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Preface

We have the pleasure to welcome you to the International Conference: "Nuclear
Structure and Dynamics". Taking place in the historic resort town of Opatija, the
meeting is hosted by the Physics Department of the University of Zagreb and the
Ru�er Bo²kovi¢ Institute.

Following the success of the �rst "Nuclear Structure and Dynamics" conference,
held in Dubrovnik in 2009, this meeting will provide a broad discussion forum on
recent experimental and theoretical advances in the physics of nuclear structure and
reactions. The main focus will be on the following topics:

• Nuclear structure and reactions far from stability
• Collective phenomena and symmetries
• Reaction dynamics of light and heavy ions
• Sub- and near-barrier reactions
• Ab initio calculations, cluster models, and shell-model
• Nuclear energy density functionals
• Nuclear astrophysics
• Fundamental symmetries and interactions

This booklet contains the abstracts of contributions which will be presented at the
Conference, either as invited and contributed talks, or oral poster presentations. A
large number of received abstracts demonstrates a considerable interest in attending
this meeting. Unfortunately, not all contributions could be included in the �nal
program.

We wish all the participants and their accompanying persons a pleasant stay in the
beautiful town of Opatija, and hope that you will �nd the Conference stimulating
and rewarding in many ways. Finally, we thank the organizing institutions, our
sponsors for �nancial support, and all people who helped in the organization of this
conference.

Suzana Szilner and Dario Vretenar
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Observation of breakup transfer process for the bound states of 
16

O populated  

from 
12

C(
6
Li,d) reaction at 20 MeV 

 

S. Adhikari
1
, C. Basu

1
, P. Sugathan

2
, A. Jhinghan

2
, K. S. Golda

2
,  

A. Babu2, D. Singh2, S. Ray3 and A.K. Mitra1 
1
Nuclear Physics Division, Saha Institute of Nuclear Physics, Kolkata-700064, INDIA 

2
Inter University Accelerator Centre, New Delhi 110067, INDIA and 

3
Physics Department, Ramkrishna Vivekananda University, Belur, Howrah, INDIA 

 

The 
12

C(
6
Li,d)

16
O

*
 is an interesting reaction from the view point of both nuclear astrophysics 

[1] and nuclear physics [2]. Though the reaction has been studied over a large energy range in 
the last three decades, the availability of sophisticated reaction models in recent times can help 
us to understand this reaction in a much better way. The reaction has been generally studied by 
a measurement and analysis of the deuteron angular distributions populating discrete states of 
16

O. In the past, most of the physical interpretations of the data were made either in terms of an 
alpha transfer process or in terms of compound nuclear emissions populating discrete states of 
the residual nucleus. The contribution of the alpha transfer mechanism is thought to be 
significant due to the loosely bound α+d substructure of the 

6
Li projectile and this is usually 

estimated from the Finite-Range DWBA (FR-DWBA) theory. However, there may be another 
significant alpha transfer process that can follow after the breakup of the loosely bound 
projectile. This process of alpha transfer can be named breakup transfer and has been ignored in 
all previous studies except one in 2003 [3]. In [3] however, breakup transfer alone was not 
found to be an important reaction even in the forward angular zone.  
In this work we measure deuteron angular distributions emitted from 

12
C(

6
Li,d)

16
O

*
 at 20 MeV. 

In our experiment, several discrete states were populated out of which seven states were found 
to be strong. We show in figure 1 the angular distribution for the population of the ground state 
of 

16
O as a representative case. This state being a natural parity (0

+
) state can be populated by 

both alpha transfer and compound nuclear mechanism. The Hauser-Feshbach calculation is 
shown by dotted lines. The compound nuclear calculations clearly fail to reproduce the shape 
and magnitude of the observed data. The direct alpha transfer component is calculated in the 
framework of the FR-DWBA theory using the code FRESCO v2.9 [4]. The calculations ( 
dashed lines) grossly underpredict the data. A more physical mechanism of alpha transfer is 
that following the breakup of the projectile is evaluated using the Continuum discretized 
Coupled channel-coupled reaction channel (CDCC-CRC) theory using FRESCO. The CDCC-
CRC calculations (solid line) describe the data in a much better way than the other two 
calculations. Since we are interested in predicting the gross features of the reaction no attempt 
was made to adjust the parameters to obtain a better fit of the experimental angular 
distributions. The general feature of the reaction mechanism when all the states of 

16
O are 

analyzed will be discussed.  We are grateful to Prof. Ian Thompson for helpful discussions 
regarding the calculations with FRESCO. 
 

 
Fig. 1.  Comparison of measured deuteron angular distributions with calculations (solid, dashed, dotted). 

For details please see text. 

 

[1]  C. Brune et al, Phys. Rev. Lett. 83 (1999) 4025.  

[2]  Sucheta Adhikari and Chinmay Basu, Phys. Lett. B 704 (2011) 308. 
[3]  N. Keeley et al, Phys. Rev. C 67 (2003) 044604. 

[4] I. J. Thompson, Comp. Phys. Rep. 7 (1988) 167. 
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Probing neutron pair transfer with Borromean isotopes of Helium 
 

A. Navin 
Grand Accélérateur National d’Ions Lourds, CEA/DSM-CNRS/IN2P3, Caen, France 

 
 

 
Light neutron-rich radioactive nuclei, with their extended and therefore dilute matter 
distributions provide a unique opportunity to study both the complexity and simplicity of an 
aggregate of quantum particles. The role of pairing correlations in nuclear structure is well 
established. It is of great interest to get experimental information on their dynamical aspects. 
Nucleon transfer reactions, particularly on heavy targets, are an important tool for such studies.  
The loosely bound valence neutrons in Borromean nuclei like 6,8He and 11Li, whose binding 
arises essentially from pairing correlations, provide a unique laboratory for investigating the 
role of neutron correlations in the dynamics of dilute nuclear systems.   
Recent developments in reaccelerated beams and the associated improvement in experimental 
techniques have now made measurements of pair and single neutron transfer reactions 
involving short-lived nuclei far from the valley of stability possible. We will present an 
overview of experimental challenges and the progress made in the deconvolution of one- and 
two- neutron transfer cross sections with such beams. In particular we will discuss studies 
involving both online and offline techniques, with beams of 6,8He in the vicinity of the 
Coulomb barrier, on targets with A > 50. The talk will highlight a “non standard” way of 
obtaining the first limits on the ratio of  σ2n/σ1n, involving 8He. 
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Potential Barrier of Strongly Deformed Nuclei 
 

M. R. Pahlavani and S. A. Alavi 
Department of Nuclear Physics, University of Mazandaran, 47415 Babolsar, Iran 

 
 
In this study, the potential barrier of two strongly deformed, arbitrarily oriented, axially 
symmetric heavy nuclei has been presented. The nucleus-nucleus potential has been considered 
as summation of the Woods-Saxon potential, Coulomb and spin-orbit interaction. The influence 
of the deformed surface diffuseness in potential barrier has been obtained. Calculations have 
been extended to cover quadrupole and hexadecapole deformation. This type of potential can be 
used to determine alpha disintegration, fusion and fission reactions probability. 
 
 
 
 
 
[1] B. S. Ishkhanov and V. N. Orlin, Phys. At. Nucl., Vol. 68, No. 8, pp. 1352, (2005). 
[2] V. Yu. Denisov and N. A. Pilipenko, Phys. Rev. C 76, 014602, (2007). 
[3] A. Bohr, B. Mottelson, “Nuclear Structure”, Vol.1, Singapore, World Scientific Publishing, (1998). 
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Lifetime Measurements of Excited States in the N=80 isotone, 138Ce.

T.Alharbi, P.H.Regan, P.J.R.Mason, Zs.Podolyak, M.R.Bunce, M.Nakhostin, S. Rice, J. Lintott,
R. Britton, N. Alazemi, C. Townsley. E. Willson, W. Gelletly. 
Department of Physics, University of Surrey, Guildford, GU2 7XH

N.Marginean, D.Filipescu, T.Glodariu, C.Mihai, A.Negret, T.Sava, R.Marginean, 
D.Ghita, D.Deleanu, D. Bucurescu, L.Stroe

Horia Hulubei - National Institute for Physics and Nuclear Engineering (IFIN-HH), Bucharest, Romania 

A.M.Bruce, O.J. Roberts 
School of Engineering and Technology, University of Brighton, Brighton, BN2 4GJ, UK

V. Werner, G. Ilie, N. Cooper
Wright Nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06520-8120, USA

M. Zherova, S. Kisyov, S. Lalkovski
Faculty of Physics, University of Sofia, 5 James Bourchier Blvd, 1164 Sofia, Bulgaria

S. Liddick
National Superconducting Cyclotron Laboratory Michigan State University, USA

J.F. Smith, K. Mulholland
School of Engineering, University of the West of Scotland, High Street, Paisley PA1 2BE, UK

This work reports on the utilisation of gamma-ray coincidences between germanium and 
lanthanum  bromide  LaBr3:(Ce)  scintillation  detectors  for  the  determination  of 
electromagnetic transition rates in the pico to nanosecond regime. The technique utilises the 
high-quality full-energy peak resolution of the LaBr3(Ce) detectors [1] coupled with their 
excellent  timing  responses  in  order  to  study  discrete  energy  gamma-ray  cascades  from 
nuclei populated using the 130Te(12C, 4n)138Ce  fusion-evaporation reaction  at beam energy 
of 56 MeV. The beam was provided by the Tandem van de Graaff accelerator at Bucharest, 
Romania [2]. The target consisted of a 1 mg/cm2 thick enriched 130Te foil on a 20 mg/cm2 

thick 208Pb backing to stop the recoiling nuclei. Extracted Lifetimes for excited states in the 
N=80  isotone,  138Ce  will  be  presented  and  reduced  transition  probabilities  have  been 
calculated for the electromagnetic decays from these states and compared with productions 
of shell model calculations.

[1] J.-M.Regis et al., Nucl. Inst. Meth. Phys. Res. A 622 (2010) 83-92.
[2] N. M rgineană , et al Eur. Phys. J. A 46, 329–336 (2010).
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Shape coexistence and charge radii in the lead region studied  

by in-source laser spectroscopy at RILIS-ISOLDE 

A. Andreyev
 

University of the West of Scotland, Paisley (United Kingdom) 

 

On behalf of a CERN-KU Leuven-Paisley-Gatchina-Oulu-Orsay-Mainz-Bratislava-Brussels collaboration 

 
The competition between spherical and deformed nuclear shapes at low energy gives rise to shape coexist-

ence in the region of the neutron-deficient lead isotopes with Z~82 and N~104 [1]. In order to determine to 

which extend the ground and/or isomeric states of those isotopes are affected by this phenomenon, a large 

campaign of investigation of changes in the mean-square charge radii is on-going at ISOLDE. Using the 

high-sensitivity of the in-source laser spectroscopy technique, which combines the ISOLDE-RILIS lasers 

with the Windmill alpha-decay spectroscopy setup, it has been possible to study very exotic isotopes of 

lead [2-3] and polonium [4-6], down to N=100 and N=107 respectively, and, more recently, thallium down 

to N=99, see Figure. 

 

In this contribution, we will review the systematics of charge radii in the long chains of lead and polonium 

isotopes and also present the first, preliminary results of the 2011 experimental campaign on thallium iso-

topes. 
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Figure. Charge radii for Au-Fr isotopes (courtesy A. Barzakh). For the sake of clarity the data for different 

elements are shifted relative to each other by a vertical off-set.  

References 

[1] A.N. Andreyev et al., Nature 403, 430 (2000) 

[2] H. De Witte et al., Phys. Rev. Lett. 98, 112502 (2007) 

[3] M.D. Seliverstov et al., Eur. Phys. J. A 41, 315 (2009) 

[4] T.E. Cocolios et al., J. Phys. G 37, 125103 (2010) 

[5] T.E. Cocolios et al., Phys. Rev. Lett. 106, 052503 (2011) 

[6] M.D. Seliverstov et al., Letter in preparation 
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SPES:  the INFN radioactive beam facility for nuclear physics 

Alberto Andrighetto 

INFN Laboratori Nazionali  di  Legnaro,  Via dell’Università 2, 35020 Legnaro (Padova), Italy 

 

The SPES project at Laboratori di Legnaro of INFN (Italy) is concentrating on the production 

of neutron-rich radioactive nuclei for nuclear physics experiment, by the Uranium fission at a rate 

of 10
13

 fission/s . The emphasis to neutron-rich isotopes is justified by the fact that this vast territory 

has been little explored. The Radioactive Ion Beam (RIB) will be produced by ISOL technique 

using the proton induced fission on a Direct Target of UCx. 

The most critical element of the SPES project is the Multi-Foil Direct Target. Up to day the 

proposed target represents an innovation in term of capability to sustain the primary beam power.  

During the talk will be presented the status of the project, financed by INFN, and in the 

construction phase at Legnaro. In particular developments related the target and the ion-source 

activities using the surface ion source, plasma ion source, laser ion source techniques it will be 

reported. Finally test e results on handling of the target system it will be shown.  
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Dynamical approach to heavy-ion induced fission using actinide target
nuclei at energies around the Coulomb barrier

Y. Aritomo1,2, D.J. Hinde3, A. Wakhle3, R. du Rietz3, M. Dasgupta3, K. Hagino4, S. Chiba2 and
K. Nishio2

1Flerov Laboratory of Nuclear Reactions, JINR, Dubna, 141980, Russia
2Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan

3Department of Nuclear Physics, Research School of Physics and Engineering, The Australian National
University, ACT 0200, Australia

4Department of Physcis, Tohoku University, Sendai, Japan

In order to success the synthesis of superheavy elements, itis indispensable to clarify the fusion-
fission mechanism, which is included a role of the nuclear structure of colliding nuclei and the deforma-
tion of them in the fusion process. For this purpose, a large amount of experimental data is available,
including the mass and total kinetic energy distribution offission fragments, excitation function of each
cross section, mass-angle distributions and so on. Using such experimental data, we verify of the model
and establish a reliable model to describe the fusion-fission process.

We analyzed the experimental data using the unified model which can treat all reaction processes
in heavy- and superheavy mass regions [1]. It takes into account the time evolution from the diabatic
potential to the adiabatic potential. We then perform a trajectory calculation on the time-dependent
unified potential energy surface using the Langevin equation [2].

To describe heavy-ion fusion reactions around the Coulomb barrier with an actinide target nucleus,
we propose a model which combines the coupled-channels approach and a fluctuation-dissipation model
for dynamical calculations. Fusion-fission, quasi-fissionand deep quasi-fission are separated as different
Langevin trajectories on the potential energy surface.

Using the new model, we calculate the capture and fusion cross sections in the reaction34,36S+238U
and30Si+238U and compare the experimental data [3]. We calculate mass distribution of fission frag-
ments (MDFF) and discuss the fusion-fission and quasi-fission events in MDFF. Also, we analyze the
mass-angle distribution of fission fragments, which gives the reaction time scales [4]. Using our model,
we discuss the reaction mechanism in the reaction30Si,31P,36S,40Ar +238U, 64Ni,48Ti,34S+184W at sev-
eral incident energies. Such discussion is very important to understand the dynamical process.

References

[1] V. Zagrebaev and W. Greiner, J. Phys. G31, 825 (2005).
[2] Y. Aritomo, Phys. Rev. C80, 064604 (2009).
[3] K. Nishio et al., Phys. Rev. C77, 064607 (2008);82, 024611 (2010);82, 044604 (2010).
[4] R. du Rietzet al., Phys. Rev. Lett.106, 052701 (2011).
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Antikaons in extended relativistic mean field study of neutron stars

Neha Gupta and P. Arumugam
Department of Physics, Indian Institute of Technology Roorkee, Roorkee - 247 667, India

A neutron star (NS), as the name implies, is mostly composed of neutrons and a small fraction of
protons. However this picture changes with increasing density (i.e. from crust to core of the NS)
as other exotic particles like hyperons, kaons, pions and quarks can exist [1,2]. The study of NS
properties has gained momentum recently due to several new observations [3,4], identification of
several links with finite nuclear properties [5,6], and the development of sophisticated theoretical
descriptions [6–9]. The recent versions of extended relativistic mean field (RMF) models could
explain the finite nuclei throughout the nuclear chart as well as the NS without any change in
the Lagrangian or its parameters [8]. In this work, employing such a model [9], we discuss the
role of higher order couplings in conjunction with antikaon (K−, K̄0) condensation on the neutron
star properties. We discuss the onset of condensation of K− and K̄0 which highly depend not
only upon strength of kaon optical potential but also upon the new couplings of the RMF models.
Presence of antikaons leads to a softer equation of state and yield a neutron star with a symmetric
and electron-deficient core. We show that these effects strongly influence the mass-radius relation
as well as the composition of NS. We also show that the recently [4] observed 1.97 solar mass NS
can be explained in three ways: (i) A stiffer EoS with both antikaons, (ii) a relatively softer EoS
with K− and (iii) a softer EoS without antikaons. We demonstrate that a precise observation of
the radius of such a massive NS could be useful in determining the presence of exotic cores and
also to validate the corresponding models.

[1] J. M. Lattimer and M. Prakash, Astrophys. J. 550, 426 (2001).
[2] N. K. Glendenning, Compact Stars, 2nd ed., (Springer-Verlag, New York, 2007).
[3] D. J. Champion et al., Science 320, 1309 (2008); S. M. Ransom et al., Science 307, 892 (2005).
[4] P. B. Demorest et al., Nature (London) 467, 1081 (2010).
[5] T. Li et al., Phys. Rev. Lett. 99, 162503 (2007).
[6] B. G. Todd-Rutel and J. Piekarewicz, Phys. Rev. Lett. 95, 122501 (2005).
[7] R. J. Furnstahl, B. D. Serot, and H.-B. Tang, Nucl. Phys. A 615, 441 (1997).
[8] P. Arumugam, B. K. Sharma, P. K. Sahu, S. K. Patra, T. Sil, M. Centelles, and X. Vinãs,
Phys. Lett. B 601, 51 (2004).
[9] N. Gupta and P. Arumugam, Phys. Rev. C 85, 015804 (2012).
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Quasi-free knockout reactions with high-energy radioactive beams* 
 

T. Aumann 
Technische Universität Darmstadt, Germany 

GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany 
 

 
 
The measurement of proton-induced reactions in complete kinematics ���will be an important part 
of the physics program at the future R3B  (Reactions ���with Relativistic Radioactive 
Beams) experiment at FAIR. In particular the quasi-free knockout processes of the type (p,2p), 
(p,pn), (p,pa) will be ���used to investigate the single-particle and cluster structure of neutron-
proton asymmetric nuclei and the role of nucleon-nucleon correlations in nuclei. 
 
At the present LAND/R3B setup we have performed experiments using a prototype installation 
for the detection of high-energy protons and neutrons in (p,2p) and (p,pn) reactions, 
respectively. Recoil protons have been detected with an array of Si-Strip detectors and the 4-p 
NaI spectrometer “Crystal Ball”. Measurements have been performed with a 12C beam as a 
benchmark as well as with the proton-dripline nucleus 17Ne. For comparison, breakup of 17Ne 
induced by a carbon target has been studied as well in complete kinematics. For 12C, proton 
knockout from different single-particle states has been identified including knockout from the 
0s state by reconstructing the excitation-energy spectrum of 11B utilizing g spectroscopy and the 
invariant-mass method. In case of proton knockout from 17Ne, the excitation energy of the 
unbound 16F clearly shows contributions from halo and core knockout. From the analysis of the 
momentum distributions and cross sections the occupancies for the s and p configurations in the 
17Ne ground state have been determined. Examples for knockout reactions populating unbound 
states beyond the neutron dripline will be discussed as well. 

 
 
_________________________________ 
 
*This work was supported by the Helmholtz International Center for FAIR within the framework of the LOEWE 
program launched by the State of Hesse and GSI. 
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Light ion transfer reactions with the Helios spectrometer1 
 

B.B.Back  and collaborators2 
Argonne National Laboratory 

Argonne, IL 60439, USA 
 
Light-ion induced transfer and inelastic scattering reactions on stable or long-lived 
targets have been used extensively to study the structure of nuclei near the line of beta 
stability, and much of the detailed information on the single-particle structure of nuclei 
has been derived from such studies. Recently, however, a substantial expansion of the 
range of isotopes, for which this nuclear structure information can be obtained, has 
presented itself by using radioactive beams in inverse kinematics reactions. Such beams 
are now available at a number of facilities around the world, including the in-flight 
production method and CARIBU facility at ATLAS [1,2] and more are coming on line 
in the near future.  
 
Using inverse kinematics in conventional detector arrangements used to  measure the 
energy and emission angle of the ejectile does, however, carry a significant penalty in 
terms of Q-value resolution [3], which may limit the applicability of this method. The 
HELIOS spectrometer, which has been used since August 2008 at ATLAS, circumvents 
many of the problems associated with inverse kinematics [4, 5]. In this talk I will 
discuss the principle of the spectrometer as well as some of main physics results that 
have been obtained to date in nuclei ranging from 13B to 137Xe using both stable and 
radioactive beams [6-9].  
 
