91, 014302 (2015). 
[2] A. Petrovici and O. Andrei, Eur. Phys. J. A51, 133 (2015) 
[3] A. Petrovici and O. Andrei, Phys. Rev. C 92, 064305 (2015) 
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In my presentation, I will present and review the state of the art of the Multiparticle-Multihole 
configuration mixing approach. I will present recent applications in structure and reactions, using 
the Gogny force [1-4]. Then, I will discuss some perspectives and extensions. 
 
 
 
[1] N. Pillet, J.-F. Berger, E. Caurier, Phys. Rev. C 78, 024305 (2008) 
[2] N.Pillet, V.G. Zelevinsky, M. Dupuis, J.-F. Berger, and J.-M. Daugas, Phys. Rev. C 85, 044315 (2012) 
[3] J. Le Bloas, N. Pillet, M. Dupuis, J.-M. Daugas, L. Robledo and V.G Zelevinsky,  
       Phys. Rev. C 89, 011306(R) (2014) 
[4] C. Robin, N. Pillet, D. Pena-Arteaga, J.-F. Berger, Phys. Rev. C 93, 024302 (2016) 
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Proper and low dimensional description of shapes of deformed nuclei is one of the most difficult 
task with which nuclear physicists have fought since the first paper of Bohr and Wheeler on nuclear 
fission theory [1]. It is rather well known that classical expansion of liquid drop surface in spherical 
harmonics serious, proposed by Lord Rayleigh in 19th century, is not rapidly convergent when a 
nucleus is very elongated. It was shown in Ref. [2] that one needs at least 14 first terms of the 
expansion in order to obtain an accurate profile of the liquid-drop fission barrier from the ground 
state, through the saddle up to the scission point. 
A reasonably good description of the fission barrier was obtained using the Funny-Hills (FH) 
parametrisation developed by Brack at al. in Ref. [3] and its extended version called the Modified 
Funny-Hill (MFH) nuclear shape description [2]. Unfortunately it is very difficult to estimate an 
inaccuracy of the energy of a very deformed nucleus due to limited class of shapes produced by 
these both above shape parametrizations. One can do it using an extended version of the FH 
parametrisation proposed by Trentalange, Koonin and Sierk (TKS) [4], where one expands the 
square of the distance from the symmetry axis ‘z’ to a point on the nuclear sharp surface in serious 
of the Legendre polynomials. The TKS expansion is well convergent but rather difficult to handle 
because of strong limitations onto available deformation parameter space [2]. An alternative 
description of nuclear shapes by expansion of the square of the distance from the symmetry axis to 
the surface in a Fourier series was proposed Ref. [5]. This new method is also rapidly convergent 
and easy to handle. We are going to show that it gives a new alternative way of of description of 
exotic shapes of deformed atomic nuclei. 
 
 
[1] N. Bohr and J. A. Wheeler, Phys. Rev. 56 (1939) 426 
[2] K. Pomorski, and J. Bartel, Int. Journ. Mod. Phys. E15 (2006) 417 
[3] M. Brack, J. Damgaard, A. S. Jensen, H. C. Pauli, V. M. Strutinsky, and C. Y. Wong,  
       Rev. Mod. Phys. 44 (1972) 320  
[4] S. Trentalange, S. E. Koonin, A. J. Sierk, Phys. Rev. C22 (1980) 1159 
[5] K. Pomorski, B. Nerlo-Pomorska, J. Bartel, C. Schmitt, Acta Phys. Pol. B Sup. 8 (2015) 667 
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High-spin bands in nuclei with A»130-170 are interpreted using the cranking formalism where 
pairing is either neglected (CNS [1,2]) or included in the cranked Nilsson-Strutinsky-Bogoliubov 
(CNSB) formalism [3]. The advantage of the unpaired formalism is that different rotational bands 
can be understood in a much more detailed way. The combination of these two methods [4] is a 

very powerful way to get a detailed understanding of observed high-spin states. In this talk, we will 
point out the difficulty to distinguish between strongly deformed configurations and configurations 
approaching termination. It is of special interest that terminating states with up to 18 particles or 

particles+holes outside closed shells have been observed and more of them should be reasonably 
straightforward to observe. The possibility to exhaust the spin content in major shells will be 
discussed. 
 
 
[1] A.V. Afanasjev, D.B. Fossan, G.J. Lane, and I. Ragnarsson, Phys. Rep. 322, 1 (1999) 
[2] B. G. Carlsson and I. Ragnarsson, Phys. Rev. C 74 , 011302 (2006) 
[3] B.G. Carlsson, I. Ragnarsson, R. Bengtsson, E.O. Lieder, R.M. Lieder, and A. A. Pasternak,   
       Phys. Rev. C 78, 034316 (2008) 
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The energies of the excited states of the mid shell nuclei with mass 100 < A < 110 indicate collective 

behaviours. In particular, the neutron rich molybdenum and zirconium isotopes show a rapid shape 
transition. In addition, shape-coexistence behaviours and triaxiality are expected in this region. In 
order to have a better understanding of the collectivity in this region, lifetimes of excited states in 

even-even molybdenum isotopes were measured by an in-flight-gamma-ray spectroscopy 
experiment using the PreSPEC-AGATA setup. The coupling of AGATA with LYCCA detectors 
provided with a high resolution the ion positions at the target level and the emission angles of the 

gamma rays, which allow the use of a Doppler Shift Attenuation Method for the lifetime 
determination. After a detailed analysis, several transitions associated with the decay of the ground 
state band in even-even molybdenum isotopes from A=100 to A=108 have been observed and there 

lifetime were measured. A good agreement was obtained between our results and the adopted 
values. A comparison of the results with beyond mean-field calculations indicates a triaxial 
behaviour in the neutron rich molybdenum isotopes. The key elements of the data analysis that 

allowed to estimate the lifetime of even-even molybdenum isotopes together with the results will 
be presented in this talk. 
 