[1] B. Harss et al., in Proc. Part. Acc. Conf., Vancouver, 1997 (IEEE, New York, 
1998). 
[2] G. Savard et al., Nucl. Instr. Meth. B266, 4086 (2008) 
[3] K. L. Jones et al., Nature 465, 454 (2010)   
[4] A. H. Wuosmaa et al., Nucl. Instr. Meth A580, 1290 (2007)  
[5] J. C. Lighthall et al., Nucl. Instr. Meth. A622, 97 (2010) 
[6] B. B. Back et al., Phys. Rev. Lett. 104, 132501 (2010) 
[7] A. H. Wuosmaa et al., Phys. Rev. Lett. 105, 132501 (2010) 
[8] B. P. Kay et al., Phys. Rev. C 84, 024325 (2011) 
[9] C.R. Hoffman et al., Submitted to Phys. Rev. C (2012) 

                                                
1 This work was supported by the U.S. Department of Energy, Office of Nuclear Physics under DE-
AC02-06CH11357 and DE-FG02-04ER41320, and NSF Grant No. PHY-02-16783. 
2 M. Alcortaa, S. Bedoorb, P.F. Bertonea, B.A. Brownc, S.I. Bakera, J.A.Clarka, C.M.Deibela,e,#, 
B.J.DiGiovinea, P. Fallond, S.J.Freemanf, C.R.Hoffmana, B.P.Kaya,%, H.Y.Leea,*, J.C.Lighthallb,a, 
A.Macchiavellid, S.T.Marleyb,a, P.Muellera, R.Pardoa, K.E.Rehma, A. Rojasg,&, A.M.Rogersa, J.Rohrera, 
D. Santiago-Gonzalezg, J.P.Schiffera, D. K. Sharpf, D.V.Shettyb, J.S. Thomasf, I. Wiedenhöverg, 
A.H.Wuosmaab  
  a Argonne National Laboratory, Argonne, IL 60439, USA  
  b Western Michigan University, Kalamazoo, MI 49008, USA,  
  c Michigan State University, East Lansing, MI 48824, USA 
  d Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 
  e Joint Inst. for Nucl. Astroph., Michigan State University, East Lansing, MI 48824, USA 
  f University of Manchester, Manchester M13 9PL, UK,  
  g Florida State University, Tallahassee, Florida 32306, USA 

 

  # Present address: Louisiana State University, Baton Rouge, LA 70803, USA 
 %Present address:  University of York, Heslington, York YO10 5DD, United Kingdom 
 *Present address:  Los Alamos National Laboratory, Los Alamos, NM 87544 
  &Present address: TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada 

Nuclear Structure and Dynamics II

11



Nuclear stopping at intermediate energies - experiment versus theory

Z. Basrak1, P. Eudes2, F. Sébille2, and M. Zorić1

1Ruder Bošković Institute, P.O.Box 118, HR-10 002 Zagreb, Croatia and
2SUBATECH, EMN-IN2P3/CNRS-Université de Nantes,

P.O.Box 20722, F-44307 Nantes cedex 3, France

Owing to an enhanced interplay of the one-body and the two-body phenomena around the
Fermi energy the study of heavy-ion collisions (HIC) below 100A MeV is of a particular interest.
In this energy range the nuclear matter stopping power has recently been investigated in the
central nucleus-nucleus collisions for the mass symmetric systems [1]. An important degree of
transparency of nuclear medium has been revealed. The observed transparency is in line with
our earlier simulation result by the semiclassical Landau-Vlasov transport model [2]. By using
this dynamical model of HIC we study the nuclear stopping for the same reactions and energies
as in the above mentioned experimental work. The stopping observables are the ratio of particle
transversal and longitudinal energy RE as well as linear momentum Rp on the same way as in
the experiment. We investigate the impact on these observables of the choice of both the nuclear
mean field (both of the stiffness of nuclear equation-of-state and of the interaction non-locality)
and of the parameterization used and the strength of the residual nucleon-nucleon (NN) interaction.

For the local potential we take the Zamick parameterizations of the Skyrme interaction: the soft
one characterized by the incompressibility modulus K∞ = 200 MeV and the stiff potential with
K∞ =380 MeV. The momentum-dependent interaction is represented by two parameterizations
of the Gogny force with the same and the best recommended degree of non-locality: the soft
force G1-D1 (K∞ =228 MeV, m∗/m =0.67) and the stiff G3 one (K∞ = 360 MeV, m∗/m= 0.68).
The NN cross section is varied either by multiplying by a constant factor the empirical on
energy and isospin dependent free nucleon cross section [3] or by varying the NN cross section
parameterization: (i) constant or phenomenological which besides energy and isospin accounts for
(ii) the NN cross section modification due to a local change of density [4, 5] as well as due to (iii)
its dependence on angle [5, 6].

The momentum dependence of the interaction turns out to play a decisive role, the soft G1-D1
interaction providing a much closer agreement with the experimental results than the stiff G3 one.
Either soft or stiff local potential predict by far too much stopping. The agreement of the soft
G1-D1 interaction with the RE and Rp experimental results, in particular above about 50A MeV,
is improved when the density dependent NN cross section is used.

In conclusion, the new outstanding experimental findings below 100A MeV offer a unique
opportunity to pin down the essential characteristics of nuclear interaction as well as to clarify
the role played by the nuclear medium in modifying the NN scattering in the energy range studied.

[1] G. Lehaut et al. (INDRA Collaboration), Phys. Rev. Lett. 104, 232701 (2010).
[2] P. Eudes, Z. Basrak and F. Sébille, Phys. Rev. C56, 2003 (1997).
[3] K. Chen et al., Phys. Rev. 166, 949 (1968).
[4] J. Cugnon, A. Lejeune, and P. Grangé, Phys. Rev. C35, 861 (1987).
[5] G.Q. Li and R. Machleidt, Phys. Rev. C 49, 566 (1994); Rev. C 48, 1702 (1993).
[6] N. Metropolis et al., Phys. Rev. 110, 185 (1958).
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The alpha clustering structure of light nuclei such as 12C, 16O, 18O, 28Si etc. are rather well 
known. However, the alpha clustering in heavy nucleus was first proposed for 212Po from 
theoretical calculations relatively recently [1]. The first experimental evidence of this 
proposition was obtained from a very recent study of 208Pb(18O,14C) alpha transfer 
measurements [2]. In this work we measure the α+208Pb elastic scattering to obtain a α+208Pb 
potential to describe both elastic scattering and the properties alpha cluster states in 212Po. This 
two body cluster core picture is appropriate as both the components are closed shell nuclei.  
The measurements are performed at higher energy and analyzed in terms of the 
phenomenological and microscopic model for elastic scattering. 
The experiment was carried out at the K130 VECC Cyclotron, Kolkata facility using the alpha 
beam at energies 40, 43, 46, 49 and 52 MeV.  A 900 µg/cm2 self supporting target was used 
whose thickness was determined from alpha particle energy loss from a Thorium alpha source 
and also from Rutherford scattering of the beam. Silicon ∆E-E telescopes were setup for 
particle identification and measurement of the angular distributions.  
The analysis of the elastic scattering data was carried out satisfactorily using microscopic real 
potentials (Paris and Reid soft core).  In a recent work [3] it has been proposed that a 
SW+SW3potential form-factor closely imitates that of the folded microscopic potential. The 
elastic scattering calculation with this potential is shown in figure 1.  The dependence of the 
calculation on the variation of the shape and strength of W by keeping the real potential fixed is 
also shown. The measurement of extreme backward angle data would therefore be necessary to 
confirm the value of the imaginary potential.  The properties of the alpha cluster states can be 
calculated using this α+208Pb   potential.  
 

 
 

Fig. 1.  The sensitivity of the elastic scattering angular distribution calculations on the imaginary part of 

the optical potential. The dashed-dotted and dotted lines show calculations with a SW potential of 
strength 30 and 10 MeV respectively. The solid lines are for a SW

2
 potential with strength 30 MeV. 

 

 

 

[1] B. Buck et al, Phys. Rev. C 53, 2841 (1996) 

[2] A. Astier et al, Phys. Rev. Lett. 104, 042701 (2010) 

[3] T.T. Ibrahim et al, Phys. Rev. C 82, 034302 (2010) 
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Particle-number fluctuations and neutron-proton pairing effects on
proton and neutron radii of even-even N ≃ Z nuclei

M. Douici1,2, N.H. Allal1,3, M. Fellah1,3, N. Benhamouda1, and M.R. Oudih1

1Laboratoire de Physique Théorique, Faculté de Physique USTHB,
BP 32 El-Alia, 16111 Bab-Ezzouar, Alger, ALGERIA

2Institut des Sciences et Technologie, Centre Universitaire de Khemis Miliana,
Route de Theniet-El-Had, 44225, Khemis-Miliana, ALGERIA and

3Centre de Recherche Nucléaire d’Alger, COMENA, BP399 Alger-Gare, Alger, ALGERIA

The particle-number fluctuation effect on the root-mean-square (rms) proton (rp) and neutron (rn)
radii of even-even N ≃ Z nuclei is studied in the isovector neutron-proton (np) pairing case. An
expression of the proton and neutron quadratic radius is established using an exact particle-number
projection method [1-3]. This expression does generalize the one used in the pairing between like-
particles case [4-5].
The quantities rp and rn are then calculated for some even-even nuclei such as 0 ≤ (N − Z) ≤ 4
within the framework of a Woods-Saxon model. The results are compared to experimental data
as well as the results obtained when one considers only the pairing between like-particles. As
a first step, the np pairing effect is studied by evaluating the relative discrepancies between the
results including or not the np pairing correlations, before or after projection. It is shown that the
average value of these quantities, calculated over all the considered nuclei, is roughly the same in
both situations, for the proton and neutron radii. However, the np pairing effect varies as a function
of (N − Z) and is clearly more important when N = Z. As a second step, the projection effect
is studied by evaluating the relative discrepancies between the results before and after projection,
in the pairing between like-particles case, as well as in the np pairing case. It is shown that the
average value of these quantities, calculated over all considered nuclei is also roughly the same in
both situations. However, the projection effect also varies as a function of (N − Z) and is more
important in N = Z nuclei. Moreover, the projection effect is more important than the np pairing
one for the proton system whereas it is less important for the neutron system.

[1] N.H. Allal, M. Fellah, M.R. Oudih and N. Benhamouda, Eur. Phys. J. A27, s01(2006)301.
[2] S. Kerrouchi, D. Mokhtari, N.H. Allal and M. Fellah, Int. J. Mod. Phys. E18 (2009) 141.
[3] S. Kerrouchi, N.H. Allal, M. Fellah and M. Douici, Int.J. Mod. Phys. E19 (2010) 1383.
[4] N. Benhamouda, M.R. Oudih, N.H. Allal and M. Fellah, Acta Phys. Hung. A: Heavy Ion Phys.
19 (2004)191.
[5] N. Benhamouda, N.H. Allal, M. Fellah and M.R. Oudih, Int. J. Mod. Phys. E14 (2005)197.
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Heavy Ion Collisions and the Pre-Equilibrium Exciton Model∗

E. Běták1,2

1Institute of Physics SAS, 84511 Bratislava, Slovakia and
2Faculty os Philosophy and Science, Silesian Univ., 74601 Opava, Czech Rep.

The possibility of extension the pre-equilibrium exciton model to be applicable to the heavy-ion
collisons can be dated to early eightieths [1–4]. The main problem was the initial exciton number.
Starting originally from systematics obtained by analyses of reactions through a simple derivation
iunderlying the basic physical arguments up to simple formulae replacing the empirically found
trends [5–6].

The other emerging problem specific for heavy-ion reactions is the size of computation, which —
fortunately — does not appear to be any substantial obstacle today, and some calculations within
this model were successfully done [4, 7, 8]

Heavy-ion reactions typically involve large angular momenta, which strongly influence the particle
and γ emission. The lack of a corresponding variable in the exciton model applied to heavy ions
was a significant handicap. The main idea of a possibility to overcome this gap and perform
spin-dependent calculations has been published some years ago [9].

The last problem included in the contribution is the emission of light particles (clusters). The
Iwamoto-Harada model [10, 11], which is essentially a statistical formulation of pickup, has been
extended to be suitable to describe α-particles [12] and to include also knock-out reactions [13].
Finally, we employed possibility to minimize the mathematical formalism as for the angular
momenta for the cluster emission [14].

[ 1] M. Korolija et al., in Proc. Int. Conf. Nucl. Phys., Florence 1983, eds. R. Ricci and P. Blasi
(Bologna 1984), p. 589.
[ 2] E. Běták, in Coll. Motion and Giant Res., Proc. 15th Mikolajki Summer School, eds. Z.
Wilhelmi and M. Kocińska-Habior (Warsaw Univ. 1984), p. 132
[ 3] E. Běták, Czech. J. Phys. B34 (1984), 850
[ 4] E. Běták, Fizika 19 (1987), Suppl. 1, 49
[ 5] N. Cindro et al., Phys. Rev. Letts. 66 (1991), 868
[ 6] N. Cindro et al., Fizika B1 (1992), 51
[ 7] E. Běták, Acta Phys. Slov. 44 (1994), 69
[ 8] E. Běták, in Dynamical Aspects of Nuclear Fission. Proc. 5th Internat. Conf., Častá-
Papiernička 2001, eds. J. Kliman, M.G. Itkis, Š. Gmuca (Wolrd Sci. Singapore 2002), p. 426
[ 9] E. Běták, Fizika B12 (2003), 11
[10] J. Dobeš, E. Běták, in Proc. Int. Conf. Reaction MOdels ’77, Balatonfüred 1977, ed. L.P.
Csernai (Budapest 1977), p. 195
[11] A. Iwamoto, K. Harada, Phys. Rev. C26 (1982), 1821
[12] J. Bisplinghoff, Phys. Rev. C50 (1994), 1611
[13] E. Běták, in Int. Conf. Nuclear Data for Sci. and Technol., Santa Fe 2004, eds. R.C. Haight,
M.B. Chadwick, T. Kawano, P. Talou. AIP Conf. Proceedings, vol. 769, p. 1168.
[14] E. Běták, Eur. Phys. J. Web of Conf. 21 (2012), 09004
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Extending Mass Measurements and Laser Spectroscopy  
to the Heaviest Elements* 

 
M.Block 

GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany 
 
 
The investigation of superheavy elements (SHE) on the way towards the island of stability is at 
the forefront of research on exotic nuclides. Such elements are of great interest for nuclear 
physics, atomic physics, and chemistry. While nuclear shell effects are the reason for their very 
existence, relativistic effects have a strong influence on their electronic shell structure that is 
studied by atomic physics and chemistry.  
 
At the GSI in Darmstadt, Germany, a full suite of instruments is available for studies in all of 
these research areas with the recoil separators SHIP and TASCA, the Penning trap mass 
spectrometer SHIPTRAP, the TASISPec decay spectroscopy detector system, and many more. 
This worldwide unique combination together with the UNILAC accelerator provides excellent 
conditions for various experimental studies on SHE.     
  
Among the recent highlights are the first direct mass measurements of nobelium and 
lawrencium isotopes performed with SHIPTRAP. The accurate mass values obtained give 
access to nuclear binding energies and allow the mapping of the deformed subshell closure at 
N=152.  
 
In addition, experiments on the laser resonance ionization of nobelium and lawrencium are 
being prepared. Extending this powerful technique to elements above fermium will provide first 
experimental data on atomic levels and information on nuclear spins, moments, and charge 
radii independent of a particular nuclear model. 
  
This contribution will discuss the latest results and the future plans of the mass measurement 
and laser spectroscopy programs. 
 
_________________________________ 
 
*This work was supported by the BMBF and the Helmholtzinstitut Mainz 
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Dynamical effects in proton breakup from exotic nuclei

Ravinder Kumar1,2 and Angela Bonaccorso1
1INFN, Sezione di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy and

2Dipartimento di Fisica, Universit‘a di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy

We study dynamical effects in proton breakup from a weakly bound state in an exotic nucleus
on a heavy target. The Coulomb interactions between the proton and the core and between the
proton and the target are treated to all orders, including also the full multipole expansion of the
Coulomb potential. The dynamics of proton nuclear and Coulomb breakup is compared to that of
an equivalent neutron of higher binding energy in order to elucidate the differences with the well-
understood neutron breakup mechanism. A number of experimentally measurable observables
such as parallel momentum distributions, proton angular distributions, and total breakup cross
sections are calculated. With respect to nuclear breakup it is found that a proton behaves exactly
as a neutron of higher binding energy. The extra effective energy is caused by the combined core-
target Coulomb barrier. In Coulomb breakup we distinguish the effect of the core- target Coulomb
potential (called the recoil effect), with respect to which the proton behaves, again, as a more
bound neutron, from the direct proton-target Coulomb potential. The latter gives cross sections
about an order of magnitude larger than the recoil term. The two effects give rise to complicated
interferences in the parallel momentum distributions. They are instead easily separable in the
proton angular distributions, which are therefore suggested as a very useful observable for future
experimental studies.
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3He+4He astrophysical factor study using activation method

C. Bordeanu1, Zs. Fülöp, Z. Halász, E. Somorjai, Gy. Gyürky, T. Szücs, J. Farkas, G.G. Kiss
and Z. Elekes

Institute of Nuclear Research (ATOMKI), H-4001 Debrecen, POB.51., Hungary

Abstract

In 1998, the S34(0) data difference between direct capture and activation methods [1] and its im-
portance for the Standard Solar Model was the reason for a new experimental quest to understand
the discrepancy. New results solved this issue, but introduced a new situation to clarify: S34(E)
variations for old and new data at higher energies, an important factor in the theory models used
for extrapolations to the Gamow window for this reaction, didn’t look the same. Theorists’ mod-
els for the old data shared the same fate as the experimental data: each S34(E) curve variation
was far from the other and gave a different S34(0). That’s why theorists asked for new experi-
mental data in 0.3 - 3.0 MeV CM energy region. Very recently, one new theory approach could
reproduce the new experimental data [2] but there is still a lot of controvercy on this issue.

We started this project with the main goal to clarify the situation for the energy range 1.2-
3.0MeV CM. We used the activation method only, as the new data proved that direct capture and
activation results have no reason to differ. A new gas cell target with thin window was designed
and constructed at ATOMKI based on Monte Carlo simulations for the optimization of the gas
cell dimensions. The preliminary tests and the experiment, for several energies, were run using
the ATOMKI cyclotron and Van de Graaff accelerators. 4He beam was de-focused and covered
a large area on the surface of the window. Monte Carlo calculations and experimental data were
analysed to check for the efficiency variation of the Ge detector due to a big area spread for the
7Be. We present our work and results for the S34.

Keywords: direct capture, low energy, solar neutrino

[1] E. G. Adelberger et al., Rev. Mod. Phys. 70, 1265 (1998).
[2] T. Neff et al., Progr. Part. Nucl.Phys. 66(2) (2011) 341.

1on leave from NIPNE-HH, Bucharest, Romania
Preprint submitted to Elsevier March 19, 2012
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Low-Lying Dipole Strength in Exotic
Neutron-Rich and Neutron-Deficient Nuclei

K. Boretzky1, T. Aumann2, R. Gernhäuser3, J.V. Kratz4, R. Krücken3, C. Langer5, T. Le Bleis3,
O. Lepyoshkina3, R. Plag5, R. Reifarth5, D. Rossi1, and for the LAND-R3B Collaboration

1GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany, 2Technische Universität
Darmstadt, Germany, 3Technische Universität München, Germany, 4Johannes Gutenberg-Universität
Mainz, Germany, 5Goethe - Universität, Frankfurt am Main, Germany,

The pioneering results on the appearance of low-lying dipole (PDR) strength in unstable Sn
isotopes [1] have stimulated both theoretical and experimental investigations on this phenomenon
in exotic nuclei. Starting from the interpretation of Sn-results with respect to the symmetry
energy parameters of the equation-of-state (EOS) of neutron matter [2], a vivid discussion about
the correlation of low-lying dipole strength to key parameters of the EOS and, thus, the neutron-
skin thickness is ongoing [3,4,5].

On the experimental side, the amount of data still is rather scarce. Here, we report about recent
results obtained with the LAND-R3B setup at GSI in Darmstadt, in which the Coulomb excitation
of unstable nuclei at relativistic beam energies has been investigated in inverse kinematics. The
experiment provides a kinematically complete measurement of all decay particles.

Energy-differential cross sections will be presented for 68Ni from the one-neutron and two-neutron
decay channels and interpreted in terms of giant dipole resonance (GDR) and PDR strength. The
findings are compared to a complementary measurement on 68Ni using photon scattering [6].

Following theoretical predictions for the appearance of PDR strength in neutron-deficient nuclei
[7,8], the Coulomb excitation of 32Ar and 34Ar was studied using our experimental technique. Both
integral and energy-differential cross sections for the one-proton and two-proton decay channels
indicate a strong increase of low-lying strength in 32Ar in comparison to 34Ar.

[1] P. Adrich et al., Phys. Ref. Lett. 95, 132501 (2005)
[2] A. Klimkiewicz et al., Phys. Rev. C 76, 051603(R) (2007)
[3] P.G. Reinhardt and W. Nazarewicz, Phys. Rev. C 81, 051303(R) (2010)
[4] A. Carbone et al., Phys. Rev. C 81, 041301(R) (2010)
[5] J. Piekarewicz, Phys. Rev. C 83, 034319 (2011)
[6] O. Wieland et al., Phys. Rev. Lett. 102, 092502 (2009)
[7] N. Paar et al., Phys. Rev. Lett. 94, 182501 (2005)
[8] C. Barbieri et al., Phys. Rev. C 77, 024304 (2008)
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The USD shell model interaction [1,2] has been very successful to describe the properties of 

positive parity states in sd nuclei. We have developed in Strasbourg a new interaction called 

PSDPF [3,4] with the aim to extend the shell model description to negative parity states 

throughout the sd shell. As an example, we show in Fig.1 a comparison experiment versus 

theory of the negative-parity states with J
π
 = 2

−
 to 5

−
 members of the multiplet with dominant 

neutron configuration υ(d
−1

3/2f
1

7/2) in the N = 20 isotones 
40

Ca, 
38

Ar, 
36

S and 
34

Si.                      

In this conference, we will present results of the Phosphor isotopic chain with A = 30 (N=15) to 

35 (N=20). Calculated energy spectra and electromagnetic properties will be compared to 

experimental results for 0ħω and intruder 1ħω states up to excitation energies of several MeV. 

One of our goals is also to establish for each isotope up to what excitation energy the 0p-0h and 

1p-1h description remains appropriate and does not require more complex np-nh excitations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  The negative-parity states with J
π
 = 2

−
 to 5

−
 members of the multiplet with dominant 

configuration υ(d
−1

3/2f
1

7/2) in the N = 20 isotones 
40

Ca, 
38

Ar, 
36

S and 
34

Si: comparison between the 

experimental (A) and calculated (B) with PSDPFB excitation energy spectra. 

 

 

 

[1] B.H. Wildenthal, Prog. Part. Nucl. Phys. 11, 5 (1984). 

[2] B. A. Brown, W. A. Richter, Phys. Rev. C 74, 034315 (2006).  

[3] M. Bouhelal, F. Haas, E. Caurier, F. Nowacki, A. Bouldjedri, Eur. Phys. J. A 42, 529 (2009). 