 
  



 

88 

 

RALET, Damian (2) 

 
Towards Lifetime and g-Factor Measurements of Short-

Lived States in the Vicinity of 208Pb 

 
D. Ralet and G. Georgiev for the E672 and AGATA collaboration 

CSNSM, IN2P3-CNRS and Université Paris-Sud, Orsay, France 
 

 
The present poster reports on the present status of the analysis of the E672 experiment that was 
performed in July 2015 at GANIL. The aim of the experiment was to measure lifetimes of excited 

states in the 208Pb region, focusing mainly on the lifetime of the 2+ states of 204-206Hg. The nuclei of 
interest were populated with multi-nucleon transfer reactions. The beam-like recoils were 
identified with the VAMOS spectrometer while the gamma rays were detected in AGATA. A Plunger 

device was used for the lifetime determination based on the RDDS technique. 
Due to complications during the experiment, we can rely only on the mass of the fragments 

detected by VAMOS in order to identify the reaction products. The challenge of the analysis is to 
reach a mass resolution for mass A~200 that is sufficient to clearly identify the fragments reaching 
the focal plane of VAMOS. The progress on the analysis that focuses on the identification of the 

reaction products will be highlighted in the poster. 
Although at the present stage of the analysis it is not clear yet which part of the statistics we will be 
able to use to reconstruct the mass of the beam-like product, the near-line results showed 

promising possibility for the lifetime determination of the 19/2- state of 207Pb, located above the 
13/2+ isomeric state. This preliminary result will also be presented in the poster. 
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The interacting boson model (IBM) is extended by including the g-boson degree of freedom. By 
recent measurements of E2 and E4 transitions in some nuclei which cannot be explained in the sd 

boson models, this extension become necessary. Transitional sdg interacting boson model 
Hamiltonian is estimated for spherical to gamma-unstable nuclei shape- phase transition in even-
even nuclei by employing the affine SU(1, 1) Lie algebra. This algebraic method offer simpler and 

also easier way in compare to other numerical methods for complicated sdg Hamiltonian. Energy 
spectra, B(E2) and B(E4) are determined via the Bethe-Ansatz method. Using the accessible 
empirical data for the chain of Ru Isotopes, a satisfactory description of B(E2) and B(E4) properties 

is obtained, which also predicts dynamic shape transitions in these nuclei. An acceptable degree of 
agreement was achieved. 
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This talk will present a range of experimental results studying the evolution of deformed nuclear 
shapes ranging from the valence maximum system, 170Dy (Z=66, N=104) to heavy, neutron-rich 

osmium (Z=76) isotopes which have been carried out over the last five years. These rather exotic, 
neutron-rich nuclear systems have been investigated using (a) delayed gamma-ray spectroscopy 
following high-energy projectile-fission and fragmentation using the Cluster germanium gamma-

ray arrays RISING at GSI and EURICA at RIKEN and (b) coincidence fast-timing measurements of 
relevant B(E2: 2+ → 0+) decay rates using hybrid HPGe-LaBr3(Ce) gamma-ray arrays at IFINHH, 

Romania. The wide range of experimental results are compared with competing theoretical 

predictions of nuclear shape using both mean-field calculations and extended IBM-style 
spectroscopic predictions which result. 
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The MINIBALL spectrometer utilizes successfully the huge variety of post-accelerated radioactive 
ion beams provided by REX-ISOLDE and since last year by HIE-ISOLDE at CERN. In-beam gamma-
ray spectroscopy after Coulomb excitation or transfer reactions is performed with optimized setups 

of ancillary detectors for particle detection. The physics program is covering a wide range of shell 
model investigations from the light sd-shell nuclei up to the Ra region. Especially the enlarged 
availability of exotic heavy ion beams enables unique studies of collective properties up to the 

actinide region. First data taking with HIE-ISOLDE beams started very recently. The higher energies 
and intensities of the new post-accelerator provides a promising perspective for a new generation 
of MINIBALL experiments. An overview of the MINIBALL program with specific highlights from the 

REX-ISOLDE period will be given. Results from the first HIE-ISOLDE experiments, which will focus 
on Coulomb excitation measurements, will be presented. 

 
  



 

92 

 

RILEY, Mark 

 
The Evolution of Shapes and Collectivity with Increasing 

Angular Momentum 
 

M.A. Riley1, J. Simpson2, E.S. Paul3, X. Wang1, J. Ollier2, R.V.F. Janssens4, 
A.D. Ayangeakaa5, J.S. Baron1, H.C. Boston3, M.P. Carpenter4, C.J. Chiara4,6, U. Garg5, 

D.J. Hartley7, D. Judson3, F.G. Kondev8, T. Lauritsen4, J. Matta5, S.L. Miller1, 
P.J. Nolan3, M. Petri9, J.P. Revill3, L.L. Riedinger10, S.V. Rigby3, C. Unsworth3, 

K. Villafana1, S. Zhu4, and I. Ragnarsson11 
1 Department of Physics, Florida State University, Tallahassee, USA 

2 STFC Daresbury Laboratory, Warrington, United Kingdom 
3 Department of Physics, University of Liverpool, United Kingdom 