[4] M. Bouhelal, F. Haas, E. Caurier, F. Nowacki, A. Bouldjedri, Nucl. Phys. A 864, 113 (2011). 
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Population of high-spin states following fragmentation 
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Projectile fragmentation of heavy atomic nuclei at relativistic velocities remains a fairly recent tool in 
experimental nuclear physics. Interest in fragmentation reactions is in part due to the ability to produce 
short-lived 'exotic' n-rich and n-deficient nuclei located far from the valley of stability. Using a 208Pb 
fragmentation beam a recent study [1] uncovered a wealth of spectroscopic data for n-rich nuclei from Ta 
to Tl close to the N=126 major neutron shell closure. The current study focuses on the dynamics of 
fragmentation reactions, specifically the population of excited states relative to the total production of 
nuclei during the reaction. This is often directly determined by measuring the 'isomeric ratio' (R), the 
number of observed (y-)decays from a particular metastable excited state relative to the total number of 
identified nuclei. R has been determined experimentally for over 20 (mainly yrast) isomeric states 
including five high-spin isomers with I >19 ħ in 211Po, 211-213At and 214Rn produced using a 1 GeV.A 238U 
fragmentation beam at GSI Darmstadt (Germany).  
 
Fragmentation has previously been described by a two-step process of 'abrasion' and 'ablation' [2]. A 
simple theoretical formula [3] is used to predict the probability of producing excited states of angular 
momentum I (ħ) in a given nucleus following the reaction. By integrating this function between Im (spin 
of the populated isomeric state) and all states with I > Im  one obtains an estimate of R to compare with 
experiment. The assumption that all states populated above the isomeric state of interest eventually decay 
through it is known as the sharp-cutoff model. Fig. 1 compares the experimental isomeric ratio (Rexp) and 
the theoretical value (Rth) as a function of spin I (ħ) for isomeric states examined in the current study. 
The predicted population of isomeric states with I < ~15 ħ is generally overestimated, not an unexpected 

consequence of the assumption made by the sharp-cutoff 
model. However, the population of states with I > ~19 ħ is 
clearly underestimated. Similar patterns for high-spin states 
are apparent in the work of Podolyák [4] and AM Denis 
Bacelar [5]. 
 
Fig. 1.  Comparison of experimental and theoretical isomeric 
ratios determined for nuclei in this study. 
 
Given the low probabilities of populating such high-spin 
states in the sharp-cutoff model the discrepancy between 
experiment and theory remains unexplained. Experimental 
data will be presented in the context of previous 
measurements of isomeric ratios in A ~ 200 nuclei produced 

via 208Pb and 238U fragmentation beams. More improved models of fragmentation (notably the ABRABLA 
[2] and INC [6] codes) will be employed to better understand the observed phenomena. It is hoped the 
current study will ultimately be of great interest to future experiments utilizing isomer spectroscopy. With 
the population of high-spin states greater than previously expected, the resulting increase in isomeric beam 
yields can be harnessed in a range of experiments.  

 
[1] Steer, S J et al, Phys. Rev. C 84, 044313 (2011)  
[2] de Jong, M et al, Nuc. Phys. A 613, 435 (1997) 
[3] Pfutzner, M et al, Phys. Rev. C 65, 064604 (2002) 
[4] Podolyak , Zs. et al, Phys. Lett. B 632, 203 (2006) 
[5] AM Denis Bacelar, PhD Thesis, (2011) (unpublished) 
[6] Boudard, A et al, Phys. Rev. C 66, 044615 (2002) 
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Fine structure of alpha decay of trans-lead nuclei – an intriguing nuclear 
structure paradigm

D. Bucurescu, N.V. Zamfir
Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest,  

Romania

The calculation of absolute values of alpha-decay rates is a problem that is 
not fully solved yet, especially when the transitions to excited nuclear states of the 
daughter nuclei are concerned (the so-called fine structure of the alpha decay). We 
re-examine  the  systematics  of  the  experimental  quantities  concerning  the  alpha 
decay towards the 2+, 4+ and 6+ states of the ground state band in daugther nuclei 
heavier than lead, in comparison with predictions of the most  recent theoretical 
calculations.  Both the experimental  branching ratios  (BR) and hindrance factors 
(HF) are  considered.  The BR are  purely experimental  quantities,  while  the HF, 
defined as the ratio between the reduced widths of the state and that of the ground 
state, are model-dependent quantities as they contain the barrier penetrabilities in 
the two channels, evaluated with a certain model. 

The BR to excited states, relative to the g.s. to g.s. transition, as well as 
certain HF evaluations are examined both as a function of the mass number and of 
the  valence  correlation  scheme parameter  P  of  Casten  (P=NpNn/(Np+Nn),  where 
Np(Nn) are the number of active protons(neutrons) with respect to the nearest closed 
shell).  The  P-representation  is  useful  because  it  allows  a  correlation  with  the 
evolution  of  the  collectivity,  distinguishes  between  isobars,  and  leads  to  rather 
smooth trajectories for the HF values. The relative BR ratios (Br,gs/Br,x  , where “x” 
denotes an excited state) and the HF show similar evolutions, and the following 
systematic trends have been observed. For the 2+ state: while for the “vibrational” 
nuclei (P-values below about 4.0) different theoretical calculations reproduce rather 
well the experimental values, for the “rotational” nuclei (P larger than about 4.0) 
the experimental data show a practically exponential increase with P, which is not 
reproduced by any of the theoretical approaches. For the 4+ state, measured mostly 
in the “rotational nuclei”: both the relative BR and HF show a striking behavior, 
with a pronounced maximum around P=7.5. This is rather unexpected, as all nuclei 
with P > 6.0 are usually considered good rigid rotors (the ratio between the energies 
of their 4+ and 2+ states is  rather high, above 3.27).  For the 6+ state: the same 
quantities evolve practically out of phase with those of the 4+ state (they decrease 
between P  ≈  4.0 and  P  ≈  8.0).  These behaviors  of the 4+ and 6+ states  are not 
described by the theoretical calculations. 

 The  evolution  of  different  nuclear  structure  quantities  of  these  nuclei 
(moment of inertia,  R(4/2) ratio,  quadrupole and hexadecapole deformation) has 
been examined, in trying to find some correlations with the variations observed for 
the alpha-decay fine structure quantities. For the 2+   state, a good correlation has 
been  observed  between the  exponential  increase  of  HF and the  increase  of  the 
nuclear rigidity (nuclei with higher P are closer to a rigid rotor); a more adequate 
treatment  of  the  properties  of  the  involved  states  could  improve the  theoretical 
predictions (one should note that only in the coupled channel calculations of Delion 
et  al.,  Phys.  Rev.  C75(2008)054301,  the  structure  of  the  excited  states  was 
explicitely taken into account, but within the rigid rotor model). As for the striking 
behavior  of  the  4+ state,  no  correlation  has  been  found,  leaving  the  observed 
behavior in the region of  the “good rotor” nuclei as a very intriguing phenomenon.
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Correlations in structure between masses and spectroscopic observables * 
 

R.B. Cakirli1,2, K. Blaum1 and R.F. Casten3 
1 Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 

2 Department of Physics, University of Istanbul, Istanbul, Turkey and 
3 Wright Nuclear Structure Laboratory, Yale University, New Haven, CT 06520, USA 

 
 
Collective effects in nuclei can often be understood by considering how many valence particles, 
i.e. total number of valence protons and neutrons, the nucleus has. Within the last years, ideas 
such as NpNn and P-factor schemes [1] have been successful in correlating properties such as 
R4/2 which is the energy ratio between the first excited 4+ state and the 2+ state. In this talk, 
studies of the sensitivity of calculated collective contributions for deformed nuclei to separation 
energies will be discussed as well as how both experimental separation energies and the first 
excited 2+ states show correlated changes as a function of N will be presented. Finally, 
enhanced collective effects [2-4] will be investigated in terms of correlations of masses and 
spectroscopic observables including some results using the IBA. 
 
 
 
[1] R.F. Casten, Nucl. Phys. A443, 1 (1985) and  R.F. Casten, D.S. Brenner and P.E. Hausein, Phys. Rev. 
Lett. 58, 658 (1987). 
[2] R.B. Cakirli, R.F. Casten, R. Winkler, K. Blaum, and M. Kowalska, Phys. Rev. Lett. 102, 082501 
(2009). 
[3] D. Shubina et al, Phy. Rev. C, in progress. 
[4] R.B. Cakirli, K.Blaum and R.F. Casten, Phys. Rev. C 82, 061304 (2010). 
_________________________________ 
 
*This work was supported by the Humboldt Foundation (R.B.C.), Max-Planck Society and by the US DOE under 
Grant No. DE-FG02-91ER-40609. 
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Nuclear rainbow in the 
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The 
16

O + 
27

Al elastic and inelastic angular distributions have been measured in a broad angular 

range (13° < θ < 52°) at 100 MeV incident energy at INFN-LNS (Italy). The use of the 

MAGNEX large acceptance magnetic spectrometer [1] and of the ray-reconstruction analysis 

technique has been crucial in order to provide, in the same experiment, high-resolution energy 

spectra and cross-section measurements distributed over more than seven orders of magnitude, 

down to hundreds of nb/sr [2]. The data analysis shown in Fig. 1 confirms a rainbow formation 

as predicted by parameter-free Coupled Channel calculations obtained with the parameter free 

double folding Sao Paulo optical potential [3]. It also reveals the crucial role of inelastic 

couplings in the rainbow formation for heavy systems even at energies far above the Coulomb 

barrier. This behavior is also observed at higher bombarding energy as revealed by a 

preliminary analysis of a very recent experiment performed at INFN-LNS at 280 MeV. This 

feature, well known in atomic/molecular scattering, is experimentally found for the first time in 

Nuclear Physics [4]. 

 

 
 
 

 

Fig. 1.  Experimental angular distributions for the elastic  

scattering, as compared with the corresponding theoretical Coupled-Channel predictions 

(solid lines) and from Optical Model calculations without couplings (dashed line).  

 

 

[1] F. Cappuzzello et al., MAGNEX: an innovative large acceptance spectrometer for nuclear reaction 

studies in: Magnets: Types, Uses and Safety, Nova Publisher Inc., New York, 2011, pp 1-63.  

[2] M.Cavallaro, et al., Nucl. Instr. and Meth. A 648 (2011) 46. 

[3] L.C. Chamon, et al., Phys. Rev. Lett. 79 (1997) 5218. 

[4] D. Pereira, et al., Phys. Lett. B 710 (2012) 426. 

_________________________________ 

ELASTIC SCATTERING 
16O + 27Al at 100 MeV 

θCM (deg) 
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Improved Local and Global Nuclear Mass Relations

William J M F Collis (mr.collis @ physics.org)

At NSD09 we showed illustrated improved Garvey-Kelson like local mass relations. One of
these demonstrated a vanishing model error for heavier even-even isotopes. That is to say, the
error in estimating atomic masses could be entirely accounted for by the declared experimental
error in measurement.

Encouraging though this result may have been, it is not always a useful method, because
frequently the unknown masses of interest lie towards the drip-lines where neighboring masses
too are unknown. In this paper we show new local relations which from which generic global
equations, using point functions can be derived. These new global relations are more accurate
than the Garvey/Kelson and Janecke/Masson equivalents. Evidence will be presented showing
that extrapolation to unknown mass regions is more reliable.

Local Relation Global Relation (2120 isotopes)

Diagram
Model
Error
kev

Number of
Parameters

Terms satisfying
Local Relation

Model
Error
kev

G
K
T Classical

Garvey Kelson
transverse local

relation

216 509

fZ(Z), fN(N),
fA(N+Z)

Janecke /
Masson
formula

329

N
e
w

82 513
fZ(Z), fN(N),

NfNZ(Z),
ZfZN(N), odd

174
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1. G. T. Garvey et al., "Set of Nuclear Mass Relations and a Resultant Mass Table" Rev. Mod.
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2. J. Janecke, P. Masson ”Mass Predictions from The Garvey-Kelson Mass Relations”, Atomic
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Higher-Order Isospin Contributions”, Atomic Data And Nuclear Data Tables 39, 273 (1988)
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Communication April 2011.
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A microscopic particle-vibration coupling model
applied to single-particle states and giant resonances

G. Colò1

1 Dipartimento di Fisica, Università degli Studi,
and INFN Sez. di Milano, via Celoria 16, 20133 Milano, Italy

Recently, we have developed a self-consistent particle-vibration coupling model (PVC) which is
based on the use of a Skyrme-type effective interaction and does not introduce any other free
parameter. In this contribution, we will survey the applications of this model to various physics
cases. We start from the calculation of the single-particle strength fragmentation in magic nuclei
(both stable and neutron-rich): at present, we have at our disposal a version of the model that
also takes proper care of the continuum, and we can discuss advantages and drawbacks of this
implementation. We then discuss the spreading width and the decay of giant resonances, by using
the two examples of the Giant Quadrupole Resonance (GQR) in 208Pb with its γ-decay partial
widths as well, and the Gamow-Teller Resonance in few nuclei with its astrophysical implications.
We conclude by a critical analysis of the open questions, the main one being how to account at the
same time for the coupling with collective vibrations and with the background of non-collective
states. Hints from the many-body Hedin’s equations will be highlighted.
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Microscopic description of reactions involving exotic nuclei

P. Descouvemont
Physique Nucléaire Théorique et Physique Mathématique, C.P. 229,

Université Libre de Bruxelles (ULB), B-1050 Brussels, Belgium

Elastic scattering and breakup reactions represent efficient tools to investigate the structure
of exotic nuclei. The main issue for theory is to determine their spectroscopic properties from
the measured cross sections. The Continuum Discretized Coupled Channel (CDCC) method [1]
(at energies around the Coulomb barrier) and the eikonal method (at high energies) are widely
used in reaction theories. Both approaches rely on projectile wave functions as accurate as possible.

On the other hand the spectroscopy of light nuclei is well described by microscopic cluster models
[2]. In this approach the wave functions are completely antisymmetrized, and the model only
relies on a nucleon-nucleon interactions. Many applications have been performed in recent years
for the description of light exotic nuclei, such as 6He, 8B or 11Li [3].

The next step is to combine these microscopic wave functions with a reaction theory. This opens
many possibilities for reactions around the Coulomb barrier. Not only elastic scattering can
be studied, but also inelastic scattering or breakup reactions. One of the main advantages of
the approach is that, in contrast with traditional models which require nucleus-target optical
potentials, it only depends on a nucleon-target potential, which is in general well known. We
present preliminary results on the 7Li+59Co elastic and inelastic scattering, where 7Li is described
by an α+3H cluster structure . Theoretical predictions are compared with experimental data at
energies around the Coulomb barrier [4].

[1] M. Yahiro et al., Prog. Theor. Phys. Suppl. 89 (1986) 32.
[2] Y.C. Tang, in Topics in Nuclear Physics II, Lecture Notes in Physics, Vol.145 (1981) 572.
[3] P. Descouvemont and M. Dufour, Lecture Notes in Physics, Vol. 848 (2012) 1.
[4] F.A. Souza et al., Phys. Rev. C75 (2007) 044601.
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Quantum partner-dance of two interacting 12C nuclei fuels stellar
carbon burning∗

Alexis Diaz-Torres1 and Michael Wiescher2
1European Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT∗),

Strada delle Tabarelle 286, I-38123 Villazzano, Trento, Italy
2Joint Institute of Nuclear Astrophysics, Department of Physics (JINA),

University of Notre Dame, Notre Dame, IN 46656, USA

Using time-dependent wave-packet dynamics within a nuclear molecular picture, which is an
innovative model of fusion, an alternative approach to a quantitative understanding of the 12C
+ 12C sub-Coulomb fusion resonances is introduced. Various molecular resonances are predicted
near the Gamow peak energy (1.5 MeV)- that is, the stellar energy with the highest 12C + 12C
fusion rate. These are caused by the dance-like movements of the 12C nuclei symmetry axis in the
dinuclear system, which are closely correlated to fusion. This generates fusion resonances which
seem to correspond well with the experimental results. Therefore, the present approach might be
a more suitable tool for expanding the cross section predictions towards lower energies than the
commonly used potential model approximation. The results are also important for understanding
X-ray superburst ignition on accreting neutron stars, which is likely triggered by a high rate of
carbon burning.

∗ This work was supported by the Joint Institute for Nuclear Astrophysics JINA NSF Grant Phys-0822648.
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New nonrelativistic energy density functionals for low-energy nuclear
phenomena∗

Jacek Dobaczewski
Institute of Theoretical Physics, Faculty of Physics,

University of Warsaw, ul. Hoża 69, PL-00681 Warsaw, Poland and
Department of Physics, PO Box 35 (YFL),
FI-40014 University of Jyväskylä, Finland

Methods based on nuclear energy density functional (EDFs) have already become the standard
tool in describing nuclear ground states and low-energy excited states [1, 2]. In the present contri-
bution, I will focus on recent developments related to the quest for new-generation functionals that
might provide us with increased precision of global description of nuclear data and link low-energy
phenomena to ab-initio properties of nuclear matter and nuclear interactions. The main line
of generalizations will be in expansions of EDFs in series of higher-order corrections related to
derivatives of densities and fields [3]. I will also discuss generalizations of momentum-dependent
interactions, like the Skyrme force, to higher orders [4] and derivations of quasilocal higher-order
functionals from nonlocal ones [5]. Finally, I will present ideas related to introducing new
functionals based on regularized zero-range forces [6].

[1] M. Bender, P.-H. Heenen, and P.-G. Reinhard, Rev. Mod. Phys. 75, 121 (2003).
[2] J. Dobaczewski, J. Phys. Conf. Ser. 312, 092002 (2011).
[3] B.G. Carlsson, J. Dobaczewski, and M. Kortelainen, Phys. Rev. C 78, 044326 (2008).
[4] F. Raimondi, B.G. Carlsson, and J. Dobaczewski, Phys. Rev. C 83, 054311 (2011).
[5] B.G. Carlsson and J. Dobaczewski, Phys. Rev. Lett. 105, 122501 (2010).
[6] K. Bennaceur, J. Dobaczewski, and F. Raimondi, to be published.

∗This work was supported in part by the Academy of Finland and University of Jyväskylä within the FIDIPRO
programme and by LEA COPIGAL Polish-French Collaboration Agreement.
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Recent Penning trap mass measurement results of neutron rich nuclei 
 

T. Eronen
1 

 
1
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 

 

 

 

Several on-line Penning trap facilities provide high-precision atomic masses of short-

lived nuclei. On neutron rich side of the nuclide chart these data is commonly used 

either for understanding nuclear structure or for astrophysical r-process. Typically mass 

precision of about 10 keV is reached. 

In this contribution I’ll summarize the most recent atomic mass measurements of 

neutron rich nuclei measured with Penning traps. These include, for instance, masses 

near 
132

Sn and around 
100

Zr subshell closure. 
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Results from the experimental campaign
of the AGATA Demonstrator at LNL

E. Farnea∗

INFN Sezione di Padova, 35131 Padova, Italy

The expected experimental conditions at the planned future facilities for radioactive ion beams
and for high-intensity stable beams are extremely challenging, requiring unprecedented levels of
efficiency and sensitivity, which cannot be reached with the conventional 4π arrays of Compton-
suppressed high-purity germanium detectors. The approach pursued in the past few years implies
covering the full 4π solid angle with germanium detectors only, and maximising the photopeak
efficiency and the peak-to-total ratio through the identification of the interaction points of the
photons within the germanium crystals and a software reconstruction of the trajectories of the
individual photons. These processes are generally known as pulse shape analysis and γ-ray tracking.
Arguably, the major advantage with respect to the present generation arrays is the excellent spectra
quality provided up to relativistic beam velocities, where the Doppler broadening correction is
dominated by the position resolution within the individual crystals rather than by the finite opening
angle of the detectors.
Presently, two projects aim to build an array based on the techniques of pulse shape analysis
and γ-ray tracking: AGATA in Europe and GRETA in the United States. Both instruments are
expected to play a major role in the future nuclear structure studies at the very limits of nuclear
stability.
This contribution will focus on the AGATA project. A subset of the whole array, known as the
AGATA Demonstrator Array, has operated since 2009 until the end of 2011 at the Laboratori
Nazionali di Legnaro, where it was installed at the target position of the magnetic spectrometer
PRISMA. Following the commissioning runs in 2009, the AGATA Demonstrator has been exploited
in a two-years experimental campaign. A total of 20 PAC-approved measurements were performed,
plus 3 in-beam tests, for a grand total of 148 days of beam time. Given the possibilities offered by
the coupling with the PRISMA magnetic spectrometer, the campaign has focused mainly on the
study of moderately neutron-rich nuclei populated via multinucleon transfer or deep inelastic reac-
tions. However, the proton-rich side of the nuclides chart has been explored as well by using other
complementary devices such as the TRACE silicon detectors or the scintillators of HELENA and
HECTOR. The analysis of all of the performed experiments is still in progress and the preliminary
results of a few selected of them will be presented.

∗on behalf of the AGATA and PRISMA Collaborations
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Skyrmions∗

D.T.J. Feist1 and P.H.C. Lau1

1DAMTP, Centre for Mathematical Sciences,
Wilberforce Road, Cambridge CB3 0WA

The Skyrme model provides a soliton description of atomic nuclei. Nuclei can be modeled by quan-
tising certain degrees of freedoms of Skyrmions, the solutions of the Skyrme theory. In the past,
this has served to describe the properties of nucleons as well as the rotational spectra of some small
nuclei. More recently, α-particle clustering has been observed in the Skyrme model, and it pre-
dicts interesting structures for nuclei of baryon number B divisible by four, such as 8, 12, 16, 24, 32.

A promising approach to find some Skyrmions with intermediate baryon numbers is to remove single
nucleons from Skyrmions made from α-particles. By means of quantising the resulting solutions,
spectra of nuclei with 31 baryons could be modeled. More insight into the interactions of two
α-particles has been gained recently [1], and it seems now possible to find vibrational spectra, for
example of Sulphur-32.

FIG. 1: Removing one baryon from the cubic B = 32 Skyrmion we obtain a B = 31 Skyrmion. The
missing baryon can be seen here as a distorted corner in what looks otherwise like an approximate cube.

[1] D.T.J. Feist, Interactions of B=4 Skyrmions, JHEP, 2012.

∗ This work was supported by EPSRC, Trinity College Cambridge and the Gates Cambridge Foundation. Supervised
by N.S. Manton.
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Collisions Induced by Halo and Weakly Bound Nuclei Around the Coulomb 
Barrier: Recent Results at INFN-LNS Catania.