4 Physics Division, Argonne National Laboratory, Argonne, USA 
5 Physics Department, University of Notre Dame, Notre Dame, USA 

6 Dept. of Chemistry and Biochem., Univ. of Maryland, College Park, USA 
7 Department of Physics, United States Naval Academy, Annapolis, USA 

8 Nuclear Engineering Division, Argonne National Laboratory, Argonne, USA 
9 Nuclear Science Div., Lawrence Berkeley National Lab, Berkeley, USA 

10 Dept. of Physics and Astronomy, University of Tennessee, Knoxville, USA 
11 Div. of Mathematical Physics, LTH, Lund University, Sweden 

 

 
The light rare-earth nuclei near N = 90, are textbook examples of the evolution of nuclear structure 

with excitation energy and angular momentum. They display a variety of different phenomena, such 
as, multiple backbends, dramatic shape changes and band termination. However, it has taken 
several decades before we were able to observe structures beyond band termination. A spectacular 

return to collectivity has been found to take place extending discrete gamma-ray spectroscopy into 
the so-called ``ultrahigh-spin regime`` (I = 50-70). These latter sequences, observed initially in 
157,158Er, are interpreted as being associated with a particularly stable and energetically favored 

strongly deformed triaxial shape minimum. These data have generated a good deal of theoretical 
discussion. New results on similar evolutionary trends in other neighboring nuclei will be 

discussed. The latter are beginning to reveal a fascinating spectroscopy in this new exotic shape 
and spin regime. 
 

 
  



 

93 

 

ROCCHINI, Marco 

 
First Coulomb Excitation Measurement with 

SPIDER and GALILEO at LNL 
 

M. Rocchini1, A. Nannini1, K. Hadynska-Klek2, B. Melon1, J.J. Valiente Dobon2, 
D. Mengoni3, D. Testov3, P.R. John3, A. Perego1, M. Ottanelli1, P. Sona1 

1 Università degli Studi Di Firenze e INFN Sezione di Firenze, Italy 
2 Laboratori Nazionali di Legnaro, INFN, Italy 

3 University and INFN, Padova, Italy 
 
 
The nuclear shape is one of the most significant probe to study the structure of atomic nuclei. The 

deformation of a nucleus is due to an interplay of microscopic and macroscopic mechanism, as shell 
effects and collective excitations (vibration and rotation). The measurement of E2 transition 
strengths and quadrupole moments represents an important benchmark for testing models 

developed to understand the complicate quantum many-body nuclear problem. The development 
of new facilities for the acceleration of radioactive beams represents a vast and very active field of 
research in physics, since it offers the possibility to extend our investigation of nuclear structure to 

exotic nuclei far from the stability valley. In a near future the SPES facility will provide the first 
exotic beams at the National Laboratories in Legnaro. At the same time the AGATA array will be 
likely installed at LNL. Low-energy Coulomb excitation is one of the simplest and well known tools 

to study the nuclear shape, for this reason is widely used at radioactive beam facilities. In particular 
in the case of ISOL facilities the energy and the intensity of the available beams is suitable for low-
energy Coulomb excitation. To this aim the gamma spectroscopy group in Florence has developed 

and assembled a new particle detector to be used at LNL, both for stable and radioactive beams. It 
consists of up to 8 sector shaped silicon detectors (aperture angle about 45 degrees) arranged in a 
pie shape. Each sector is segmented into eight independent annular strips on the front surface. This 

Silicon PIe DEtectoR (SPIDER) will provide a clean trigger to an array of germanium detectors (like 
GALILEO or AGATA) allowing the development of the Coulomb excitation technique at LNL. 

The first commissioning experiment at LNL with SPIDER coupled with the GALILEO gamma ray 
spectrometer will be soon performed and hopefully will be followed by a Coulomb excitation 
experimental campaign with the stable beams at present available at the laboratories. In this talk 