P.Figuera1

1INFN Laboratori Nazionali del Sud, Via S.Sofia 62  I-95123 Catania Italy. 

The study of  collisions  around the Coulomb barrier  induced by halo and/or  weakly bound 
nuclei has been object of many publications in the last years. In fact, it has been shown that the 
peculiar  structure  of  such  nuclei,  which  have  very  low  break-up  thresholds  and  also  an 
extended matter distribution in the case of the nuclear halo, can strongly affect the reaction 
mechanisms around the Coulomb barrier (see e.g. [1,2,3] and references therein). One expects 
that direct processes like breakup or transfer are favored by the low breakup thresholds and by 
the cluster or halo structure of such nuclei. Due to the low breakup threshold coupling effects to 
the continuum are expected to play an important role on fusion and elastic scattering, and a 
complete  description  of  such  processes   requires  complex  CDCC  calculations.  Recent 
experimental results on the above topic obtained by our group in Catania will be summarized 
and discussed.  
Almost  all  elastic  scattering  and  direct  reaction  data  with  halo  nuclei  around  the  barrier, 
published in the literature, concerns reactions induced by  6He. Therefore data with different 
halo nuclei are needed. We recently measured elastic scattering and transfer+breakup angular 
distributions  for  11Be+64Zn,  observing  a  strong  suppression  of  elastic  scattering  and, 
correspondingly, a strong enhancement of total reaction cross section. The data, together with 
the  Optical Model fits and CDCC calculations, will be presented and discussed.
In the  study of collisions induced by halo nuclei around the barrier, controversial conclusions 
concerning the presence or not of  possible enhancement effects of the fusion cross sections 
have been reached by different authors. We recently extended to lower energies our previous 
[5] comparison of fusion excitation functions for the systems 6,4He+64Zn.  An enhancement of 
fusion cross section for the 6He induced collision when compared with the one induced by 4He 
has been observed and its possible origin will be discussed.  
The  study  of  collisions  induced  by  stable  weakly  bound  nuclei,  which  do  not  have  halo 
structure, has also a considerable interest, and we recently measured elastic scattering angular 
distributions  and  total  fusion  cross  sections  at  several  energies  around  the  barrier  for  the 
systems 6,7Li+64Zn.  The  energy dependence of the optical potential has been extracted from the 
optical model  analysis of the elastic A.D. ,  and no usual threshold anomaly was observed.  A 
comparison of the experimental relative yields of different  heavy residues with the predictions 
of CASCADE suggests that complete fusion dominates at energies above the barrier whereas 
incomplete fusion or transfer are dominant in the subbarrier region.    
The conclusions of our studies will be compared with the ones of different  authors  to see if 
clear systematic behaviors appear in the various aspect of the discussed topic and to understand 
which type of  new experimental  data  would  be helpful  for  a  better  understanding of  this 
subject.

[1] L.F.Canto  et al., Phys. Rep. 424, 1, (2006)
[2] N.Keeley et al., Prog. Part. And Nucl. Phys. 59, 579,  (2007)
[3] N.Keeley et al., Prog. Part. And Nucl. Phys. 63, 396,  (2009)
[5]A. Di Pietro et al. Phys. Rev. C 69, 044613,  (2004)
[6]A. Di Pietro et al. Phys. Rev. Lett. 105, 022701,  (2010)
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Applications of In-Medium Chiral Dynamics to Nuclear Structure

P. Finelli1,2
1Physics Department, University of Bologna, Via Irnerio 46, I-40126 Bologna and

2INFN, Section of Bologna, Viale Berti Pichat 6/2, I-40127 Bologna

A relativistic nuclear energy density functional has been developed in the last years, guided by the
most important feature connecting chiral dynamics and the symmetry breaking pattern of low-
energy QCD: long- and intermediate-range interactions generated by one-and two-pion exchange.
We performed several calculations for ground-state properties [1] and excited-state properties [2]
(at the same quality level of the best phenomenological relativistic mean-field models). The model
has been furhter extended to describe single Λ-hypernuclei [3].
In this talk we are going to show an important extension to our original energy functional, in which
the particle-particle channel is constrained by chiral dynamics (two-body forces at N3LO order and
three-body forces at N2LO) [4].
Possible extensions to higher partial waves and isospin dependence will be discussed.

[1] P. Finelli, N. Kaiser, D. Vretenar and W. Weise, Eur. Phys. J. A 17 (2003) 573 [arXiv:nucl-
th/0205016]; Nucl. Phys. A 735 (2004) 449 [arXiv:nucl-th/0307069]; Nucl. Phys. A 770 (2006) 1
[arXiv:nucl-th/0509040].
[2] P. Finelli, N. Kaiser, D. Vretenar and W. Weise, Nucl. Phys. A 791 (2007) 57 [arXiv:nucl-
th/0612026].
[3] P. Finelli, N. Kaiser, D. Vretenar and W. Weise, Phys. Lett. B 658 (2007) 90 [arXiv:0707.3389
[nucl-th]]; Nucl. Phys. A 831 (2009) 163 [arXiv:0909.1707 [nucl-th]]; Nucl. Phys. A 835 (2010)
418.
[4] N. Kaiser, T. Niksic and D. Vretenar, Eur. Phys. J. A 25, 257 (2005) [arXiv:nucl-th/0411038];
P. Finelli, T. Niksic and D. Vretenar, submitted to Phys. Rev. C, [arXiv:1111.4946 [nucl-th]].
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Present status on the search for Neutrinoless Double Beta Decay

N. Fiuza de Barros1

IKTP, TU Dresden, Zellescher Weg 19, 01069 Dresden

Following the recent results on the measurement of the neutrino oscillation parameters, the
determination of the mass presents itself as one of the most interesting challenges in neutrino
physics. Different approaches exist but the most popular and most widely explored is the
neutrinoless double beta decay (0νββ).
The neutrinoless double beta decay process can be mediated by light massive Majorana neutrinos
and can potentially be observed in isotopes where the double beta decay with neutrinos (2νββ)
occurs, and has already been observed in several isotopes. Unlike the decay with neutrinos, where
a part of the decay energy is carried by the neutrinos resulting in a continuous β spectrum,
in 0νββ decay, the whole of the decay energy is carried out in the electrons, resulting in the
observation mono-energetic peak at the decay endpoint. Its observation would imply violation
of the leptonic number on the neutrino sector and would potentially shed light into the neutrino
mass, as the half-life of this decay would depend on the effective mass of the electron neutrino.
Several experiments are currently aiming to observe this decay mode, exploring a wide range
of the possible isotopes, and explore several different technologies. At present a claim upon
the observation of 0νββ decay on the 76Ge isotope has been performed by a subgroup of the
Heidelberg-Moscow experiment, whose verification is now the primary aim of the new generation
of experiments. Presently several experiments are being developed to observe this process with
several different isotopes, some of which are already taking data with the potential to test the
existing claim.
In this talk a review of the status on the search for neutrinoless double beta decay will be
given, with particular emphasis on the presently running experiments. A review of the detection
approaches and isotopes used in current and future experiments will be given, along with an
explanation of the different limiting backgrounds and uncertainties, and a comment on the aimed
sensitivities of each experiment.
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Challenges to understanding the structure of light nuclei 
 

M. Freer
1
 

1 School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, UK
 
 

 

 

 

In certain classes of nuclear states, nucleons condense into sub-units or clusters. This 

phenomenon has been shown to be most pronounced close to the associated cluster decay 

threshold. Perhaps the most famous of these is the Hoyle-state in 12C. This talk will examine a 

range of cluster states from those composed entirely of alpha-particles to cluster states in 

neutron-rich nuclei where valence neutrons play a role very similar to electrons in covalent 

molecules – they are exchanged between the centres/cores. 

The structure of 12C has remained something of an enigma, especially the 7.65 MeV, Hoyle-

state. It is almost universally accepted to possess a cluster structure, but the very nature of 

which remains to be fixed. Part of the fascination with the state is its influence on the synthesis 

of carbon in stars. One step forward to the understanding of the structure would be the 

discovery of a 2+ collective excitation. As yet the evidence is sparse. We will present our most 

recent measurements performed at the iThemba LABs and Notre Dame, in which we have 

made a search for this excitation and the associated 4+ state. The results of these results will be 

discussed in the context of other measurements. 

As noted, the Hoyle-state is believed to have a pronounced 3 alpha cluster structure. What 

happens if valence neutrons are added is an intriguing question. It has been found that in 

systems composed of two-alpha particles and valence neutrons that the neutrons are exchanged 

between the alpha-cores in a manner which is similar to the exchange of electrons in covalent 

atomic molecules. Such structures are found, for example, in the nuclei 9Be and 10Be and due 

to their similarity with their atomic cousins have been called “nuclear molecules”.  

We have investigated the resonant scattering of 10Be on 4He in an attempt to populate 

molecular type resonances in 14C, which are composed of three alpha-particles and two 

valence neutrons. These measurements were performed at ORNL with a helium gas target 

populating resonances from the decay threshold to an excitation energy of above 20 MeV. 

Similarly measurements have been performed on 7Be+4He and 9Be+4He. The latest results 

from the on-going analysis will be presented. 
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Recent progress in nuclear astrophysics 
 

B. R. Fulton 
Physics Department, University of York, York YO10 5DD, UK 

 
 
 
Nuclear astrophysics is an exciting collaborative research area where nuclear physicists, 
astrophysical modelers and observational astronomers work together to understand the structure 
and evolution of astrophysical objects.  These can range from stars where the nuclear reactions 
occur under conditions of hydrostatic stability and often involve reactions between stable 
nuclei, to objects such as novae, x-ray bursters and supernovae where the reactions occur in 
explosive conditions and often involve unstable, short-lived nuclei.  As the range of nuclei 
available as radioactive nuclei from new facilities increases and the quality and intensity of the 
beams improves, more of the key reactions which determine the development of these unique 
explosive objects can be studied. 
 
The study of the key reactions involved in stars generally involves measuring very small cross 
sections at low energies and this brings particular challenges.  Different, but equally 
challenging, are the measurements of explosive environment reactions with low intensity 
radioactive beams.  Other reaction processes such as the s- and r- and p-processes require 
measurements of neutron capture or gamma absorption.  New experimental approaches have 
had to be developed to meet these unique challenges.  In many cases the beams required for the 
direct measurements are not available, or the cross sections are too low for present 
experimental approaches.  In these situations we have to revert to calculating the reaction rates 
using models or knowledge of the structure of the interacting nuclei.  This in turn may involve 
using indirect techniques to determine this information from other reaction measurements. 
 
In this talk I will review the main nucleosynthesis processes and the astrophysical sites where 
they occur, as well as presenting some recent results on the key reactions involved in novae and 
AGB stars. 
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Electron Screening in Nickel 
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Due to Coulomb repulsion the cross section for charged particle induced nuclear reaction drops 

rapidly with decreasing beam energy and as a consequence at energies far below the Coulomb 

barrier, the reaction rate becomes very low. For nuclear reactions studied in the laboratory, the 

target nuclei and projectiles are usually in the form of neutral atoms or molecules and ions, 

respectively. The electron clouds surrounding the interacting nuclides act as a screening 

potential. In order to account for this effect, electrons can be thought of as effectively lowering 

the Coulomb barrier by a constant and energy-independent energy increment Ue, the screening 

potential. The increment of impact energy leads to a higher cross section for screened nuclei 

than would be the case for bare ones. 

 

Experimental studies of low-energy fusion reactions involving light nuclides [1-5] have shown 

the expected exponential enhancement of the cross section at low energies, which for the metals 

were much larger than could be accounted for from the adiabatic limit. In addition, an increase 

of the screening potential proportional to proton number Z of the target was observed in Be and 

V targets [5-6]. The discrepancy between measured Ue and the adiabatic limit is presently not 

completely understood. 

 

In order to further investigate electron screening phenomenon we studied proton induced 

nuclear reactions over an energy range from 1.35 to 3.08 MeV for different environments: Ni 

metal and NiO insulator. The measurements were based on observation of the γ-ray yields of 
59,61,63,64,65

Cu and 
58,60,62

Ni produced in the reactions: 
58

Ni(p,γ)
59

Cu, 
60

Ni(p,γ)
61

Cu, 
62

Ni(p,γ)
63

Cu, 
64

Ni(p,γ)
65

Cu and 
58

Ni(p,p'γ)
58

Ni, 
60

Ni(p,p'γ)
60

Ni, 
62

Ni(p,p'γ)
62

Ni, 
64

Ni(p,nγ)
64

Cu using high 

purity natural Ni and NiO targets. In a very similar (p,n) reaction in vanadium which has only 

three protons less than nickel, an electron screening potential of UD=27±9 keV was measured 

(UD is the difference between screening potentials in metal and insulator targets). Due to the 

prediction [6] of the linear dependence of UD on target Z, we expected UD in Ni to be around 30 

keV. However, our preliminary experimental results give UD=48±14 keV. Although the large 

error bars still allow UD to be the same in Ni and V, our screening potential for Ni is actually 

the highest screening potential ever measured.  

 

Also, we have observed the decay of 
61

Cu produced in the reaction 
60

Ni(p,γ), (decay by β
+
and 

electron capture) in order to find possible decay rate perturbation by a change in atomic 

electrons and found a difference in half-life of about 1% for metallic compared to oxide 

environment, respectively. However, the difference in β
+
/EC branching ratio is larger. 

 

The present preliminary results show that the metal surrounding clearly affects the fusion 

reactions at low energy and that it also affects the decay rate. It also points to a conclusion that 

electron screening dependence on Z is not simply linear but that it depends on the environment 

in a more complicated way.  
 

 

 

[1] C. Rolfs, Prog. Theor. Phys. Suppl 154 (2004) 373.                                                                       

[2] J. Cruz et al., Phys. Lett. B 624 (2005) 181.                                                                                   

[3] F.Raiola et al., Eur. Phys. J. A 19 (2004) 283.                                                                                                                                                       

[4] J. Kasagi, Prog. Theor. Phys. Suppl. 154, (2004) 365.  

[5] D. Zahnow, et al., Z Phys. A 359 (1997) 211.                                                                                     

[6] K. U. Kettner et al., J.Phys G 32, (2006) 489.                                                                                            
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Low-lying dipole response in the stable 40,48Ca nuclei with the second
random-phase approximation

D. Gambacurta 1, M. Grasso2, and F. Catara 3

1GANIL, CEA/DSM and CNRS/IN2P3,
Bôıte Postale 55027, 14076 Caen Cedex, France

2Institut de Physique Nucléaire, Université Paris-Sud,
IN2P3-CNRS, F-91406 Orsay Cedex, France and
3Dipartimento di Fisica e Astronomia and INFN,

Via Santa Sofia 64, I-95123 Catania, Italy

The Skyrme-second random-phase approximation is used to analyze the low-energy dipole excita-
tions for the stable isotopes 40Ca and 48Ca. For the latter a significant amount of strength is found
experimentally [1,2] which is not well described within RPA models. The presence of a neutron
skin in the nucleus 48Ca would suggest the interpretation of the low-lying response in terms of a
pygmy excitation. The inclusion and the coupling of 2 particle-2 hole configurations in the second
random-phase approximation [3] lead to an appreciable dipole response at low energies for the
neutron-rich nucleus 48Ca. The composition of the excitation modes (content of 1 particle-1 hole
and 2 particle-2 hole configurations), their transition densities and their collectivity are analyzed.
This analysis indicates that these excitations cannot be clearly interpreted in terms of oscillations
of the neutron skin against the core. In fact, only the most collective peak exhibits features usu-
ally associated to pygmy resonances while for the other states different properties are found. This
suggests that the 48Ca nucleus is still too light to present clear signatures of an oscillation of the
neutron skin against the internal core and that individual degrees of freedom are still dominant in
the description of the dipole low-energy spectrum as for lighter nuclei.

[1] T. Hartmann, J. Enders, P. Mohr, K. Vogt, S. Volz, and A. Zilges, Phys. Rev. C 65, 034301
(2002).
[2] T. Hartmann, M. Babilon, S. Kamerdzhiev, E. Litvinova, D. Savran, S. Volz, and A. Zilges,
Phys. Rev. Lett. 93, 192501 (2004).
[3] D. Gambacurta, M. Grasso, and F. Catara Phys. Rev. C 84, 034301 (2011)
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Conventionally, the proton distribution in nuclei can be reliably determined through the electron 

scattering, while the corresponding neutron distribution is extracted only indirectly. The proton-nucleus 

scattering provides a useful tool to determine either the parameters entering in the assumed shape of 

the neutron distribution or test the reliability of the theoretically calculated neutron distributions. The 

Bethe - Brueckner  Hartree-Fock (BBHF) based optical potential used in the calculation of the 

experimental observables (e.g. differential cross section, polarization) of the nucleon – nucleus 

scattering requires as input (1) the nucleon – nucleon (NN) interaction and (2) the nucleon distributions 

in target nuclei.  Various local realistic inter-nucleon (NN) potentials like local  Hamada-Johnston (HJ), 

Reid93, Urbana  av14, Argonne av18 along with several model nucleon density distributions are 

employed in generating the nucleon optical potential. We study the sensitivity of the calculated physical 

observables on the NN interaction and density distributions used. For illustration, some results of the 

representative  cases including the nuclei having a halo structure, will be presented and discussed.  

 

 

                                              

 
  . 
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Concealed configuration mixing and shape coexistence in the platinum
nuclei

J.E. Garćıa-Ramos1, V. Hellemans2, and K. Heyde3

1Departamento de F́ısica Aplicada, Universidad de Huelva, 21071 Huelva, Spain
2Université Libre de Bruxelles, Physique Nucléaire Théorique et
Physique Mathématique, CP229, B-1050 Brussels, Belgium and

3Department of Physics and Astronomy, Proeftuinstraat, 86 B-9000 Ghent, Belgium

Shape coexistence has been observed in many mass regions throughout the nuclear chart and turns
out to be realized in more nuclei than anticipated a few decades ago [1]. A particularly well-
documented example of shape coexistence is the Pb region where ample experimental evidence
for shape coexisting bands has been accumulated for the Pb (Z=82) and Hg (Z=80). For these
nuclei the existence of intruder configurations is self-evident after a careful view of the energy level
systematic, where the intruder energies show a clear parabolic behavior.
The case of Pt, as well as Po isotopes, although in the Pb region, is particularly intriguing because
the parabolic characteristic of the energy systematic is lost. In this work we investigate the role of
configuration mixing in the Pt region using the framework of the Interacting Boson Model (IBM).
For this chain of isotopes the nature of the ground state changes smoothly, being spherical around
mass A ∼ 174 and A ∼ 192 and deformed around the mid-shell N = 104 region. We start our
study with a detailed study of excitation energies and B(E2) transition probabilities to accurately
fix the IBM Hamiltonian and E2 transition operator [2]. We prove that those observables are not
valid to discriminate about the necessity or not of using intruder configuration in the description of
Pt nuclei. We next present our calculations using IBM with configuration mixing for gyromagnetic
factors (see left side of the figure), α-decay hindrance factors, and isotope shifts (see right side of
the figure). It will become evident the necessity of incorporating intruder configurations to obtain
an accurate description of the latter properties [3].
The study of the Pt nuclei is interesting because it demonstrates that calculations of a very different
nature can give rise to a good description of a number of properties. In this respect, the use of the
configuration mixing is quite illuminating as it consistently describes an as large set of observables
as possible.
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[1] K. Heyde and J.L. Wood, Revs. Mod. Phys. 83, 1467 (2011) and references therein.
[2] J.E. Garćıa-Ramos and K. Heyde, Nucl. Phys. A 825, 39 (2009).
[3] J.E. Garćıa-Ramos, V. Hellemans and K. Heyde, Phys. Rev. C 84, 014331 (2011).

Nuclear Structure and Dynamics II

41



Recent Experimental Results with Uranium Fragments at the Present FRS  
 

Hans Geissela,b, 
 

aGSI Helmholtzzentrum für Schwerionenforschung GmbH,  64291, Darmstadt, Germany 
bJustus-Liebig Universität, 35392 Giessen, Germany 

 
New experimental results were obtained with relativistic exotic nuclei produced via uranium 
projectile fragmentation and fission at the present in-flight separator FRS at GSI.  More than 
57 neutron-rich isotopes have been discovered in the element range from Nd to Ac. Most of 
these isotopes have been identified for the first time directly with the FRS and there produc-
tion cross section have been measured and compared to theoretical predictions. In other ex-
perimental campaigns the fragments were separated in flight and injected into the storage-
cooler ring ESR for accurate mass- and lifetime measurements. New mass values have been 
measured for 33 different nuclides circulating in the ESR.  In the preparatory phase for the  
new large-acceptance in-flight separator (Super-FRS) at FAIR pioneering experiments with 
the  combination of a cryogenic gas stopping cell and the multi-reflexion time-of-flight spec-
trometer  have been performed. First results of this novel experimental setup will be pre-
sented.  
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A. Gillibert
CEA Saclay IRFU/SPhN, Gif-sur-Yvette, France

Deeply-bound Nucleon Removal and Transfer from Light Exotic Nuclei. 

 

The distribution of spectroscopic strength in nuclei can be extracted from direct-reaction cross 

section measurements, assuming a proper modelling of the reaction mechanism. Direct transfer 

or knockout reactions in inverse kinematics, at low and intermediate energies respectively, are 

essential tools to study the shell structure of unstable nuclei. 

 

Recently, a compilation of one-nucleon removal at intermediate energies from sd-shell exotic 

nuclei showed that the measured cross sections of knocking out a deeply-bound nucleon (namely 

a neutron in 32Ar, 28Ar and 24Si) are about four times smaller than predictions from state-of-the-

art calculations [1]. On the other hand, at low energy, a study of the (p,d) neutron transfer on 

the proton-rich 34Ar and on the neutron-rich 42Ar provides experimental spectroscopic factors in 

agreement to within 20% with large-basis shell model calculations [2]. These findings which are in 

agreement with a previous systematic study of transfer reactions [3] are inconsistent with the 

trend observed in knockout. Therefore, it is suggested that these two probes lead systematically 

to different spectroscopic factors. The origin of this difference has to be understood.  