details about the detector and the preliminary results of the commissioning experiment with 
GALILEO and a stable 66Zn beam will be shown. 
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Study of tetrahedral nuclear deformation has been a matter of extreme interest in nuclear structure 
research for the recent years. There is no experimental evidence, so far, supporting the existence of 
tetrahedrally deformed nuclei throughout the nuclear landscape. The N=90 nuclei around Gd and 
Yb, having both proton and neutron no. close to the tetrahedral ‘magic’ numbers (Z=64/70 and 
N=90) are considered to be the most suitable candidates [1-5] for the said experimental research as 
they are easy to populate with reasonable cross section using stable beams. Set of negative parity 
bands decaying to the quadrupole deformed yrast band by the emission of E3/E1 transitions forms 
the possible experimental signature of such structure. The absolute transitions probabilities or 
their ratios, measured by using high efficiency arrays, may disclose the underlying signature for the 
associated structure of these negative parity bands. 
In the present work, the spectroscopy of 160Yb has been revisited in order to study the low and 
moderate spin structure of the nucleus by using conventional gamma ray spectroscopic technique 
with Indian National Gamma Array (INGA) comprised of twenty Compton suppressed Clover 
detectors. The nucleus has been populated by using the fusion evaporation reaction 
148Sm(16O,4n)160Yb at Ebeam= 90 MeV from the 14UD Pelletron beam at Tata Institute of 
Fundamental Research (TIFR), Mumbai, India. Level structure has been developed from the γ-γ and 
γ-γ-γ coincidences, the relative intensity, DCO, R(j) and IPDCO measurements. The level structure 
obtained in the present work, differs considerably from the existing literature [6,7]. The increased 
efficiency and selectivity of the INGA array has been a key factor in establishing a modified level 
scheme compared to the recent work on 160Yb [8]. The rotational parameters for the negative 
parity bands and the B(E2)/B(E1) ratios have revealed important information regarding the 
signature of the different λ = 3 deformation and their co-existence in these non-yrast sequences of 
the N = 90 Yb nucleus. The details on the experiment, data analysis and the interpretation of the 
structure of the negative parity level sequences of 160Yb nucleus will be discussed. 
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      Phys. Rev. Lett. 97,072501 (2006) 
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Nuclear isomers are excited metastable states of nuclei, which experience a hindrance in their 
decays which have been the focus of attention since early days, and were first foreseen by Soddy in 
1917 [1]. Several isomeric states have been predicted and observed in nuclei with N≥89 and 
61≤Z≤77 [2,3]. In almost half of the known cases, the excited isomers in odd-odd nuclei have a half 
life greater than the lower lying ground state, the decay of which is highly forbidden to the ground 
state. Isomers with t1/2~sec to hrs cannot be detected in an in-beam spectroscopy for which the 
decay measurement is very crucial. Following the half-lives of γ-rays of daughter nucleus is one of 
the possible routes for the identification of such isomeric states. In the present work, the main 
objective is to search or the existence of a long-lived isomeric state in 150Pm by following the β 
delayed halflives for the γ-rays of its daughter 150Sm and studying their coincidence relationships. 
150Pm was produced by the reaction 150Nd(p, n)150Pm [4] using 8.0 MeV proton beam from K=130 
cyclotron at VECC, INDIA which then, following β-decay, produces the excited states of 150Sm. It has 
been observed that the half lives measured for most of the observed γ-rays show value ~ 2.68 h 
corresponding to the ground state of 150Pm whereas there are two other groups of γ rays that 
follow the half life ~ 3.8 h & ~ 2 h respectively. The γ-γ coincidences studied for all of the 
transitions showing the half lives of ~2 h and ~3.8 h confirms their presence in the level scheme of 
150Sm indicating the presence of isomeric states for the first time in the N = 89 Pm nucleus. 
 
 
[1] F. Soddy, Nature 99, 433 (1917) 
[2] A. K. Jain et al., Rev. Mod. Phys. 70, 843 (1998) 
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In this talk, I would like to give an overview of resent results and future projects for the nuclear 
structure study at RIBF.  

Special emphasis would be given to selected recent highlights obtained via in-beam gamma 
spectroscopy and decay-spectroscopy with DALI2 and EURICA, respectively, in terms of shell 
evolution in exotic nuclei. Concerning the future projects, next detector systems and programs with 

energy-degraded radioactive isotope beams have been discussed at RIBF. In addition, a facility 
upgrade plan of RIBF would be introduced. 
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The concept of isospin symmetry was already introduced in the thirties by Heisenberg and Wigner 
to account for the charge (proton-neutron) symmetry of nuclear forces. Since then, it has been 

commonly used in theoretical modeling of atomic nuclei in spite of its explicit breaking by the 
Coulomb interaction and, to a lesser extent, the charge-dependent components of the strong force. 
The aim of this presentation is to overview selected aspects of isospin physics in N ~ Z nuclei in 

terms of recently developed multi-reference density functional theory (MR-DFT) involving isospin 
and angular momentum projections and subsequent configuration interaction (CI) calculations [1]. 
This no-core formalism allows for quantum-mechanically rigorous calculation of isospin impurities 

to the nuclear wave functions resulting from rather subtle interplay between the long-range 
Coulomb force polarizing the entire nucleus and the short-range strong force. The impurities are 

prerequisites for further calculation of the isospin-symmetry-breaking corrections to the 
superallowed 0+ → 0+ Fermi beta decays which are used for testing the electroweak sector of the 

Standard Model of elementary particles. 

I will also present the first ever application of the MR-DFT rooted no-core CI approach to study 
Gamow-Teller transitions [2]. This fundamental process, more specifically the physical mechanism 
behind quenching (or renormalization), q, of the axial coupling constant gA

 (eff) = qgA with respect to 

its free neutron decay value gA ≈ −1.2701(25), constitutes, in my opinion, one of the biggest puzzles 

of the contemporary nuclear structure theory. I will demonstrate that our model accounts well for 

the Gamow-Teller matrix elements in N ~ Z nuclei including mirror transitions. 

The strong interaction is predominantly charge independent but there exists firm experimental 

evidence from two-body scattering data that it also contains small charge-dependent components. 

At many-body level, the most prominent manifestation of the charge-dependent terms comes from 

mirror displacement energies (MDEs) which cannot be reproduced using the isospin-invariant 

strong force. 

In the last part of my talk, I shall comment on a recent extension of a conventional single-reference 

Skyrme DFT that includes the proton-neutron mixing in particle-hole channel and zero-range class 

II and class III forces breaking, respectively, charge independence (CIB) and charge symmetry 

(CSB). I shall demonstrate that these extensions allow to account not only for MDEs but also for 

much more subtle effect of the triplet displacement energies (TDEs) which is a measure of the 

binding-energy curvature within the isospin triplet [3]. I will also discuss a connection between our 

CSB and CIB forces and ab initio charge-dependent forces by comparing the coefficients of isobaric 

mass formula in light nuclei where ab initio results are available. 
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Recent years have seen tremendous progress in the field of nuclear structure studies. The advent of 
RIBs and advanced detectors have revolutionized the field by providing access to more and more 
neutron rich nuclei and enabling the study of rare events, respectively. At the same time, the 
advanced high-speed digital data acquisition systems (DDAQs) have changed the way of 
conventional methods of gamma-ray spectroscopy by providing high count rate handling capability 
and better gain stability. One of the advantages of using DDAQ is that the time stamped data can be 
sorted offline at one’s own convenience using different coincidence time windows, thereby 
enabling spectroscopic studies across isomeric states over a wide range of half-life. 
This work presents results from spectroscopy experiments performed using the Indian National 
Gamma Array \cite{palit,Tan09} at TIFR, where, the technique of prompt-delayed coincidence has 
been used to search for states above isomeric levels. With this technique spectroscopy across 
isomeric states with lifetime ranging from hundreds of nanosecond to few microsecond have been 
made possible. The technique has been successfully used in 88Zr \cite{saha} and 132Te 
\cite{biswas}. 
In addition to results from these nuclei, a detailed overview of spectroscopic study in 66cu will be 
presented, where this technique has been used recently to search for levels above the known 6− 
(T1/2 = 600 ns) isomer \cite{singh}. 
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In the last decade nuclear chirality resulting from an orthogonal coupling of angular momentum 
vectors in triaxial nuclei has been a subject of numerous experimental and theoretical studies. 
Three perpendicular angular momenta can form two systems of the opposite handedness, the right-

handed and the left-handed system; the time-reversal operator, which reverses orientation of each 
of the components, relates these two systems. In the simplest case of odd-odd nuclei, two mutually 
orthogonal angular momenta are provided by the high-spin valence proton and neutron which are 

of particle and hole character. The third angular momentum component is provided by the 
collective core rotation and aligns along the axis of the largest moment of inertia; this is the 
intermediate axis for irrotational flow-like moments of inertia for a triaxial body. This simple 

picture leads to prediction of distinct observables manifesting chirality in rotational structures, 
most notably to the doubling of states.  

 
It needs to be noted, though, that one of the common feature of current model calculations is that 
the chiral geometry of angular momentum coupling is extracted from expectation values of 

orientation operators, rather than being a starting point in construction of a model.  In that sense, 
chirality has been perceived as an approximate symmetry attained only in a limited range of 
angular momentum. However, using the particle-hole-coupling model for triaxial odd-odd nuclei it 

is possible to construct a basis which contains right-handed, left-handed and planar states of 
angular momentum coupling. If this basis is used, the chirality is explicit rather than extracted 
feature as in any other models with non-chiral basis.  The time-reversal symmetry which relates the 

basis states of opposite handedness can be used to reduce the dimension of matrices for 
diagonalization of the model Hamiltonian, proving usefulness of this approach. Moreover, the final 
model eigenstate wave functions show a concentration of amplitudes among relatively small 

number ~1 of components as comparing to the full model space.  In that sense, the ``chiral'' basis 
provides a useful tool to examine model predictions providing direct insight into the structure of 
doublet states. The model, the basis, numerical results, and comparison to the data will be 

presented and discussed. 
  



 

100 

 

SUGAWARA-TANABE, Kazuko 

 

Detail Studies of Holstein-Primakoff Boson 

Representation Applied to the Particle-Rotor Model 
 

Kazuko Sugawara-Tanabe1
 and Kosai Tanabe2 

1 RIKEN Nishina Center, Wako, Saitama, Japan 
2 Department of Physics, Saitama University, Sakura-Ku, Saitama, Japan 

 
 
An extensive application of Holstein-Primakoff boson expansion to both single-particle angular 

momentum �	  with positive commutation relations and total angular momentum 
	 with negative 

commutation relations provides an algebraic solution, which gives a good approximation to the 
exact results for the particle-rotor model with one high-j nucleon coupled to a triaxially deformed 
core [1]. Two kinds of quantum numbers (nα, nβ) classify the rotational bands characteristic of the 

particle-rotor model, where nα is related with the wobbling motion of the rotor, and the other nβ to 
the precession motion of �	. The stability condition deduced from this procedure shows there is no 

transverse wobbling in the particle-rotor model even with the hydrodynamical (hyd) moments of 

inertia (MoI) indicating no stable rotation around the middle MoI. 
Recently, the wobbling modes are found in the yrast band near the ground state before the first 
backbending in 135Pr [2,3]. Because the pairing effect is essential for these bands which are before 

the gapless superconductor, we apply the rigid-body (rig) MoI which can include the Coriolis 
antipairing effect with 2 parameters [4]. The results are compared with the experimental data of 
Band 1, Band 2 and 4 [3] in the figure. The agreement with the experimental data is not only in the 

energy level scheme, but also in B(E2)out/B(E2)in, B(M1)out/B(E2)in and the mixing ratio of δ.  
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Performing shell model calculations for heavy, deformed nuclei has been a challenging problem in 

nuclear physics. The projected shell model (PSM) idea [1] makes it possible to bridge two 
traditional nuclear physics methods: the deformed mean-field and the traditional shell model. By 
using the angular-momentum-projection technique, in which one starts with (in principle, any) 

deformed single-particle states to construct a shell model basis, one can demonstrate the simplicity 
and efficiency of this method for the description of heavy, deformed nuclei. 
 