 

To further investigate this question, we performed one-nucleon removal on 14O and 16C at the 

NSCL at 53 and 75 MeV/nucleon respectively. Both have a large difference of proton and 

neutron separation energies, of about 20 MeV, similar to the cases where a strong discrepancy 

between knockout measurements and theoretical cross section predictions were observed. 

Moreover, in order to have a complete description of a same proton-rich nucleus both in 

knockout and transfer, we also studied 14O via the one-nucleon transfer reactions 14O(d,t)13O 

and 14O(d,3He)13N at 18 MeV/nucleon at GANIL. The results of both experiments will be 

presented and compared. 

 
 

[1] A. Gade et al. , Phys. Rev. C 77, 044306 (2008).  

[2] J. Lee et al. , Phys. Rev. Lett. 104, 112701 (2010).  

[3] M. B. Tsang et al. , Phys. Rev. Lett. 102, 062501 (2009).  
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12C+16O: properties of sub-barrier resonances γ-decay

A. Goasduff1,2, S. Courtin1,2, F. Haas1,2, D. Lebhertz3, D.G. Jenkins4, J. Fallis5, C. Ruiz5,

D.A. Hutcheon5, P.-A. Amandruz5, C. Davis5, U. Hager5, D. Ottewell5, and G. Ruprecht5
1Université de Strasbourg, IPHC, 23 rue du Loess 67037 Strasbourg, France

2CNRS, UMR7178, 67037 Strasbourg, France
3GANIL, CEA/DSM-CNRS/IN2P3, Bd Henri Becquerel,

BP 55027, F-14076 Caen Cedex 5, France
4Department of Physics, University of York,

Heslington, York YO10 5DD, United Kingdom and
5TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3 Canada

The investigation of resonant behaviour in excitation functions of light and medium mass systems
at low energy (until few MeV per nucleons) is one of the most exciting topics in nuclear physics since
1960’s. Today quasi-molecular resonances are well established and understood. Our experimental
programme is focused on the properties of those resonances decay. Following Bohr’s hypothesis
of the compound nucleus, the decay should be independent of the entrance channel. However if
the number of open channels is small this hypothesis becomes less pertinent and the subsequent
decay starts to be more dependent of the entrance channel. Through selection rules and structural
effects, the resonance will feed specific states.
Our recent experiments deal with the electromagnetic decay of the resonance. One of the best
way to test this electromagnetic decay is to use the the radiative capture reaction in which the
resonance decay solely by γ-ray emissions. Radiative capture of light particles, e.g. n, p or α, is a
well known process especially in the nucleosynthesis process in stellar environment. Between light
heavy ions, e.g. 12C+12C or 12C+16O, this reaction channel have been studied in the 80’s [1,2] and
present sharp resonances around the Coulomb barrier. Due to experimental limitations, it was not
possible to observe the complete resonance decay patterns. We performed new radiative capture
measurement in 12C+16O using γ-recoil techniques in order to suppress the overwhelming γ-flux
coming from the fusion-evaporation channels. Using the high efficiency γ-array (BGO) coupled to
the very rejective 0◦-spectrometer DRAGON of the TRIUMF laboratory (Vancouver, Canada) in
order to select the 28Si, we performed a series of experiments at several resonant energies.
Previous studies done in our group by Lebhertz et al. [3] on this system have shown that above
the Coulomb barrier (VB ∼ 7.8 MeV) resonances can be described by mixture of two spins. In
order to shed light on doorway states in the γ-decay of 28Si, we recently performed measurement
below the Coulomb barrier. Both explored energies correspond to resonant structures: one narrow
in the radiative capture cross section to the 2+

1 [2] at Ec.m. = 7.2 MeV and the other one, broad,
at Ec.m. = 6.6 MeV, observed in the fusion cross section by Christensen et al. [4] and Cujec et al.
[5]. At the lowest energy, located ∼ 15% below the barrier, a strong feeding of T = 1 states around
10 MeV arises. Monte-Carlo simulations performed display the particular importance of the 1+,
T = 1 at 11.446 MeV. Electron scattering experiments [6] demonstrate that this state concentrates
a large part of the M1 isovector strength in good agreement with shell model calculations.
Tentative attribution of resonance spins will be presented together with comparison with our
previous 12C+16O experiment [3] and with neighbouring system 12C+12C in which the importance
of T = 1 states has also been demonstrated [8].

[1] A. M. Nathan et al., Phys. Rev. C 24, 932 (1981).
[2] A.M. Sandorfi et al., Treatise on Heavy Ion Science, Vol.2, 52 (1984).
[3] D. Lebhertz et al., Accepted for publication at Phys. Rev. C
[4] P.R. Christensen et al., Nucl. Phys. A 280 189 (1977).
[5] B. Cujec, C.A. Barnes, Nucl. Phys. A 266 461 (1976).
[6] C. Lüttge et al., Phys. Rev. C 53, 127 (1996).
[7] M. N. Harakeh and A. van der Woude, Giant Resonances, Oxford University Press (2001).
[8] D. G. Jenkins et al., Phys. Rev. C 76, 044310 (2007).
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Unusual states in light nuclei 
V.Z. Goldberg 
Cyclotron Institute, Texas A&M University, USA 
 
Light nuclei are the interesting objects. The properties of light nuclei can change 
drastically with adding or removal a single nucleon. Only in the region of light nuclei, 
species beyond both borders of nuclear stability are known, and the nuclei with the 
highest N/Z ratio are investigated. Additionally ab initio calculations could be made for 
nuclei in this region. These calculations provide for reliable criterion for selection of the 
most interesting findings.  

Recent developments in the experimental technique and analysis [1-5] presented a 
group of the unusual levels in light nuclei; some of them were in the nuclei beyond the 
stability borders. The single particle or the cluster structure of the levels in question is a 
conventional issue of the “old” models; only the extreme pure character of the structure 
seems unusual. However, the understanding of the structure observed at the neutron rich 
border of stability should overstep the limits of the present knowledge. 

I’ll consider the most interesting observations using mainly Ref.s [1-5], and 
perspectives for future experiments. 

 
References 

1. A.N.Kuchera, G.V.Rogachev, V.Z.Goldberg et al., Phys.Rev. C84, 054615(2011) 
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The r-process nucleosynthesis: nuclear and astrophysics challenges

S. Goriely
Institut d’Astronomie et d’Astrophysique, Université Libre de Bruxelles,

Campus de la Plaine, CP 226, 1050 Brussels, Belgium

About half of the nuclei heavier than iron observed in nature are produced by the so-called rapid
neutron capture process, or r-process, of nucleosynthesis. The identification of the astrophysics
site and the specific conditions in which the r-process takes place remains, however, one of the
still-unsolved mysteries of modern astrophysics. Another underlying difficulty associated with our
understanding of the r-process concerns the uncertainties in the predictions of nuclear properties
for the few thousands exotic neutron-rich nuclei involved and for which essentially no experimental
data exist.
The present contribution emphasizes some important future challenges faced by nuclear physics in
this problem, particularly in the determination of the nuclear structure properties of exotic neutron-
rich nuclei as well as their radiative neutron capture rates and their fission probabilities. These
quantities are particularly relevant to determine the composition of the matter resulting from the
r-process. Both the astrophysics and the nuclear physics difficulties are critically reviewed with
a special attention paid to the r-process taking place during the decompression of neutron star
matter or within the neutrino-driven wind of type II supernovae.
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s, Catania, Italy and
7University of Zagreb - Department of physi
s, Zagreb, CroatiaDouble Sided Sili
on Strip Dete
tors (DSSSDs) are often used in nu
lear physi
s experiments ina wide energy range. A

ording to the previous experiments, when a parti
le hits the interstripregion of these dete
tors, di�erent e�e
ts may o

ur. Anomalous response 
an be due to theinhomogeneous ele
tri
 �eld in the region, lost 
harge in dead layers and to di�erent ionizationpro�les that dete
ted ions may have. Charge sharing, pulse height de�
its and inverse polaritypulses on adja
ent strips 
an in�uen
e the measured 
harge [1, 2, 3℄. In order to undestandthis behaviour and improve DSSSD use, an experiment was performed at the s
anning protonmi
robeam of the Ru�er Bo²kovi¢ Institute (RBI) using low proton mi
robeam 
urrents (∼ fA)and two DSSSDs (thi
kness 72 µm and 1000 µm). The response of these dete
tors is studied as afun
tion of the beam position, at di�erent beam energies (0.8, 1.7, 3, 6 MeV ) and bias voltages.Results show that the dete
tor area, where full 
harge is 
olle
ted, is not 
onstant with respe
t tothe ion penetration depths. Moreover the behaviour of the 
harge 
olle
tion in the interstrip regionshows strong and 
omplex dependen
e with the amplitude of the inverse polarity pulses. Me
ha-nisms behaviour and impli
ations by using DSSSD in nu
lear physi
s experiments will be presented.[1℄ J. Yorkston and A.C. Shotter, Nu
lear Instrument and Method A 262 (1987) 353.[2℄ Y. Blumenfeld et al., Nu
lear Instrument and Method A421 (1999) 471.[3℄ V. Eremin et al., Nu
lear Instrument and Method A 500 (2003) 121.
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DSA lifetime measurements of 124Cs in the context of time-reversal
symmetry

E. Grodner
Faculty of Physics, University of Warsaw, Warsaw, Poland

Symmetry considerations dominate modern quantum physics from theoretical as well as ex-
perimental standpoint. Time-reversal is one of the fundamental symmetry incorporated in the
description of the atomic nucleus. The possibility of time reversal symmetry breaking appears in
the Cabibbo-Kobayashi-Maskawa matrix of the standard model, however, it is not associated with
low energy nuclear excitations where time-reversal invariance rules the quantum description of the
strong interaction. Even if the time-reversal is fundamentally conserved, there is a possibility of
its spontaneous breakdown.

A hypothesis of the chiral symmetry breaking opened a new opportunity for the study of
spontaneous time-reversal symmetry breaking in an atomic nucleus. The occurence of chirality
has been found in 126,128Cs nuclei [1,2] for which specific electromagnetic selection rules have been
found in Doppler Shift Attenuation experiments. Here, recent DSA measurements in the 124Cs
nucleus will be presented. The 124Cs nucleus was produced in the 114Cd(14N,4n)124Cs reaction
at Heavy Ion Laboratory of the University of Warsaw. The obtained results agree with basic
expectations deduced from the chiral symmetry breaking. A connection between the chirality
phenomenon and the time-reversal symmetry will be discussed and a possibility of using chiral
doublets for studies of fundamental time reversal symmetry will be proposed.
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FIG. 1: M1 gamma-selection rules resulting from spontaneous time reversal symmetry breaking in 124Cs.

[1] E. Grodner et al., Phys. Rev. Lett. 97, 172501 (2006).
[2] E. Grodner et al., Phys. Lett. B703, 46 (2011).
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Finite-size instabilities in nuclear energy density functionals

V. Hellemans1, P.-H. Heenen1, and M. Bender2
1 Université Libre de Bruxelles, PNTPM, 1050 Bruxelles, Belgium, and

2Université Bordeaux, CNRS/IN2P3, CENBG,
UMR5797, F-33175 Gradignan, France.

In view of the next generation of radioactive ion beam facilities that will allow to probe the
properties of very exotic nuclei, there has been a major theoretical effort to refine and extend nuclear
energy density functionals (EDF) for atomic nuclei. These more involved EDFs often contain strong
derivative terms that may lead to finite-size instabilities when their coupling constants exceed
certain limits. The determination of these limits is a delicate problem. Some of the instabilities
can be studied with linear response theory for infinite nuclear matter, as demonstrated by Lesinski
et al. [1], whereas others - thus far - are only observed in studies of finite nuclei. The latter
studies require the solution of the mean-field equations in the most general possible way, that is,
with symmetry-breaking and not cutting the instabilities artificially through the use of a finite-size
basis.
A consistent understanding of these instabilities is of the utmost importance for the development of
future nuclear EDFs. Indeed, when the finite-size instabilities are related to the so-called time-odd
terms of the EDF that only contribute when time-reversal invariance is broken [2,3], they cannot
be detected when the coupling constants in the EDF are adjusted because fitting protocols focus
on the ground-state properties of even-even nuclei, hence leading to unstable interactions.
In this contribution, we will present an extensive study of finite-size instabilities in atomic nuclei,
probed with the very general 3D codes that have been developed within our collaboration. We
will discuss several terms causing finite size instabilities, focussing in particular on the dramatic
changes observed in the nuclear density and the spin density at the onset of the instability which
provide an insight into the question why some finite-size instabilities cannot be observed in all
methods.

[1] T. Lesinski, K. Bennaceur, T. Duguet, and J. Meyer, Phys. Rev. C 74, 044315 (2006).
[2] N. Schunck, J. Dobaczewski, J. McDonnell, J. Moré, W. Nazarewicz, J. Sarich, and
M. V. Stoitsov, Phys. Rev. C 81, 024316 (2010).
[3] V. Hellemans, P.-H. Heenen, and M.Bender, Phys. Rev. C 85, 014326 (2012).
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Ab Initio Calculations of Light-Ion Fusion Reactions* 
 

S. Quaglioni1, P. Navrátil2,1,  G. Hupin1, and C. Romero-Redondo2 
1Lawrence Livermore National Laboratory, P.O. Box 808, L-414, Livermore, California 94551, USA and 

2 TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, V6T 2A3, Canada  
 
 
The exact treatment of nuclei starting from the constituent nucleons and the fundamental 
interactions among them has been a long-standing goal in nuclear physics. Above all nuclear 
scattering and reactions, which require the solution of the many-body quantum-mechanical 
problem in the continuum, represent an extraordinary theoretical as well as computational 
challenge for ab initio approaches. 
 
I will shortly present a promising approach, the ab initio no-core shell model/resonating-group 
method (NCSM/RGM) [1,2], which complements a microscopic cluster technique with the use 
of two-nucleon realistic interactions, and a microscopic and consistent description of the 
nucleon clusters. This approach is capable of describing simultaneously both bound and 
scattering states in light nuclei. I will discuss applications to light nuclei binary scattering 
processes and fusion reactions that power stars and Earth based fusion facilities, such as the 
deuterium-3He fusion [3] shown in Fig. 1, and outline the progress toward the treatment of 
three-body clusters and the inclusion of the three-nucleon force into the formalism.  
 

 
 

 
Fig. 1. Experimental astrophysical S-factor for the 3He(d,p)4He reaction from beam-target measurements 
(symbols) compared to ab initio NCSM/RGM calculations (lines) for bare nuclei. The calculated S-factor 
improves with the inclusion of the virtual breakup of the deuterium, obtained by means of excited 3S1-3D1 
(d*) and 3D2 (d’*) deuterium pseudo-states. No electron-screening enhancement  is present in the 
theoretical results contrary to the beam-target data. 
 
 
[1] S. Quaglioni and P. Navrátil, Phys. Rev. Lett. 101, 092501 (2008); Phys. Rev. C 79, 044606 (2009). 
[2] P. Navrátil and S. Quaglioni, Phys. Rev. C 83, 044609 (2011). 
[3] P. Navrátil and S. Quaglioni, Phys. Rev. Lett 108, 042503 (2012). 
 
_________________________________ 
 
*Computing support for this work came from the LLNL institutional Computing Grand Challenge program. 
Prepared in part by LLNL under Contract DE-AC52-07NA27344. Support from the U. S.DOE/SC/NP (Work 
Proposal No. SCW1158), LLNL LDRD grant PLS-09-ERD-020, and the NSERC Grant No. 401945-2011 is 
acknowledged. 
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Competition between fusion-fission and quasifission in the reactions with heavy 
ions leading to the formation of Hs 

 
 

I.M. Itkis1, E.M. Kozulin1, M.G. Itkis1, G.N. Knyazheva1, F. Goennenwein2, O. Dorvaux3, L. Stuttgé3  
1Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research, 141980 Dubna, Russia, 

 2Physikalisches Institut, Universitaet Tuebingen, Germany and 
 3Institut Pluridisciplinaire Hubert Curien and Université de Strasbourg, France  

 
 
Mass and energy distributions of binary reaction products obtained in the reactions 22Ne + 249Cf, 
26Mg + 248Cm, 36S + 238U and 58Fe + 208Pb leading to Hs isotopes have been measured. At 
energies below the Coulomb barrier the bimodal fission of Hs*, formed in the reaction 
26Mg + 248Cm, is observed. In the reaction 36S + 238U, leading to the formation of a similar 
compound nucleus, the considerable part of the symmetric fragments arises from the 
quasifission process. At energies above the Coulomb barrier the symmetric fragments originate 
mainly from fusion-fission process for both reactions with Mg and S ions. In the case of the 
58Fe + 208Pb reaction the quasifission process dominates at all measured energies.  
The pre- and post-scission neutron multiplicities as a function of the fragment mass have been 
obtained for the reactions studied. In the case of the 26Mg + 248Cm reaction the pre-scission 
(Mpre) and post-scission (Mpost) neutron multiplicities dependencies on fragment mass are close 
to the predictions of statistical model calculations. For the 36S + 238U reaction Mpre for the 
symmetric mass split is 0.5 neutron less than that for the 26Mg + 248Cm reaction and shows a 
parabolic mass dependence with a maximum at ACN/2 and a decrease for asymmetric masses. It 
may be caused by the presence of quasifission component in the symmetric mass region for the 
36S ions induced reaction. In the case of the 58Fe + 208Pb reaction Mpre on mass dependence is 
parabolic. Moreover, the deviation of Mpost from linear dependence, observed for the 
asymmetric mass splits, may lead to the conclusion that at least in the asymmetric quasifission 
process the complete dissipation of the entrance channel energy does not occur. 
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Studies of neutron-excess nuclei from bounds to continuum

Makoto Ito
Department of Pure and Applied Physics, Kansai University,

Yamate-cho 3-3-35, Suita, Osaka 564-8680, Japan
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FIG. 1: Energy levels in 14Be (Jπ=0+). The
curve above the zero energy show the to-
tal reaction cross section in the collision of
6Heg.s.+

8Heg.s.. Two arrows represent the clus-
ter excitations from the bound states.

In light neutron-excess systems, many kinds of
molecular structures are discussed from the view
point of the clustering phenomena. In particular,
much attention has been concentrated on Be iso-
topes. The molecular orbital (MO) around the
8Be (=α+α) core, such as π− and σ+ associated
with the covalent binding of atomic molecules,
have been shown to give a good description for
the low-lying states of these isotopes [1]. In their
highly-excited states, furthermore, recent experi-
ments revealed the existence of the interesting res-
onant states, which dominantly decay to the 6,8He
fragments [2]. In this report, we show the uni-
fied study of the exotic cluster structures of even
Be isotopes (=α+α+XN , X=2,4,6,8) from bound
states to continuum states.
We applied the generalized two-center cluster
model (GTCM), in which the formations of var-
ious chemical bonding structures such as covalent
MOs and the atomic orbital (AO) with xHe+yHe,
can be described in a unified manner [3,4]. Due
to the consistent treatment of chemical bonding
structures, this model can also handle the nu-
clear reactions from AOs to MOs, which are ob-
served in continuum above particle-decay thresh-
olds [4]. An example of the application of GTCM
to 14Be=α+α+6N with the Jπ=0+ state is shown in Fig. 1.
First, we solved the bound state problem, and two energy levels are obtained (0+

1 and 0+
2 ). Next,

we solved the scattering problem of 6Heg.s+
8Heg.s. and calculated the scattering matrix (a curve

in the right side of Fig. 1). In the continuum region, we identified two resonances, 0+
3 and 0+

4 ,
in the scattering matrix. These states correspond to the cluster excitation mode from the bound
states, as shown in Fig. 1. Specifically, the two resonant states are generated by the excitation of
two α’s relative motions in the bound states. As a result of a cluster excitation, the AO structures,
such as 6Heg.s.+

8Heg.s. and 6He(2+
1 )+8Heg.s., are developed in the 0+

3 and 0+
4 states, respectively.

We performed the similar calculations for other Be isotope (8∼16Be) and confirmed that, in these
systems, the similar 6,8He clusters such as 10Be=α+6He, 12Be=6He+6He (α+8He), 16Be=8He+8He
are realized in the excited states embedded in continuum. Furthermore, we extend the similar
study to the heavier system, 28Ne = α+24O, the measurement of which is planned by employing
SAMURAI at RIKEN. The possible appearance of an α cluster in 28Ne will also be reported.

[1] N. Itagaki et al., Phys. Rev. C62, 034301 (2000), and references therein.
[2] M. Freer et al., Phys. Rev. Lett.82, 1383 (1999) ; Phys. Rev. C63, 034301 (2001).
[3] Makoto Ito, Phys. Lett. B 636, 293(2006); ibid, Mod. Phys. Lett. A 21, 2429 (2006).
[4] M. Ito, N. Itagaki, H. Sakurai, K. Ikeda, Phys. Rev. Lett. 100, 182502 (2008); M. Ito, N.

Itagaki, Phy. Rev. C 78, 011602(R) (2008);ibid, Phy. Rev. Focus 22, Story 4 (2008).
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Cluster and deformation in C isotopes∗

Y. Kanada-En’yo1, F. Kobayashi1, and T. Suhara2

1Department of Physics, Kyoto University, Kyoto 606-8502, Japan and
2Institute of Physics, University of Tsukuba, Tsukuba 305-8571, Japan

Structures of ground and excited states of C isotopes are discussed based on antisymmetrized
molecular dynamics calculations.

C isotopes are fascinating nuclei where two kinds of features, shell-model and cluster ones,
coexist. For instance, in 12C, it has been known that shell-model aspect is important in the ground
state while 3α cluster structures develop in excited states near the threshold energy. In systematic
studies of C isotopes including unstable nuclei, we see a structure change of ground states along
a C isotope chain. The neutron structure rapidly changes depending on a neutron number, while
proton structure is rather stable because of the shell effect at Z = 6. As a result, a neutron-skin
structure develops in neutron-rich nuclei. Another interesting feature in the structure change of
ground states is deformations of proton and neutron densities. Coupling and decoupling of proton
and neutron shapes are discussed in relation with B(E2) values. Quenching of E2 transition
strengths in 10C, 16C,18C is understood by the decoupling, i.e., difference between proton and
neutron shapes. The decoupling of proton and neutron shapes in terms of nuclear deformation
can be regarded as decoupling of modes between a core and valence neutrons. E1 response shows
valence neutron modes against a core, which contributes to an enhancement of low-energy E1
strengths (see Fig. 1).