The original version of the PSM [1] assumes restricted types of quasi-particle configurations in its 
model space, which severely limits the application for high-spin states and/or high-excitations. The 

problem lies in the fact that in applying the generalized Wick's theorem to calculate rotational 
matrix elements, the number of the terms becomes so large that it is very difficult to write down 
expressions explicitly for more than 4-qp states. Recently, the Pfaffian formulae have been 

proposed [2] to calculate the rotated matrix element. The proposal was largely inspired by the 
initial introduction of Pfaffian by Robledo [3]. The configuration space of the PSM has been 
expanded to include up to 10-qp states for both positive and negative parities [4,5]. This 

development enables us to study some interesting high-spin phenomena. As the first applications of 
the Pfaffian algorithm in spectroscopy calculation, we take 166Hf  [4] as an example and show that 6-
qp states become the main configuration in the yrast band beyond spin I~34, which explains the 

observed third back-bending in moment of inertia. Multi-qp high-K isomers in 176Hf with different 
configurations are investigated as another example. We also discuss other potential applications for 
the structure calculation with the chaotic motion and in nuclear astrophysics when states are highly 

excited. 
 
This work was collaborated with L.-J. Wang, F.-Q. Chen, T. Mizusaki, and M. Oi, and supported by the 

National Natural Science Foundation of China (Nos. 11575112, 11135005) and by the 973 Program 
of China (Nos. 2013CB834401, 2016YFA0400501). 
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Recent discovery of a pair of negative parity wobbling bands in 135Pr [1,2] has stimulated 
theoretical discussion on their physical nature. Transverse wobbling around the axis with the 
medium moment of inertia (MoI) [3] was proposed to describe these bands. The transverse 

wobbling mode never exists in the pure rotor, while there may be such a possibility for the particle-
rotor model with hydrodynamical (hyd) MoI. By introducing two kinds of Holstein-Primakoff 

bosons for the total angular momentum 
	  and the singleparticle angular momentum �	, we identify 

the nature of each band in terms of a set of two quantum numbers (nα, nβ), i.e., the wobbling of 
	  

and the precession of �	, respectively [4]. 

In the figure, we show boundary lines of the stability region for each I together with (nα, nβ). The 
level I =13/2 with (0,1) is characterized by the precession of �	, and the wobbling level I =17/2 with 
(1,0) is realized only in the circumstance, where �	 is pinned along the shortest nuclear axis by 

abnormally strong single-particle potential V. We cannot find any stable physical solution for 

common values of γ and V. There is no transverse wobbling in the odd mass nucleus with hyd MoI. 
We adopt rigid-body (rig) MoI for 135Pr, and got quite good fit to the experimental data. The 
formalism with rig MoI is free from the stability problem. Moreover, the rig MoI can take into 

account Coriolis antipairing effect described by Hartree-Fock-Bogoliubov theory [5]. 
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The question whether isoscalar pairing between neutrons and protons gives rise to correlation 
effects similar to those observed for the isovector pairing between identical nucleons remains 
unanswered. Some schematic properties of “ideal” isoscalar-pair condensates are pointed out. 
Isoscalar-pairing correlations can be probed with deuteron transfer reactions, which are the 
subject of an experimental programme at GANIL. It is shown that simple predictions based on the 
assumption of a pair vibrational behaviour can assist in the interpretation of such experiments. A 
different but related question is whether the low-energy structure of N~Z nuclei can be interpreted 
in terms of spin-aligned isoscalar pairs. This hypothesis can be tested, for example by measuring 
magnetic and quadrupole moments of isomeric levels in odd-odd N=Z nuclei, such as for instance 
94Ag or 90Rh, which is one of the aims of the S3 project in preparation at GANIL. 
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Multinucleon transfer reactions (MNT) are a competitive tool to populate exotic neutron-rich 

nuclei. Excited reaction products have been measured (i) in transfer products of 136Xe+238U and 
136Xe+208Pb MNT reactions and (ii) as a fission product after the 136Xe+238U reaction employing the 
high-resolution Advanced Gamma Tracking Array (AGATA) coupled to the mass spectrometer 

PRISMA at LNL (INFN, Italy). Furthermore, the 136Xe+198Pt MNT reaction was studied with the γ-ray 
spectrometer GAMMASPHERE in combination with the gas detector array CHICO at LBNL. Mass 
yields of the 136Xe+238U reaction have been extracted and compared with calculations based on the 

GRAZING model for MNT reactions. Population yields for nuclei in the actinide region were 
obtained and compared to x-ray yields measured by AGATA. An extension of the ground-state 

rotational band in 240U was achieved and evidence for an extended first negative-parity band in 240U 
is found. The results were compared to recent mean-field and DFT calculations. Several high-spin 
states on top of long-lived isomers in the N~82 nuclei 134Xe, 135Xe, and 137Ba were discovered and 

placed based on γγ-coincidence relationships and information on the γ-ray angular distributions as 
well as excitation energies from the total kinetic energy loss and fission fragments. Latest shell 
model calculations employing different effective interactions reproduce the experimental findings 

and support the new spin and parity assignments.  
Supported by the German BMBF (05P12PKFNE TP4), ENSAR-TNA03, BCGS. 
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A quantitative analysis of the evolution of nuclear shapes and shape phase transitions, including 
regions of short-lived nuclei that are becoming accessible in experiments at radioactive-beam 

facilities, necessitate accurate modeling of the underlying nucleonic dynamics. Important 
theoretical advances have recently been made in studies of complex shapes and the corresponding 
excitation spectra and electromagnetic decay patterns, especially in the ‘beyond mean-field’ 

framework based on nuclear density functionals. Interesting applications include studies of shape 
evolution and coexistence in N = 28 isotones, the structure of lowest 0(+) excitations in deformed N 
approximate to 90 rare-earth nuclei, and quadrupole and octupole shape transitions in thorium 

isotopes. 
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Recent experimental results from RIKEN using 238U projectile fission [1,2] highlight to role played 

by high-K isomers in the exploration of the structure of neutron-rich deformed nuclei, including 
their influence on the r-process abundance peak at A≈160. However, the understanding of K isomer 
half-lives is rudimentary, and it remains a challenge to quantify the influence of the different K-

mixing mechanisms [3,4]. In the present work, recent data that shed new light on K mixing are 
examined, and the implications for high-K isomers in super-heavy nuclei are discussed. 
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One of the most important observables in fission is fragment mass distribution. It provides 

information about the structure of fissioning nucleus and fission barrier. Basically two types of 
fission can be observed: symmetric, where the most probable is fission into two identical fragments 

and asymmetric with mass of the heavier fragment A ~ 140. 
It has been shown that fragment mass asymmetry can be deduced from the shape of the fissioning 
nucleus before scission [1-4]. The structure of the fragments can be found in the mass distribution 

of a nucleus on fission path between saddle and scission. The spherical shape of the fragments that 
can be often seen in the molecular shape of a nucleus is manifestation of their magic structure far 
before separation. 

Shapes of the fissioning nuclei in the pre-scission configuration will be discussed. Wide rage of 
isotope will be analysed, from cluster-radioactivity in the actinides [5], and neutron deficient nuclei 
from Hg region [2,6] to Fm isotopes [7]. 
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Our goal is to construct a microscopic collective model to treat large-amplitude shape fluctuation 
and mixing in nuclei, which appears in a mass region of around 100. For our goal, we plan to 

construct a five-dimensional quadrupole collective Hamiltonian as a function of deformation 
parameters β and γ from the so-called constrained Hartree-Fock-Bogoliubov (CHFB) for the 
collective potential plus local quasiparticle random phase approximation (LQRPA) for the inertia 

functions in the kinetic energy with self-consistent Skyrme energy density functionals. Therefore, 
we need to perform LQRPA calculations in three-dimensional coordinate space. However, due to 
the fact that QRPA calculations require large resources of computations QRPA in three-dimensional 

coordinate space is currently not available, and only recently, QRPA with axially symmetric nuclei 
has been able to be carried out. 

Recently, the finite amplitude method (FAM) has been proposed in Ref.[1] and applied to wide 
range of nuclei by many groups [2,3,4]. Main advantages of FAM are that (1) functional derivatives 
of single-particle Hamiltonian and pairing field as the residual interactions are replaced with finite 

difference forms and (2) diagonalization of huge QRPA matrix is avoided using an iterative method. 
These advantages considerably reduce the computational cost for performing QRPA calculations. As 
a first step to construct microscopic collective Hamiltonian, we develop the code of FAM-QRPA in 

three-dimensional coordinate space. In this contribution, we will present recent progress of 3D 
FAM-QRPA and show results of multipole strength functions of representative nuclei. We will also 
show excitation modes of triaxial nuclei. 
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Gamma-ray spectroscopy following the β decay is an effective tool for probing low-lying yrast and 
nonyrast states, from which key information on nuclear structure, such as shape 
transitions/coexistence and single-particle orbits, can be obtained. For the study of rare isotopes, 

especially when the nucleus of interest lies at the boundaries of availability for spectroscopic 
studies, isomeric decays are likely to be a more useful means than β decays to populate excited 
levels. The combined β-γ and isomeric-decay measurements at RIBF, which has the capability of 

providing the world’s strongest RI beams, are at the forefront of exploration of exotic nuclei far 
from stability. Research opportunities for decay spectroscopy at RIBF have been expanded in the 
EURICA (EUROBALL-RIKEN Cluster Array) project. The main body of EURICA consists of 12 

Clustertype HPGe detectors, surrounding a highly segmented silicon stopper system named 
WAS3ABi. In addition to the normal EURICA setup, 18 LaBr3(Ce) detectors and plastic scintillators 
are installed for the fast-timing measurement of γ and β rays, respectively. A wide range of unstable 

nuclei on the Segre chart are within the scope of the EURICA project. In this presentation, two 
recent topics from EURICA will be introduced. First, low-lying states of 172Dy have been populated 
following the decay from a newly identified Kπ = 8− isomer. While the robust nature of the K isomer 

and the ground-state rotational band reveals an axially-symmetric structure for this nucleus, the γ-
vibrational levels have been identified at unusually low excitation energy compared to the 

neighboring well-deformed nuclei, indicating the significance of the microscopic effect on the non-
axial collectivity in this doubly mid-shell region. Secondly, the level properties of 70Co have been 
investigated by the β decay from 70Fe and towards 70Ni. The results are compared to the advanced 

Monte Carlo shell-model calculations, which predict strongly prolate-deformed shapes for the low-
lying levels in 70Co, including its ground state. It is revealed that the decay patterns in the neutron-
rich A = 70 isobars from the new island of inversion to the Z = 28 closed-shell regime are governed 

significantly by the selectivity of nuclear shape. 
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Shape coexistence has been observed in different regions of the nuclear [1], and has been 
associated with ‘intruder’ particle-hole excitations across shell gaps occurring at low energy. Along 

the neutron-rich N = 50 shell gap, intruder states have been known for more than three decades in 
some N = 49 isotones [2,3]. Only recently the first evidence for shape coexistence in the region 
around 78Ni has been provided nearly simultaneously by two experiments as well as 

theoretically [4-6]. In the 79Zn isotope, the shape coexistence is seen in the measurement of the 
nuclear spins and moments of the ground and long-lived isomeric states, and more significantly, the 
substantial increase in charge radius of the intruder isomer, extracted from the isomer shift. 