In highly excited states near the threshold, a variety of developed cluster structures appear. One
of the characteristics of C isotopes is appearance of three-center cluster structures. As well known,
a typical example is the second 0+ state of 12C, which is regarded as a α gas state composed by
weakly interacting three α particles. In contrast to such a non-geometric 3α structure, a triangle
structure and a linear-chain one of three α clusters have been other attractive topics in C isotopes.
Cluster structures of excited states in C isotopes are discussed in this paper.

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 5  10  15  20  25  30  35  40

B
(E

1)
   

E*      (MeV)

x
y
z
total

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 5  10  15  20  25  30  35  40

B
(E

1)
   

E*      (MeV)

x
y
z
total

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 5  10  15  20  25  30  35  40

B
(E

1)
   

E*      (MeV)

x
y
z
total

 0

 0.2

 0.4

 0.6

 0.8

 1

 5  10  15  20  25  30  35  40

B
(E

1)
   

E*      (MeV)

x
y
z
total

C 16
C20C10 12C

FIG. 1: E1 transition strengths (e2fm2/MeV) as functions of excitation energy of C isotopes calculated
with the time-dependent AMD method [1]. The smoothing parameter is chosen to be Γ = 2 MeV. The total
strengths are shown by the thick solid lines. Thin dash-dotted, solid, and dotted lines are the contribution
for the x,y, and z-directions, respectively.

[1] Y. Kanada-En’yo and M. Kimura, Phys. Rev. C 72 (2005) 064301.

∗ This work was supported by Grant-in-Aid for Scientific Research from Japan Society for the Promotion of Science
(JSPS).
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How atomic nuclei cluster

J.-P. Ebran
CEA/DAM/DIF, F-91297 Arpajon, France

E. Khan
Institut de Physique Nucléaire, Université Paris-Sud,

IN2P3-CNRS, F-91406 Orsay Cedex, France

T. Niksic and D. Vretenar
Physics Department, Faculty of Science, University of Zagreb, 10000 Zagreb, Croatia

Nucleonic matter displays a quantum liquid structure, but in some cases finite nuclei behave like
molecules composed of clusters of protons and neutrons. Clustering is a recurrent feature in light
nuclei, from beryllium to nickel. For instance, in 12C the Hoyle state, crucial for stellar nucleosyn-
thesis, can be described as a nuclear molecule consisting of three alpha-particles. The mechanism of
cluster formation, however, has not yet been fully understood. The origin of clustering can be traced
back to the depth of the confining nuclear potential. By employing the theoretical framework of
energy density functionals that encompasses both cluster and quantum liquid-drop aspects of nuclei,
it is shown that the depth of the potential determines the energy spacings between single-nucleon
orbitals, the localization of the corresponding wave functions and, therefore, the degree of nucleonic
density clustering [1]. Relativistic functionals, in particular, are characterized by deep single-nucleon
potentials. When compared to non-relativistic functionals that yield similar ground-state properties
(binding energy, deformation, radii), they predict the occurrence of much more pronounced cluster
structures. More generally, clustering is considered as a transitional phenomenon between crystalline
and quantum liquid phases of fermionic systems.

[1] J.P. Ebran, E. Khan, T. Niksic, D. Vretenar, to be published
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Properties of quasifission in heavy ion induced reactions 
 

G.N. Knyazheva, I.M. Itkis, M.G. Itkis and E.M. Kozulin 
FLNR, Joint Institute for Nuclear Research, Dubna 141980, Russia 

 
 

 
 

In reactions with heavy ions complete fusion and quasifission are competing processes. 
The relative contribution of quasifission to the capture cross section becomes dominant for 
superheavy composite systems and compound nucleus formation is hindered by the quasifission 
process. The balance between the two processes strongly depends on the entrance channel 
properties, such as mass-asymmetry, deformation of interacting nuclei, collision energy and the 
Coulomb factor Z1Z2. 

It is known that in superheavy composite systems quasifission mainly leads to the 
formation of asymmetric fragments with mass asymmetry ~0.4. This type of quasifission 
process, so-called asymmetric quasifission, is characterized by asymmetric angular 
distributions in the center-of-mass system and thus fast reaction times (~10-21 s). The total 
kinetic energy for these fragments is observed to be higher than that for CN-fission and hence 
this process is colder than CN-fission. Due to this reason shell effects in quasifission are more 
pronounced. 

Generally, in heavy-ion induced reactions the formation of quasifission fragments is 
connected with the strong influence of the nuclear shell at Z = 82 and N = 126 (doubly magic 
lead). In fact, for the 48Ca + 238U reaction the maximum yield corresponds to fragments with 
masses 208 u. However, in reactions with lighter projectiles on an uranium target, the 
asymmetric quasifission peak shifts toward more symmetric masses. By contrast, for the 
heavier projectile 64Ni the maximum yield of quasifission fragments corresponds to the heavy 
mass 215 u. This trend may be due to the fact that in the formation of the asymmetric 
quasifission component also the closed shell in light fragment at Z = 28 and N = 50 could be 
effective together with the shells Z = 82 and N = 126 and could lead to the shift of the 
asymmetric QF peak. 
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Neutron-skin thickness from the study of the giant dipole resonance

A. Krasznahorkay, L. Stuhl, M. Csatlós, A. Algora, J. Gulyás, J. Timár,
Inst. of Nucl. Res. (ATOMKI), H-4001 Debrecen, P.O.Box 51, Hungary

D. Vretenar and N. Paar
Physics Department, Faculty of Science, University of Zagreb, Croatia

for the R3B and EXL collaborations

Recent progress in development of radioactive beams has made it possible to study the structure
of nuclei far from stability. An important issue is the size of the neutron skin of unstable neutron-rich
nuclei, because this qualitative feature of nuclei may provide fundamental nuclear structure informa-
tion. There is a renewed interest for measuring precisely the thickness of the neutron skin, because it
makes possible to constrain the symmetry-energy term of the nuclear equation of state. The precise
knowledge of the symmetry energy is essential not only for describing the structure of neutron-rich
nuclei, but also for describing of the properties of the neutron-rich matter in nuclear astrophysics. In
this work we are suggesting a new precise method for measuring the neutron-skin thickness in both
stable and radioactive beams.

The nuclear symmetry energy plays a central role in a variety of nuclear phenomena. It determines
to a large extent the equation of state (EoS) and the proton fraction of neutron stars, the neutron
skin in heavy nuclei, it enters as an input in the analysis of heavy ion reactions, etc. Furnstahl
demonstrated that there exists an almost linear empirical correlation between theoretical predictions
for the symmetry energy of the EoS in terms of various mean-field approaches and the neutron skin.
This observation has contributed to a renewed interest in an accurate determination of the neutron
skin in neutron-rich nuclei.

Giant resonances can also be used for this purpose. In one of our previous works on inelastic alpha
scattering, excitation of the isovector giant dipole resonance was used to extract the neutron-skin
thickness of nuclei. The cross section of this process depends strongly on ∆Rpn. Another tool, we
used earlier, for studying the neutron-skin thickness is the excitation of the isovector spin giant dipole
resonance (IVSGDR). The L=1 strength of the IVSGDR is sensitive to the neutron-skin thickness. The
energy difference of the Gamow-Teller (GTR) resonance and the isobaric analogue state (IAS) depends
strongly on ∆Rpn. Vretenar et al., suggested a new method for determing the ∆Rpn by measuring
the energy of the GTR. The nuclear symmetry energy and neutron skins were also derived recently
from the strength of the pygmy dipole resonances showing the importance of the giant resonances in
this field. In my talk I am going to review a few different experimental methods, which could be used
also in radioactive beams.

In our recent experiment the antianalog of the giant dipole resonance (AGDR) has been excited
in the 124Sn(p,n) reaction performed in inverse kinematics using 124Sn beam with an energy of 600
MeV/A. The energy and angle of the neutrons were measured with a novel low-energy neutron time-of
flight array (LENA). The excitation energy has been reconstructed from the energy of the γ-decay to
the isobaric analogue state measured with large (3.5”x 8”) LaBr3 detectors in coincidence with the
ejected neutrons. The energy of the γ-rays differs considerably from the energy of the GDR and turned
out to be very sensitive to the neutron-skin thickness (∆Rpn). Our calculations performed with state
of the art self-consistent random phase approximation (RPA), based on the framework of relativistic
energy density functionals supports also such strong ∆Rpn sensitivity of the energy of the AGDR.
By comparing the theoretical results calculated as a function of ∆Rpn and the measured energy of
the AGDR, the ∆Rpn value was deduced to be 0.26 ± 0.02 fm, which agrees nicely with the previous
results. The energy of the AGDR measured previously for 208Pb was used also to determine the ∆Rpn

for 208Pb. In this way a very precise ∆Rpn = 0.22 ± 0.02 neutron skin thickness has been obtained
for 208Pb. The present method offers new possibilities for measuring the neutron-skin thicknesses also
in rare isotope beams.
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Dynamics of Hypernuclear Nonmesonic Weak Decay ∗

Franjo F. Krmpotić
Instituto de F́ısica La Plata, CONICET, 1900 La Plata,

Argentina, and Facultad de Ciencias Astronómicas y Geof́ısicas,
Universidad Nacional de La Plata, 1900 La Plata, Argentina.

The Λ-hypernuclei are mainly produced by the (𝐾−, 𝑝−) and the (𝑝+,𝐾+) reactions and most of
them disintegrate via the nonmesonic weak decay (NMWD) Λ𝑁 → 𝑛𝑁 (𝑁 = 𝑝, 𝑛), where the mass
is changed by 176 MeV, and the strangeness by ΔS = −1. As such, the NMWD may be seen as
the most intensive modification of an elementary particle within the nuclear matter, and offers the
best opportunity to scrutinize the strangeness-changing force between hadrons. On the other hand,
the hypernuclear physics leads to the extension of the radioactivity domain to three dimensions
(N,Z, S), which, because of the additional binding due to the Λ-hyperon, modifies the neutron
drip line, and is even richer in elements than the ordinary (N,Z) domain. (For instance, while the
one-neutron separation energy in 20C is 1.01 MeV, it is 1.63 MeV in 21

Λ C, and 6
ΛHe is bound while

5He is unbound.) This glue attribute of hypernuclei has motivated a recent proposal to produce
neutron rich Λ-hypernuclei at J-PARC, including 9

ΛHe. Thus, the Λ𝑁 interaction is closely related
to the inquiry on the existence of strange quark matter and its fragments, strange stars (analogues
of neutron stars). This makes that the NMWD can be also relevant for astrophysics and cosmology.
The NMWD spectra induced by one bound nucleon in 4

ΛH,
4
ΛHe,

5
ΛHe,

7
ΛLi,

9
ΛBe,

11
Λ B, 12

Λ C, 13
Λ C,

15
Λ N and 16

Λ O are evaluated by employing the simple independent-particle shell-model as nuclear
structure framework, while the dynamics is described by the soft 𝜋 + 𝐾 one-meson-exchange
model proposed in [1]. The comparison is done with recent measurements done at BNL [2], KEK
[3], and FINUDA [4] of: 1) single-nucleon spectra, as a function of its kinetic energy 𝐸𝑁 , and 2)
coincidence 𝑛𝑁 spectra as a function of: i) the sum of kinetic energies 𝐸𝑛 + 𝐸𝑁 ≡ 𝐸𝑛𝑁 , ii) the
opening angle 𝜃𝑛𝑁 , and iii) the center of mass momentum 𝑃𝑛𝑁 = ∣P𝑛𝑁 = p𝑛 + p𝑁 ∣. The issue
of the weak decay induced by two bound nucleons, as well as the effect of final state interactions,
are also addressed. Emphasis is put on very light s-shell systems.

[1] E. Bauer, A.P. Galeão, M. Hussein, F. Krmpotić, J.D. Parker, Phys. Lett. B 674, 103 (2009).
[2] J. D. Parker et al., Phys. Rev. C 76, 035501 (2007).
[3] M.J. Kim, et al., Phys. Rev. Lett. 103, 182502 (2009).
[4] M. Agnello et al., Phys. Lett. B 685 (2010) 247.

∗ This work was supported by the Argentine agency CONICET under the contract PIP 0377, and the FONCyT
grant PICT 2010-2688.
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Scissors Mode Resonances Built on Excited Levels in Gd Nuclei
Studied from Neutron Capture in Resonance Region

J. Kroll1,∗, B. Baramsai2, J. A. Becker3, F. Bečvář1, T. A. Bredeweg4, A. Couture4,

A. Chyzh2,3, D. Dashdorj2,3, R. C. Haight4, M. Heil5, M. Jandel4, F. Käppeler6, M. Krtička1,

G. E. Mitchell2, J. M. O’Donnell4, W. Parker3, R. Reifarth5,7, R. S. Rundberg4, J. L. Ullmann4,
S. Valenta1, D. J. Vieira4, C.L. Walker2, J. B. Wilhelmy4, J. M. Wouters4, C. Y. Wu3

1Charles University in Prague, CZ-180 00 Prague 8, Czech Republic
2North Carolina State University, Raleigh, NC 27695 and

Triangle Universities Nuclear Laboratory, Durham, NC 27708
3Lawrence Livermore National Laboratory, Livermore, CA 94551

4Los Alamos National Laboratory, Los Alamos, New Mexico 87545
5GSI Helmholtzzentrum für Schwerionenforschung GmbH,

Planckstr. 1, 4291 Darmstadt, Germany
6Karlsruhe Institute of Technology, Campus North,

Institute of Nuclear Physics, 76021 Karlsruhe, Germany and
7Goethe University Frankfurt, Max-von-Laue-Str. 1, 60438 Frankfurt, Germany

Two complementary experiments with highly segmented 4π BaF2 detector systems were performed
to get unique information on photon strength in stable Gd nuclei. Spectra of γ rays following neu-
tron capture at isolated resonances were measured with the DANCE detector at the Los Alamos
LANSCE spallation neutron source [1,2]. Average resonance capture spectra were obtained from ex-
periment using the detector system installed at pulsed neutron beam produced via the 7Li(p,n)7Be
reaction at Forschungszentrum Karlsruhe [3]. An analysis of the accumulated capture γ-ray spec-
tra within the extreme statistical model [4] leads to an inescapable conclusion that scissors mode
resonances are built not only on the ground-state, but also on excited levels in all product nuclei
studied. The results on summed B(M1)↑ strength and energy of the scissors mode are compared
with systematics of scissors mode parameters for the ground-state transitions deduced from nu-
clear resonance fluorescence measurements on even-even deformed nuclei. A specific feature of our
experiments is getting the information on scissors mode resonances of odd nuclei, for which the
nuclear resonance fluorescence provides only limited information.

[1] M. Heil et al., Nucl. Instrum. Methods Phys. Res. A 459, 229 (2001).
[2] R. Reifarth et al., Nucl. Instrum. Methods Phys. Res. A 531, 530 (2004).
[3] K. Wisshak et al., Nucl. Instrum. Methods Phys. Res. A 292, 595 (1990).
[4] F. Bečvář, Nucl. Instrum. Methods Phys. Res. A 417, 434 (1998).

∗ E-mail address: kroll@ipnp.troja.mff.cuni.cz
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Last years the E1 pygmy resonance (E1PR) was a subject of intensive investigations, both in 

experiment (see e.g. [1,2,3]) and theory (e.g.[4,5]). Different properties of the E1PR  were 

analyzed: isospin structure from (α,α’) and (γ,γ’) reactions [1], splitting and gross-structure of 

the E1PR [3], influence of the complex configurations  [1,4],  relation to the isoscalar and 

dominant isovector  E1 resonances [1] etc. In this contribution, the vorticity of the states in the 

E1PR region is studied, using the method proposed in [6]. The method follows the concept of 

vorticity proposed by Raventhall and Wambach [7] and allows to treat the vortex, toroidal and 

compression modes on the same theoretical footing beyond the long wave approximation [6]. 

The vorticity multipole operator is related by a simple way to the toroidal, compression and 

standard electric multipole operators.  

       In the present study, the E1 strength functions of these operators are analyzed in 
124

Sn  (in 

connection to the new data [1]) and some deformed nuclei. The Skyrme self-consistent 

separable RPA approach is applied, which was earlier  widely used for investigation of electric 

[8] and M1 [9] giant resonances. The effect of complex configurations is partly taken into 

account by the energy-dependent Lorentz averaging (“double folding”) approach [10]. Both 

convection and magnetization nuclear currents are involved. It is shown that, like in the 

previous study for 
208

Pb [6], the vortex E1 and toroidal E1 nodes are dominated by the 

convection nuclear current in the isoscalar (T=0) channel and by magnetization nuclear current 

in the isovector (T=1) channel. The compression mode is fully convective in both channels. The 

effect of deformation in the vortex, toroidal, and compression modes is discussed  in detail.  
 

 

 

 

[1]  J.Enders et al., Phys. Rev. Lett. 105, 212503 (2010). 

[2]  J.Isaak, et al., Phys. Rev. C 83, 034304 (2011). 

[3]  J.Enders et al., Phys. Rev. C 80, 034302 (2009) . 

[4]  E.Litvinova, P.Ring, V.Tselyaev, Phys. Rev. C 78, 014312 (2008).  

[5]  R.-D.Herzberg et al., Phys. Lett. B 390, 49 (1997). 

[6]  J.Kvasil, V.O.Nesterenko, W.Kleinig, P.-G.Reinhard, P.Vesely, Phys. Rev. C 84, 034302 (2011). 

[7]  D.G.Raventhall, J.Wambach, Nucl. Phys. A 475, 468 (1987). 

[8]  V.O. Nesterenko, J. Kvasil, and P.-G. Reinhard, Phys. Rev. C 66, 044307 (2002); V.O. Nesterenko,   

      W. Kleinig, J. Kvasil, P.-G. Reinhard, and P. Vesely, Phys. Rev. C 74 054306 (2006); W. Kleinig,  

      V.O. Nesterenko, J. Kvasil, P.-G. Reinhard and P. Vesely, Phys. Rev. C 78 055313 (2008). 

[9]  V.O.Nesterenko, J.Kvasil, P.vesely, W.Kleinig, P.-G.Reinhard, V.Yu.Ponomarev, J.Phys. G 37,  

       064034 (2010). 

[10] J.Kvasil, V.O.Nesterenko, W.Kleinig, D.Bozik, P.-G.Reinhard, Int. J. Mod. Phys. E 20, 281-291  
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        Density-dependent Covariant Energy Density Functionals 

                       Georgios A. Lalazissis 
                 Department of Theoretical Physics
          Aristotle University of Thessaloniki, GR-54124 Greece
                  

    The framework of relativistic nuclear energy density functionals has    
been applied very successfully to the description of a variety of nuclear 
structure phenomena at and far away from the stability line. 
Here, we use the DD-ME2 energy density functional, which characterized by an 
exact density dependence of the meson nucleon coupling,  to study fission barriers 
in actinides and superheavy nuclei, and giant resonances. The role of pion is also 
discussed.   
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Gamma spectroscopy of calcium nuclei around doubly magic 48Ca 
 using heavy-ion transfer reactions 

 
S.Leoni 

 
Dipartimento di Fisica and INFN, Sezione di Milano, Milano, Italy 

 
 
 
The gamma decay of neutron-rich nuclei around 48Ca was measured at Legnaro 
National Laboratory with the PRISMA-CLARA setup, using the multi-nucleon transfer 
reaction 48Ca on 64Ni at 282 MeV. The existence of a large spin alignment allows to use 
angular distributions and polarizations of gamma-rays to firmly establish, for the first 
time, spin and parities of excited states in several nuclei. The nature of the states is 
investigated by lifetime measurements with the Differential Plunger Technique, in 
comparison with shell model and particle-vibration coupling calculations. The ±1 
neutron transfer channels (47Ca and 49Ca) are investigated in parallel. Evidence is found 
for particle-vibration coupled states based on the 3- phonon of 48Ca.  They are among 
the few fully established examples of particle-vibration coupling in nuclei with mass 
A<100, showing the robustness of nuclear collectivity in rather light systems. 
Perspectives for similar type of studies around the 64,66Ni and 132Sn cores will be also 
discussed. 
The work evidences the multifaceted nature of particle-core coupling interactions and 
demonstrates the feasibility of complete in-beam gamma-spectroscopy with heavy-ion 
transfer reactions, providing a method that can be further exploited in the future with 
heavy targets and radioactive beams. 
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Radioactive Ion Beams in Brasil (RIBRAS)-Recent results* 
 

A. Lépine-Szily 1 and the RIBRAS collaboration 
1Instituto de Fisica, Universidade de Sao Paulo, Rua do Matao, Travessa R 187, 05508-090, São Paulo, 

Brazil 
 

 
 
    The Radioactive Ion Beams in Brasil (RIBRAS) system is installed [1,2] next to the 8UD 
Pelletron Tandem of the Nuclear Physics laboratory of the University of Sao Paulo. It consists 
of two superconducting solenoids with maximum magnetic field of B = 6.5 T. Light radioactive 
ion beams are produced through transfer reactions, using solid or gaseous production targets of 
Be, LiF, He etc. The solenoids make a magnetic rigidity selection and the use of the two 
solenoids with a degrader between them allows the production of quite pure secondary beams. 
Beams of He, Li, Be, Be, B, B are currently produced and used to study elastic, inelastic, 
and transfer reactions on a variety of light, medium mass and heavy secondary targets. The data 
are analyzed, using most of the time, the Sao Paulo potential (SPP) [3] and compared to optical 
model and continuum discretized coupled-channels (CDCC) calculations.

3

6 8 7 10 8 12

   Some examples of reactions recently studied are H( Li, He) He, H( Li,H) Li using thick CH  
targets to measure their excitation functions. The transfer reaction C( Li, He) N, leading to 
well defined excited states of N, through the transfer of H or the sequential decay H+n, is 
being studied through the coincident detection of neutrons. 

8 4 5 8 8
2

12 8 4 16

16 4 3

 
 

                            
Fig. 1.  The 8Li(p,α)5He differential cross section with the R-matrix fit (solid line). 

 
 
 
[1] R. Lichtenthäler et al. Eur. Phys. J. A25, 733(2005). 
[2] E. A. Benjamim et al. Phys. Lett. B 647, 30 (2007).  
[3] L.C.Chamon et al. Phys. Rev. C 66, 014610 (2002). 
_________________________________ 
 
*This work was supported by  Fundaçao de Amparo a Pesquisa do Estado de sao Paulo (FAPESP and Conselho 
Nacional de  Desenvolvimento Cientifico e Tecnológico (CNPq). 

Book of Abstracts

62



Order and chaos across a first-order quantum phase transition in nuclei∗

A. Leviatan and M. Macek
Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel

Quantum phase transitions (QPTs) are qualitative changes in the properties of a physical system

induced by a variation of parameters λ in the quantum Hamiltonian Ĥ(λ). Such ground-state
transformations have become a topic of great interest in different branches of physics [1], and
are manifested empirically in nuclei as transitions between different shapes [2]. The competing
interactions in the Hamiltonian that drive these transitions, can affect dramatically the nature
of the dynamics and, in some cases, lead to the emergence of quantum chaos. This effect has
been observed in quantum optics models of atoms interacting with a radiation field [3], where the
onset of chaos is triggered by continuous QPTs. In this case, the underlying mean-field (Landau)
potential V (λ) has a single minimum which evolves continuously into another minimum. The
situation is more complex for discontinuous (first-order) QPTs. Here V (λ) develops multiple
minima that coexist in a range of λ values and cross at the critical point, λ = λc. Hamiltonians
describing such QPTs are often non-integrable and involve a mixed phase space in which regular
and chaotic motion coexist. In the present contribution, we portray characteristic features of this
mixed form of dynamics, in relation to first-order QPTs in nuclei [4,5].

We present a comprehensive analysis of the evolution of order and chaos across a generic first-
order QPT between spherical and deformed quadrupole shapes, employing the interacting boson
model of nuclei. The intrinsic part of the Hamiltonian determines the Landau potential with
corresponding minima separated by a high barrier. Its classical analysis reveals a change in the
system from an anharmonic oscillator- and Hénon Heiles- type of dynamics on the spherical side,
into a pronounced regular dynamics on the deformed side of the transition. In spite of the abrupt
structural changes taking place, the dynamics inside the coexistence region exhibits a very simple
pattern. It is robustly regular and confined to the deformed region, and is well-separated from
the chaotic behavior ascribed to the spherical region. The coexistence of regular and chaotic
motion persists in a broad energy range throughout the coexistence region and is absent outside it.
This simple pattern manifests itself also in the quantum analysis, based on Peres spectral lattices,
disclosing regular rotational bands in the deformed region, which persist to energies well above the
barrier and retain their identity amidst a complicated environment. Kinetic terms in the collective
part of the Hamiltonian involving rotations in the orientation (Euler angles) and triaxiality (γ)
variables, preserve the ordered band-structure, while collective rotations in the deformation (β)
variable can disrupt it by mixing regular and irregular states.

[1] Understanding Quantum Phase Transitions, edited by L. Carr, CRC press (2010).
[2] P. Cejnar, J. Jolie and R.F. Casten, Rev. Mod. Phys. 82, 2155 (2010).
[3] C. Emary and T. Brandes, Phys. Rev. Lett. 90, 044101 (2003).
[4] M. Macek and A. Leviatan, Phys. Rev. C 84, 041302(R) (2011).
[5] A. Leviatan and M. Macek, submitted (2012), arXiv:1201.6632v1 [nucl-th].

∗ This work is supported by the Israel Science Foundation.
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Energy density functional description of nuclear low-lying spectrum and
shape transition

Z. P. Li
School of Physical Science and Technology, Southwest University, Chongqing, 400715 China

The Covariant Energy Density Functional (CEDF) theory has achieved great success in the description
of nuclear structure over almost the whole nuclide chart, from relatively light systems to superheavy
nuclei, and from the valley of β stability to the particle drip lines. In general, the framework based on the
static nuclear mean field approximation can only describe ground-state properties. Excitation spectra and
electromagnetic transition probabilities can only be calculated by including correlations beyond the static
mean field through the restoration of broken symmetries and configuration mixing of symmetry-breaking
product states. One effective approach is to construct a collective Bohr Hamiltonian with deformation
dependent parameters determined from microscopic self-consistent mean-field calculations. The entire
dynamics of the collective Hamiltonian is governed by by the choice of a particular microscopic nuclear
energy density functional. The main parts, i.e. local term (collective potential) and second derivative
term (kinetic energy parts) in the configuration mixing have been taken into account in the approach,
and can provide great description of low-energy excitation structure. Due to the less computation tasks,
this approach can be used over almost the whole nuclide chart [1].

Recently, we have constructed the microscopic collective Hamiltonian based on the triaxial covariant
energy density functional [2] and applied it to several interesting topics:

• Microscopic description of the nuclear quantum phase transition and order parameter [3–5];

• Fission barrier and super-deformed band in 240Pu [6];

• Shape evolution and shape coexistence in N = 28 isotones [7];

• Shape evolution including octupole degree of freedom [8];

• Extend the model to include the time-odd field fully self-consistently and investigate the effect of
it on the collective inertia parameters and spectra.

[1] T. Nikšić, D. Vretenar, and P. Ring, Prog. Part. Nucl. Phys. 66, 519 (2011).
[2] T. Nikšić, Z. P. Li, D. Vretenar, L. Próchniak, J. Meng, and P. Ring, Phys. Rev. C 79, 034303 (2009).
[3] Z. P. Li, T. Nikšić, D. Vretenar, J. Meng, G. A. Lalazissis, and P. Ring, Phys. Rev. C 79, 054301 (2009).
[4] Z. P. Li, T. Nikšić, D. Vretenar, and J. Meng, Phys. Rev. C 80, 061301R (2009).
[5] Z. P. Li, T. Nikšić, D. Vretenar, and J. Meng, Phys. Rev. C 81, 034316 (2010).
[6] Z. P. Li, T. Nikšić, D. Vretenar, and J. Meng, Phys. Rev. C 81, 064321 (2010).
[7] Z. P. Li, J. M. Yao, D. Vretenar, T. Nikšić, H. Chen, and J. Meng, Phys. Rev. C 83, 054304 (2011).
[8] W. Zhang, Z. P. Li, S. Q. Zhang, and J. Meng, Phys. Rev. C 81, 034302 (2010).
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Local covariant density functional constrained by the relativistic
Hartree-Fock theory

Haozhao Liang1, Jie Meng1, Peter Ring2,1, Xavier Roca-Maza3, and Pengwei Zhao1

1School of Physics, Peking University, Beijing 100871, China
2Physik Department, Technische Universität München, D-85747 Garching, Germany and

3INFN, Sezione di Milano, via Celoria 16, I-20133 Milano, Italy

Nuclear density functional theory (DFT) is one of the promising universal theories to describe both
ground-state and excited state properties of nuclei throughout the nuclear chart. Its covariant
version (CDFT) is based on density functionals which take into account the Lorentz symmetry
in a self-consistent way. It has received wide attention due to its successful description of a large
variety of nuclear phenomena.

The CDFT in the Hartree level includes only local potentials, thus the theoretical framework is
relatively simple and the computational cost is less. However, a few common diseases are found
in the widely used relativistic Hartree (RH) functionals in literatures, such as the properties
of effective mass of nucleon and its isospin splitting, spin-isospin resonances, tensor effects and
nuclear shell structure evolutions, etc. In contrast, the success of the CDFT in the Hartree-Fock
level has been demonstrated on the above issues [1–5]. However, since the relativistic Hartree-Fock
(RHF) theory introduces non-local potentials beyond the Kohn-Sham scheme, its theoretical
framework is much more complicated and the computational cost is heavy.

In the present work, a new local nuclear covariant density functional constrained by the density-
dependent RHF theory is proposed. The isoscalar and isovector channels of nucleon-nucleon
couplings are determined via the zero-range reduction and Fierz transformation. With this RHF
equivalent functional, the neutron-proton Dirac mass splitting in asymmetry nuclear matter as
well as the nuclear charge-exchange excitations can thus be naturally reproduced. This retains the
advantages of existing RH functionals, and cures a couple of problems in the isovector properties.

[1] W. H. Long, N. Van Giai, and J. Meng, Phys. Lett. B 640, 150 (2006).
[2] W. H. Long, H. Sagawa, N. Van Giai, and J. Meng, Phys. Rev. C 76, 034314 (2007).
[3] W. H. Long, H. Sagawa, J. Meng, and N. Van Giai, Europhys. Lett. 82, 12001 (2008).
[4] H. Liang, N. Van Giai, and J. Meng, Phys. Rev. Lett. 101, 122502 (2008).
[5] H. Liang, P. W. Zhao, and J. Meng, arXiv:1201.0071 [nucl-th].
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Low-lying isomeric state in 80Ga from the β− decay of 80Zn ∗

R. Lică1, N. Mărginean1, D.G. Ghiţă1, H. Mach2,3, L.M. Fraile2, A. Aprahamian4,
C. Bernards5,6, J.A. Briz7, B. Bucher4, C. Chiara8, Z. Dlouhý9,†, I. Gheorghe1, P.

Hoff10, J. Jolie5, U. Köster11, W. Kurcewic12, R. Mărginean1, B. Olaziola2, V. Paziy2,

J.M. Régis5, M. Rudigier5, T. Sava1, G. Simpson11, M. Stănoiu1, L. Stroe1, W. Walters13
1National Institute for Physics and Nuclear Engineering, Măgurele, Romania

2Grupo de F́ısica Nuclear, Facultad de CC. F́ısicas,
Universidad Complutense, Madrid, Spain

3 Medical and Scientific Time Imaging Consulting, Nyköping, Sweden
4Department of Physics, University of Notre Dame, Notre Dame, Indiana, USA

5Institut für Kernphysik, Köln, Germany
6Wright Nuclear Structure Laboratory, Yale University, New Haven, Connecticut, USA

7Instituto de Estructura de la Materia, Madrid, Spain
8Argonne National Laboratory, Lemont, Illinois, USA

9Nuclear Physics Institute, AS CR, Řež, Czech Republic
10Department of Chemistry, University of Oslo, Oslo, Norway

11Laboratoire de Physique Subatomique et de Cosmologie (LPSC) Grenoble, France
12Institute of Experimental Physics, University of Warsaw, Warsaw, Poland and

13Department of Chemistry, University of Maryland, College Park, Maryland, USA

The β− decay spectroscopy of 80Zn was performed at the ISOLDE facility at CERN as part of
systematic ultra-fast timing studies of neutron rich Zn nuclei. The RILIS ion source and cooled
quartz transfer line between the target and ion source were used in order to produce almost pure
beam of neutron rich Zn isotopes.
We report here results of the β gated γ-ray singles and γ − γ coincidence measurements. A new
level scheme was constructed for 80Ga which is significantly different from the one reported in
[1]. The main goal of our research was to identify properties and excitation energies of the two
β− decaying states in 80Ga. The new level scheme contains 21 energy levels up to 2800 keV.
Importantly, we have identified a new low-lying state at 22.4 keV. Properties of the level scheme
suggest that the ground state has spin J = 6 and the first excited state has spin J = 3. The spin
assignments are in agreement with laser spectroscopy values measured in [2]. Our work provides
the first evidence for the J = 6 being the ground state.
[1] J.A. Winger et al., Phys. Rev. C 36(1987)758
[2] B. Cheal et al., Phys. Rev. C 82(2010)051302(R)

† Deceased.
∗ This work was supported by IFA grant 6/2012 ISOLDE
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Large scale shell model study of nuclear spectroscopy in nuclei around 132Sn

N. Lo Iudice

Dipartimento di Scienze Fisiche, Università di Napoli Federico II,
and Istituto Nazionale di Fisica Nucleare,

Complesso Universitario di Monte S. Angelo, Via Cintia, I-80126 Napoli, Italy

Contact e-mail: loiudice@na.infn.it

An importance sampling iterative algorithm, developed few years ago[1] for diagonalizing
large matrices, has been upgraded [2] so as to allow large scale nuclear shell model calculations
in the uncoupled m-scheme [3, 4].

This new version allows to generate, for each angular momentum, a large number of eigen-
states of the Hamiltonian by sampling a fraction of the basis states. It is therefore possible to
offer an exhaustive description of the low energy properties of chains of isotones and isotopes.

The method was applied to the N = 80 isotones ranging from 132Te to 142Sm, Te isotopes
from 132Te down to 126Te and Xe isotopes from 134Xe to 130Xe. Hamiltonian matrices of very
large dimensions, up to N ∼ 3 × 109, were involved. It was possible, however, to obtain exact
eigensolutions by sampling a small fraction (1 − 5%) of the basis states.

The calculations were performed using a unique set of single particle energies for all chains
and a Brueckner G-matrix derived from the CD-Bonn potential. Quite rich spectra together with
the strengths of the transitions among all low-lying states were produced. The spectra, the E2
and M1 transition strengths resulted to be in good agreement with the experimental data. Their
comparative analysis allowed to determine the collectivity of the states, their proton-neutron
(F-spin) symmetry, and their multiphonon nature. It allowed also to follow the evolution of
their collectivity and symmetry properties as nuclei move away from proton or neutron shell
closures.

1. F. Andreozzi, N. Lo Iudice, and A. Porrino, J. Phys. : Nucl. Part. Phys. 29, 2319 (2003)
2. D. Bianco, F. Andreozzi, N. Lo Iudice, A. Porrino, and F. Knapp, J. Phys. G: Nucl. Part.

Phys. 38, 025103 (2011).
3. D. Bianco, F. Andreozzi, N. Lo Iudice, A. Porrino, and F. Knapp, Phys. Rev. C 84,

024310 (2011).
4. D. Bianco, F. Andreozzi, N. Lo Iudice, A. Porrino, and F. Knapp, Phys. Rev. C 85,

034332 (2012).
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A multi-dimensional constrained covariant density functional theory
with non-axial and reflection asymmetric deformations∗

Bing-Nan Lu, En-Guang Zhao, and Shan-Gui Zhou
Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

In this talk we will present some recent results about the potential energy surface and fission
barriers of nuclei in the covariant density functional theories. It is long known that the fission
process of heavy and superheavy nuclei can be well described only when the most important shape
degrees of freedom are suitably included. For example, the fission barriers of heavy nuclei are very
sensitive to the triaxial and octupole deformations and the interplay between them. Thus it is
necessary to develop a model with all of these shape degrees of freedom included self-consistently.
In our recent work a multi-dimensional constrained covaraint density functional theory based on
the axially symmetric harmonic oscillator basis expansion method has been developed for this
purpose [1-3]. In this model the non-axial as well as the reflection asymmetric deformations are
considered simultaneously. The pairing effects can be included either by the BCS approximation
or the Bogoliubov transformation with zero-range or finite range seperable pairing forces.

This model has been used to investigate the fission barriers of the actinides nuclei [2]. We
found that aside from the octupole deformation, the triaxiality also plays an important role
upon the second fission barriers. Both the outer and the inner barriers are lowered by the
triaxial deformation compared with axially symmetric results. With the inclusion of the triaxial
deformation, a good agreement with the data for the outer barriers of actinide nuclei is achieved.
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FIG. 1: Potential energy curves of 240Pu with various self-consistent symmetries imposed. The empirical
inner (outer) barrier height is denoted by the gray square (circle). This figure was originally published in
Ref. [2]

[1] Bing-Nan Lu, En-Guang Zhao, Shan-Gui Zhou, Phys. Rev. C 84, 014328 (2011)
[2] Bing-Nan Lu, En-Guang Zhao, Shan-Gui Zhou, Phys. Rev. C 85, 011301(R) (2012)
[3] Bing-Nan Lu, En-Guang Zhao, Shan-Gui Zhou, in preparation

∗ This work was supported by NSFC ( No. 10975100, No. 10979066, No. 11175252, and No. 11120101005),
MOST (973 Project No. 2007CB815000), and CAS (Grants No. KJCX2-EW-N01 and No. KJCX2-YW-N32). The
computation of this work was supported by Supercomputing Center, CNIC of CAS.

Book of Abstracts

68



Identification of Triaxial Strongly Deformed Bands in 164Hf∗

W. C. Ma1, J. Marsh1, M. Carpenter2, G. B. Hagemann3, D. Hartley4, Q. A. Ijaz1, F. G.

Kondev2, T. Lauritsen2, S. Mukhopadhyay5, L. L. Riedinger6, R. B. Yadav1, and S. F. Zhu2

1Department of Physics, Mississippi State University, Mississippi State, MS 39762, USA
2Argonne National Laboratory, Argonne, Illinois 60439, USA

3Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen, Denmark
4Department of Physics, United States Naval Academy, Annapolis, MD 21402, USA

5Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India and
6Department of Physics, University of Tennessee, Knoxville, TN 37996, USA

Significant progress has been made in the past decade in the study of nuclear triaxiality. The
wobbling mode, initially predicted for even-even nuclei, has been identified in several odd-A Lu
and Ta isotopes around A∼165, see, e.g., Ref. [1]. A number of theoretical investigations indicate
that some Hf nuclei should be the best candidates for such studies, such as the pronounced triaxial
strongly deformed (TSD) minimum at (ε, γ) ≈ (0.4, 24◦) in 164Hf (Fig. 1). However, TSD bands
have only been observed in 168Hf [2,3], which are very weak and could not be linked to known
levels. Recently we have performed a Gammasphere experiment at ATLAS for 164Hf. Preliminary
data analysis revealed two exotic bands which have distinctive alignment pattern than the normal
deformed bands (Fig. 1). The exotic bands have large initial alignments (>20h̄) and do not exhibit
a proton alignment at h̄ω ∼ 500 keV that is seen in other normal deformed bands. These facts
indicate that the high-j intruder proton orbital is already occupied at the lowest frequency in the
bands, and that the bands are associated with, most likely, the predicted TSD minimum rather
than the normal deformed one. The bands are stronger than the TSD bands in 168Hf by an order
of magnitude and cross the yrast line at spin 32, as compared to spin ∼48 in 168Hf. Further results
and theoretical calculations will be presented.
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FIG. 1: Left: Aligned angular momenta of normal deformed and the two new exotic bands (TSD1 and
TSD2) in 164Hf. Right: Potential energy surfaces in 164Hf calculated with the ULTIMATE CRANKER codes.

[1] D. R. Jensen, G. B. Hagemann et al., Phys. Rev. Lett. 89, 142503 (2002).
[2] H. Amro, P. G. Varmette, W. C. Ma et al., Phys. Lett. B506, 39 (2001).
[3] R. B. Yadav, W. C. Ma et al., Phys. Rev. C 78, 044316 (2008).

∗ This work was supported by US DOE Grants DE-FG02-95ER40939 (MSU) and DE-AC02-06CH11357 (ANL).
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Niewodniczanski Institute of Nuclear Physics (IFJ PAN), Krakow, Poland 
 

Shape evolution of heated and rapidly rotating nuclei studied with GDR 
– status and new perspectives with the PARIS array 

 
The study of properties of the giant dipole resonance (GDR) at high temperature 

and angular momentum is one of the central topics in nuclear structure as it provides 
insight into the behavior of nuclei under extreme conditions. Of special interest are shape 
changes induced by high angular momentum, particularly the predicted Jacobi (oblate to 
elongated prolate) and Poincare (elongated prolate to elongated octupole) 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 available experimental results and their interpretation will be 
overviewed and the most recent results concerning 88Mo presented. In addition the 
outlook of similar experiment will be discussed in the context of soon available 
radioactive beam facilities. Especially the concept of the novel gamma-ray calorimeter 
PARIS [8] will be presented and its role in such investigation will be discussed. 
 
[1] M. Kicinska-Habior et al., Phys. Lett. B308, 225 (1993); 
[2] A. Maj et al., Nucl. Phys. A731, 319 (2004); 
[3] M. Kmiecik et al., Acta Phys. Pol. B38, 1437 (2007); 
[4] D. Pandit et al., Phys. Rev. C81, 061302 (2010); 
[5] M. Ciemala et al., Acta Phys. Pol. B42, 633 (2011); 
[6] A. Maj et al., Int. J. Mod. Phys. E19, 532 (2010); 
[7] K. Mazurek et al., Acta Phys. Pol. B42, 471 (2011); 
[8] A. Maj et al., Acta Phys. Pol. B40 (2009). 
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Nuclear relativistic Hartree-Fock calculations

with pions interacting with a scalar field

S. Marcos1, M. López-Quelle2, R. Niembro1 and L. N. Savushkin3

1 Departamento de F́ısica Moderna, Universidad de Cantabria, E-39005 Santander, Spain

2 Departamento de F́ısica Aplicada, Universidad de Cantabria, E-39005 Santander, Spain

3 Department of Physics, St. Petersburg University for Telecommunications,

191065 St. Petersburg, Russia

Abstract

The effect of an interaction between the σ and π fields as well as that of the mixture

of pseudoscalar (PS) and pseudovector (PV) couplings for the πN vertex on the shell

structure of finite nuclei are analyzed in the framework of different nonlinear nuclear

models based on the relativistic Hartree-Fock approximation (RHFA) [1]. In the case

of spin-unsaturated nuclei, pions, due to their contribution to the NN tensor force,

strongly influence the spin-orbit splittings, modifying the structure of the single-particle

spin-orbit potentials [2, 3, 4]. For the case of a dominant πN PV-coupling, it is found

that, if the σ-π interaction generates an effective pion mass increasing with the nuclear

density, the unrealistic effect of pions on the shell structure can be strongly reduced,

keeping, roughly, the contribution of pions to the total binding energy. The PS part

of the πN coupling contributes to increase slightly the spin-orbit splittings and the

binding energy of the single-particle levels.

REFERENCES

1. P. Bernardos, V. N. Fomenko, Nguyen Van Giai, M. López-Quelle, S. Marcos, R.

Niembro, and L.N. Savushkin, Phys. Rev. C 48, 2665 (1993).

2. M. López-Quelle , N. Van Giai, S. Marcos, and L. N. Savushkin, Phys. Rev. C 61,

064321, (2000).