The experiment is performed at ISOLDE-CERN using the high-resolution collinear laser 
spectroscopy setup COLLAPS. The existence of a long-lived isomer is confirmed from the hyperfine 
structure measurement of 79Zn, which also allowed the nuclear spins and moments of the ground 

and isomeric states to be determined. This confirmed the intruder configuration of the isomer, with 
a wave function dominated by a 2h-1p neutron excitation across the N = 50 shell gap. Furthermore, 
a large isomer shift is observed for 79mZn, resulting in a large root mean square charge radius with 

respect to its ground state, pointing to a larger deformation of the isomeric state. This result 
provides the evidence of shape coexistence in 79Zn. 
In this talk, a detailed discussion on the properties (half-life, energy, spin, magnetic moment, and 

isomer shift) of the isomer will be presented, along with a comparison with other N = 49 isotones 
and theoretical calculations. 
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A variety of nuclear structure information has been revealed recently on the isotopes in the vicinity 
of 78Ni both experimentally and theoretically [1,2]. However, whether or not 78Ni can be considered 
to be a double magic nucleus still remains as a question and attracts much attention. In order to 

further understand the various properties of nuclei in this region, we have studied the neutron-rich 
Zn (Z = 30) isotopes, from N = 39 up to N = 50, via collinear laser spectroscopy at ISOLDE.  
The experiment provides us with information on the ground- and isomeric state spins, magnetic 

and quadrupole moments, as well as the nuclear charge radii of Zn isotopes. The experimental 
magnetic moment can been well accounted for by large scale shell model calculations using 
jj44b/JUN45 effective interactions (56Ni core and pfg shell) [4,5]. The calculated wave functions 

confirm the inversion of p3/2, f5/2 proton orbits, as observed in the Cu and Ga isotopic chain. 
However, in order to explain the measured quadrupole moments of more neutron-rich isotopes and 
the spin and magnetic moment of a newly discovered intruder isomer, the interactions [2,6] with an 

extended model space including orbits beyond N = 50 are necessary. The extracted charge radii of 
Zn isotopes across N = 40 and up to N = 50 gives us information on the subshell/shell closures.  
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The proton emission from the ground state of mother nuclei with mass ranging 110 ≤ A ≤ 150 was 

measured in the early 1980s [1]. This decay mode is observed for the odd-Z emitters beyond the 
proton drip line. The associated half-lives range from nano to seconds. Another decay mode -cluster 
radioactivity - was theoretically predicted in 1980 [2] and discovered four years later [3]. This is a 

very rare process and corresponds to the emission of a nucleus heavier than 4He, but lighter than a 
mass of a lighter fragment of a binary fission. The observed atomic masses of clusters are in the 
range 14 ≤ A ≤ 34, while the mass of a daughter nucleus is close ± 4 nucleons) to the doubly-magic 
208Pb isotope. One of the most important decay modes of heavy nuclei is α radioactivity. The first 
explanation of this process was given by Gamow in 1928 [4]. It was assumed that emission is due to 
the quantum mechanical tunneling of a charged α-particle through the nuclear Coulomb barrier. We 

made an attempt to reproduce the half-lives for the mentioned above, three types of decay within 
the same simple formalism, based on Gamow theory [5]. The simple formula for the half-lives is 
derived using the WKB theory for the penetration of the Coulomb barrier with a square well for the 

nuclear part. We show that using only one adjustable parameter - the radius constant - it is possible 
to reproduce with a good accuracy the half-lives for even-even α and cluster emitters. This simple 
phenomenological formalism is also extended by including the centrifugal term to describe proton 

emission. The adjustable parameter – the effective nuclear radius constant has the same value 
(1.21 fm) for all discussed decay modes. A good agreement with the experimental data is achieved. 
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Fragment mass distribution is one of the major, measurable characteristics of fission. The shape of 

the observed yield allows to determine type of fission and - indirectly – to investigate structure of 
the mother nucleus. It has been proven, that basic properties of nascent fragments are preliminary 
determined by the configuration of pre-scission point [1]. We assume, that the shape of a nucleus 

obtained in its pre-scission point provides information about the possible fragment mass 
asymmetry. 
Spontaneous fission is successfully described by the self-consistent microscopic models of the 

nuclear forces [2,3]. In this work, the potential energy surface is calculated using Hartree-Fock-
Bogolubov model with density dependent functional of the Gogny type. The preferred fission paths 
are found by the minimization of energy integral on the surface and the pre-scission point is 

determined by Dubray's method [4]. Fragment mass distributions were obtained in macroscopic 
method proposed by Brosa [5,6]. This simple procedure allows to deduce the fission fragment mass 

yield from the pre-scission nuclear density distribution. The probability, that fissioning system 
achieves certain point along the pre-scission line, might be determined in dynamic calculations [7]. 
Method proposed by Brosa should then be treated as an additional effect, since each obtained in 

that way configuration corresponds to the specific mass yield. We discuss fragment mass 
distributions of 252Cf isotope [8]. 
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