3. T. Otsuka, T. Matsuo, and D. Abe, Phys. Rev. Lett. 97 , 162501 (2006).
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Role of momentum transfer in the quenching of Gamow-Teller strength∗

T. Marketin1,2, G. Mart́ınez-Pinedo1, N. Paar2, and D. Vretenar2
1Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany and

2Physics Department, Faculty of Science,
University of Zagreb, 10000 Zagreb, Croatia

The Gamow-Teller (GT) resonance is a particularly interesting spin-isospin excitation in the
context of nuclear astrophysics. A detailed knowledge of the GT strength is essential for the
understanding of nuclear beta-decay and weak processes in stars [1]. Measurements have identified
a discrepancy between the data and the model-independent Ikeda sum rule, where only around
60% of the predicted strength was observed in a number of nuclei across the whole nuclear chart.
A consistent analysis of (p, n) and (n, p) reaction data from 90Zr was performed recently, where
a significant amount of Gamow-Teller strength was found above the resonance, an energy region
previously unreachable by experimental setups [2]. The new results imply that the GT strength
is quenched by approximately 10%.

The operator structure of the (p, n) probe is similar to that of the Gamow-Teller operator, but
they become comparable only in the limit of vanishing momentum transfer. This condition is
satisfied for zero degree scattering and small excitation energies. The extraction of the GT
strength at high excitation energies is difficult due to dominating higher-multipole response, and
is further complicated by the effects of momentum transfer where the main contribution comes
from the isovector spin monopole (IVSM) mode. This mode, with the transition operator r2στ ,
represents a collective excitation of the nucleus with quantum numbers Jπ = 1+, L = 0, S = 1
and T = 1. Because the distribution of the GT strength in the region of the IVSM resonance is
unknown, the contribution of the IVSM mode to the L = 0 strength is subtracted incoherently,
i.e. the interference between the Gamow-Teller and the isovector spin monopole modes is neglected.

A fully self-consistent calculation of the L = 0 strength in select nuclei is presented, based on
a microscopic theoretical framework. Nuclear ground state is determined using the Relativistic
Hartree-Bogoliubov (RHB) model with density-dependent meson-nucleon coupling constants.
Transition rates are calculated within the proton-neutron relativistic quasiparticle RPA using
the same interaction that was used in the RHB equations. In this way no additional parameters
are introduced in the RPA calculation [3]. The behavior of the IVSM mode was examined and
compared to the Gamow-Teller response. The L = 0 strength was calculated taking into account
the interference of the two modes of excitation, and its effect on the strength distribution and
the total strength was studied. Using the full L = 0 transition operator in the pn-RQRPA
calculation to estimate the effect of finite momentum transfer, we find that the current data on
the charge-exchange reactions on 90Zr do not indicate a quenching with respect to the Ikeda sum
rule.

[1] K. Langanke and G. Mart́ınez-Pinedo, Rev. Mod. Phys. 75, 819 (2003).
[2] K. Yako et al., Phys. Lett. B 615, 193 (2005).
[3] N. Paar, T. Nikšić, D. Vretenar, and P. Ring, Phys. Rev. C 69, 054303 (2004).

∗This work was supported in part by the Helmholtz International Center for FAIR within the framework of the
LOEWE program launched by the State of Hesse, by the Deutsche Forschungsgemeinschaft through contract SFB 634
and by the MZOS - project 1191005-1010.
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Challenges in explosive nucleosynthesis of heavy elements

G. Martnez-Pinedo1,2
1Institut fr Kernphysik, Technische Universitt Darmstadt, Darmstadt, Germany and

2GSI Helmholtzzentrum fr Schwerionenforschung, Darmstadt, Germany

Observations of metal-poor stars show that elements with Z ≤ 52 and Z > 52 are produced
in two different astrophysical sites and at very early times in galactic history. Neutrino-winds
from protoneutron stars in core-collapse supernova, are the preferred site for the production of
elements with Z ≤ 52. Here the nucleosynthesis is particularly sensitive to the proton-to-nucleon
ratio and dynamics of the ejected material. The proton-to-nucleon ratio is determined by electron
neutrino and antineutrino absorption on free neutrons and protons and is particularly sensitive to
the relative spectral energy differences between both neutrino types. In this talk, I will show how a
treatment of neutrino-matter interactions that is consistent with the underlying Equation of State
can have an strong impact on the spectra of both neutrino types with important implications for
nucleosynthesis, oscillations studies and neutrino detection on Earth.

Furthermore, I will discuss possible astrophysical sites where the nucleosynthesis of elements
heavier than Z > 52 can take place with particular emphasis on the nuclear physics properties
that can help to determine the dynamics of the astrophysical site.
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7Li-Induced Reactions for Fast-Timing With LaBr3:Ce Detectors

P.J.R. Mason1, Zs. Podolyàk1, N. Mărginean2, P.H. Regan1, T. Alexander1,
A. Algora3, T. Alharbi1, 4, M. Bowry1, R. Britton1, D. Bucurescu2, A.M. Bruce5,

M. Bunce1, G. Căta-Danil2, I. Căta-Danil2, N. Cooper6, D. Deleanu2, D. Filipescu2,

W. Gelletly1, T. Glodariu2, D. Ghiţă2, G. Ilie6, D. Ivanova7, S. Kisyov7, S. Lalkovski7,
S. Liddick8, R. Mărginean2, C. Mihai2, K. Mulholland9, A. Negret2, S. Pascu2, S. Rice1,

O.J. Roberts5, T. Sava2, J.F. Smith9, P.-A. Söderström10, L. Stroe2, G. Suliman2,

C. Townsley1, W. Verner6, E. Wilson1, R.T. Wood1, N.V. Zamfir2, and M. Zhekova7
1University of Surrey, Guildford, Surrey GU2 7XH, UK

2IFIN-HH, RO-077125 Bucharest, Romania
3IFIC, CSIC-Univ. Valencia, Apartado Oficial 22085, 46071 Valencia, Spain

4Department of Physics, Almajmaah University, P.O. Box 66, 11952, Saudi Arabia
5School of Computing, Engineering and Mathematics,

University of Brighton, Brighton, BN2 4GJ, UK
6WNSL, Yale University, New Haven, Connecticut 06520-8124, USA

7Department of Physics, University of Sofia, 1164 Sofia, Bulgaria
8NSCL, Michigan State University, East Lansing, Michigan 48824, USA

9University of the West of Scotland, Paisley, PA1 2BE, UK and
10RIKEN Nishina Center for Accelerator Based Science,

Hirosawa, Wako, Saitama 351-0198, Japan

LaBr3:Ce scintillators detectors boast excellent timing resolution (typically 100–300 ps depending
on detector size) and good energy resolution (∼2–3% at 662 keV) [1] that can be exploited for
direct fast-timing measurements of nuclear lifetimes. Lifetimes in the sub-nanosecond range
as short as 30 ps are accessible with LaBr3:Ce detectors. In-beam fast-timing experiments
have been performed using the LaBr3:Ce and HPGe array at IFIN-HH, Bucharest including
the use of 7Li-induced reactions to populate neutron-rich nuclei close to stablity. Transfer or
incomplete-fusion reactions with 7Li beams at energies close to the Coulomb barrier give access
to neutron-rich nuclei with stable beam and targets at low energy [2].

The 186W(7Li,pα)188W reaction at a beam energy of 31 MeV delivered by the 9 MV Tandem van
de Graaff accelerator in Bucharest was utilised to populate low-lying states in 188W. Coincidences
with the HPGe detectors were used to isolate the reaction channel and the lifetime of the yrast 2+

state at Ex = 143 keV [3] was measured with the LaBr3:Ce detectors. Neutron-rich W isotopes
are predicted to become less collective as they undergo prolate-oblate shape evolution [4] and the
lifetime of the first-excited 2+ state gives a measure of the ground state-collectivity in 188W. A
Sub-nanosecond half-life for the 564 keV (7/2,9/2−) bandhead state was also observed through the
186W(7Li,4n)189Ir fusion-evaporation channel in the same reaction [5].

[1] N. Mărginean et al., Eur. Phys. J. A 46, 329 (2010).
[2] G.D. Dracoulis, J. Phys. G: Nucl. Part. Phys. 23, 1191 (1997).
[3] T. Shizuma et al., Eur. Phys. J. A 30, 391 (2006), and references therein.
[4] L.M. Robledo, R. Rodŕıguez-Guzmán, and P. Sarriguren, J. Phys. G 36, 115104 (2009).
[5] S.-C. Wu and H. Niu, Nucl. Data Sheets 100, 1 (2003).
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Lifetime measurement of high-lying short lived states in 
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In order to investigate evolution of nuclear deformation in the vicinity of A~70 nuclei close to the N=Z 

line, we have performed for these nuclei a measurement of excited states lifetimes in the femtosecond range with 

the GASP and RFD detection system at LNL INFN.  A 95-MeV 
32

S pulsed beam from the Tandem XTU 

accelerator was focused on a 0.8 mg/cm
2
 

40
Ca target. Evaporation residues were detected by the segmented 

Recoil Filter Detector (RFD) in coincidence with gamma rays measured with the GASP germanium detector 

array. The trigger condition required at least two gamma rays and recoiling nucleus in the prompt coincidence. 

Each segment of RFD provides information on the time of flight and the direction of every detected evaporation 

residuum with respect to the beam pulse signal. This setup allows to determine lifetimes of the exited states if 

they are comparable to or shorter than the transit time of the recoil through the target - in our case these times are 

in a femtosecond range. 

Picture below presents the summed spectrum of gamma rays gated on the 733 keV and 1177 keV 

transitions in the rotational band “3” in 
69

As. The upper panels show gamma rays detected at forward angles, 

=35
o
, 60

o
, the middle panel  corresponds to 90 degrees and the lowest portions show those detected at 

backward angles, =120
o
, 145

o
.  Event-by-event Doppler correction has been applied to the data, under the 

assumption that the gamma rays were emitted after the nucleus left the target. As seen in the figure, the applied 

correction is appropriate for the 1305 and 2093 keV transitions. But the 1529 and 1930 keV lines of band 3 are 

not properly corrected what indicates that the corresponding gamma rays were emitted while the recoiling 

nucleus was still traveling inside the target. Moreover, these transitions  do not show any trace of the stopped 

component - such feature points to the cumulative lifetime shorter than 60 fs for the involved states.  Our results 

offer a unique opportunity for testing predictions of various theoretical models that try to describe the 

electromagnetic properties of the rich variety of collective bands known in the 
69

As nucleus. 

 

 

 
 

 

 

 

Nuclear Structure and Dynamics II

75



 

 

Magnetic and Antimagnetic rotation: a microscopic description 
 

 J. Meng1, 2, P. W. Zhao1, S.Q. Zhang1, J. Peng3, H. Z. Liang1, P. Ring1,4 
1 School of Physics, Peking University, Beijing 100871 

2 School of Physics and Nuclear Energy Engineering, Beihang University, Beijing  
3 Department of Physics, Beijing Normal University, Beijing 100875 

4 Physik Department, Technische Universitat Muenchen, D-85747 Garching 
 

The self-consistent tilted axis cranking relativistic mean-field theory based on a 
point-coupling interaction has been established and applied to investigate systematically 
magnetic bands and antimagnetic rotation in a microscopic way. 

For the newly observed shears bands in 60Ni, the tilted angles, deformation parameters, 
energy spectra, and reduced M1 and $E2$ transition probabilities have been studied in a fully 
microscopic and self-consistent way for various configurations and rotational frequencies. It 
is found the competition between the configurations and the transitions from the magnetic to 
the electric rotations have to be considered in order to reproduce the energy spectra as well as 
the band crossing phenomena. The tendency of the experimental electromagnetic transition 
ratios B(M1)/B(E2) is in a good agreement with the data, in particular, the B(M1) values 
decrease with increasing spin as expected for the shears mechanism, whose characteristics are 
discussed in detail by investigating the various contributions to the total angular momentum 
as well.  

The same theory is also used to investigate antimagnetic rotation (AMR) for the first 
time in a microscopic way. Using a reliable functional, the tilted axis cranking method 
provides a fully self-consistent description without any adjustable parameter. The 
experimental spectrum as well as the B(E2) values of the recently observed AMR band in 
105Cd are reproduced very well. Polarization effects play an essential role. This microscopic 
investigation gives a further strong hint that AMR with its two "shears-like" mechanisms is 
realized in specific bands in nuclei. 
 
1.  P.W. Zhao, S.Q. Zhang, J. Peng, H.Z. Liang, P. Ring, J. Meng, Phys. Lett. B699, 181-186, 
2011 
2.  P. W. Zhao, J. Peng, H. Z. Liang, P. Ring, J. Meng, Antimagnetic rotation band: a 
microscopic description,  arXiv:1105.3622 

Book of Abstracts

76



Lifetime measurement of the 6.79 MeV state in 15O

C. Michelagnoli1
1Università degli Studi di Padova and INFN, Padova, Italy

An accurate determination of the lifetime of the first excited 3/2+ state in 15O is of paramount
importance in the determination of the astrophysical S-factor and the derived cross section for
the 14N(p,γ)15O reaction, the slowest one in the CNO cycle [1]. The considered level indeed
corresponds to a sub-threshold resonance of this reaction, the width of which is a crucial ingredient
in the extrapolation of the cross section in the Gamow energy region. Once this cross section is
known, the information of the energy production rate from the CNO cycle can be used together
with the neutrino fluxes to shade light on the metallicity in the center of the Sun [2].

The results of a new direct measurement of the lifetime of the first excited 3/2+ state in 15O
are discussed. The 2H(14N,n)15O reaction in inverse kinematics at 32MeV beam energy (XTU
Tandem, LNL) was used to populate the level of interest, which decays via a 6.79MeV E1 gamma–
ray transition to the ground state. Gamma rays were detected with 4 triple clusters of the AGATA
Demonstrator array [3]. The energy resolution and position sensitivity of this state-of-the-art
gamma spectrometer have been exploited to investigate the Doppler Shift Attenuation in the
lineshape of the gamma–ray peak in the energy spectrum. This is the first time that the technique of
gamma–ray tracking has been used to investigate ≈ fs nuclear level lifetimes. The deconvolution of
the lifetime effects from the ones due to the kinematics of the emitting nuclei has been performed by
means of detailed Monte Carlo simulations of the gamma emission and detection. Coupled-channel
calculations for the nucleon transfer process have been used for this purpose. The comparison of
the experimental and simulated data for high-energy gamma rays de-exciting ≈ 1 − 10 fs lifetime
levels will be shown, both for 15O and for the known case of 15N. This nucleus, produced in the
same reaction process, provided a testing ground for the analysis method.

[1] C. Broggini et al., Annual Review of Nuclear and Particle Science 60, 53 (2010).
[2] W. C. Haxton and A. M. Serenelli, Astrophysical Journal 687, 678 (2008).
[3] S. Akkoyun et al., Nucl. Instr. Meth. A668, 26 (2012).
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Modeling incomplete fusion reactions
Jan Mierzejewski1, Alexander Pasternak2,1and Julian Srebrny1

1Heavy Ion Laboratory, University of Warsaw, Poland
2A.F. Ioffe Physical Technical Institute RAS, St. Petersbourg, Russia

 

Abstract

We would like to present a new model [1] of the dynamics of the incomplete fusion reaction. We will 
compare the  calculated mass distributions and the alpha particle spectra to a set of experimental data.

The incomplete fusion has been of interest to the nuclear physics society since 1979 [2]. Since then a 
plenty of experimental and theoretical works were published (see [1,3] and references therein). 
Nevertheless, the models  so far do not  handle the dynamics of the process - the creation of a 
compound nucleus and a „projectile like” fragment emission. Our model describes the incomplete fusion 
for the cases with an α particle escape. It is based on the assumption that the incomplete fusion is a two-
stage process. In the first stage the projectile breaks up into an α particle and the projectile residue 
during the approach towards the target. In the second stage the projectile residue fuses with the target 
and the α particle escapes. The model allows the spin and excitation energy of the compound nucleus to 
be evaluated, as well as the energy and the direction of the escaping α particle. Recently γ-ray fold 
distributions for the 51V+97Mo reaction at energy of 4.5 AMeV of 51V [4], have been compared to the 
predictions of our model.
 
We would like to present the basics of the model as well as its software implementation – the 
COMPA[3] code. Working in the 'event by event' mode, it provides complete information on the 
reaction products: the entry state spin and energy distribution, the reaction point coordinates, the 
directions and the velocities of the recoil and emitted light particles. The stopping of the reaction 
products in the passive elements of the setup (such as support, target and backing) is taken into account. 
It is easy to compare the COMPA calculations with the experimental results. We will present the 
comparisons of simulated α particle spectra with the experimental data in ~10 AMeV region for the 
12C+160Gd [2] and 12C+51V [5] as well as 20Ne+122Sn reactions, studied with the new EAGLE [6] array 
recently put into operation at Heavy Ion Laboratory of the University of Warsaw.

Bibliography

[1] – J. Mierzejewski et al. submitted to Phys. Scr.
[2] - K. Siwek-Wilczyńska et al. Phys. Rev. Lett. 42, 1599 (1979)
[3] – The COMPA code and documentation, available at webpage: http://www.slcj.uw.edu.pl/compa
[4] - R.M. Lieder et al. Eur. Phys. J. A 47, 115 (2011)
[5] - D. J. Parker et al. Phys. Rev. C30, 143 (1984)
[6] - J. Mierzejewski et al. Nucl. Instr. and Meth. A 659, 84 (2011)
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Response function of the magnetic spectrometer Prisma for the
multinucleon transfer reaction 40Ar+208Pb

T. Mijatović1, S. Szilner1, L. Corradi2, S. Courtin3, F. Haas3, E. Farnea4, E. Fioretto2, A.

Gadea2,5, A. Goasduff3, D. Jelavić-Malenica1, S. Lunardi4, N. Mărginean2,6, D. Mengoni4, G.
Montagnoli4, D. Montanari4, G. Pollarolo7, F. Recchia4, E. Sahin2, F. Scarlassara4, N. Soić1,

A. M. Stefanini2, C. A. Ur4, J. J. Valiente-Dobón2, and CLARA-AGATA collaboration
1 Institut Ruder Bošković, Zagreb, Croatia

2 INFN - Laboratori Nazionali di Legnaro, Legnaro, Italy
3 IPHC, CNRS/IN2P3 and Université de Strasbourg, Strasbourg, France

4 INFN and Università di Padova, Padova, Italy
5 IFIC, CSIC-Universidad de Valencia, Valencia, Spain

6 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania and
7 INFN and Università di Torino, Torino, Italy

The revival of transfer reaction studies benefited from the construction of the new generation
large solid angle spectrometers based on ion trajectory reconstruction. The coupling of these
spectrometers with large γ arrays allowed us to identify in mass, nuclear charge and Q-value a
particular reaction product and to investigate its excitation energy spectrum and the associated
γ decay [1].

In the present work different aspects of fragment-γ coincidence studies measured with the
Prisma-Clara set up in multinucleon transfer reaction 40Ar+208Pb [2] will be discussed. In
particular, the role played by neutron-proton correlations.

Multinucleon transfer reaction 40Ar+208Pb was measured at Elab = 255 MeV at Laboratori
Nazionali di Legnaro, Italy. The magnetic spectrometer Prisma [3] was used to detect projectile-
like particles in a large range of energy and angles, while coincident γ rays were detected on
HPGe γ-array Clara [4]. Angular distributions were measured for the first time with the Prisma
using three different spectrometer angular settings. A good overlap was achieved with a small
misalignment at the borders of the angular acceptance due to the spectrometer response. To
correct for these effects the response function of Prisma was studied via a Monte Carlo simulation
[5]. The experimental differential cross sections for various transfer channels, corrected for the
response of the spectrometer, will be shown and compared with semiclassical calculations (code
GRAZING) [6]. Such comparison allows to determine the importance of single particle and
pair degrees of freedom in transfer processes. In this context, we will discuss the role played by
neutron-proton correlations which are presently attracting interest in the field, especially making
use of radioactive ion beams.

[1] L. Corradi, G. Pollarolo, S. Szilner, J. Phys. G 36, 113101 (2009)
[2] S. Szilner et al., PRC 84 014325 (2011)
[3] A.M. Stefanini et al., Nucl. Phys. A 701, 217c (2002)
[4] A. Gadea et al., Eur. Phys. J. A 20, 193 (2004)
[5] D. Montanari et al., Eur. Phys. J. A 47, 4 (2011)
[6] A. Winther, Nucl. Phys. A 572, 191 (1994); 594, 203 (1995)
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Lifetime measurements of low-lying states in 63Co and 65Co
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M.N. Erduran6, E. Farnea2, E. Fioretto1, K. Geibel5, A. Gottardo1, M. Hackstein5,

T. Hüyük4, R. Kempley7, B. Melon8, R. Menegazzo2, C. Michelagnoli2, O. Möller10,
G. Montagnoli2, D. Montanari1, A. Nannini8, D.R. Napoli1, P. Reiter5, F. Recchia2, W. Rother5,

P.A. Söderström11, E. Sahin1, F. Scarlassara2, A.M. Stefanini1, S. Szilner12, and C. Ur2
1INFN, Laboratori Nazionali di Legnaro, Legnaro (Padova), Italy.
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3Department of Physics, University of Oslo, Norway.

4IFIC Valencia, Spain.
5IKP, Universitätt zu Köln, Köln, Germany.

6Department of Physics, Istanbul University, Istanbul, Turkey.
7Department of Physics, University of Surrey, Guildford, U.K.

8Dipartimento di Fisica, Università di Firenze and INFN, Sezione di Firenze, Firenze, Italy.
9University of the West of Scotland, Paisley, Scotland.

10Technische Universität Darmstadt, Darmstadt, Germany.
11RIKEN Nishina Center for Accelerator Based Science, Wako-shi, Japan. and

12Ruder Boskovic Institute, Zagreb, Croatia.

The harmonic-oscillator N = 40 shell closure have been shown to suddenly disappear by removing
protons from the 68Ni. With the πf7/2 shell not fully filled, it is predicted a quadrupole deformation
due to the interaction of this protons with neutrons promoted to the sdg shell [1]. That is the case
for N = 40 66Fe and 64Cr, where new region of deformation have been observed [1].
Neutron-rich cobalt isotopes on the other hand have one f7/2 proton hole with respect to the
spherical Ni isotopes and one proton more than the deformed Fe isotopes. While the occurrence of
a low-lying state 1/2

−
in 67Co have been interpreted as a collectivity manifestation [2] driven by the

p3/2 intruder proton orbital, the trend followed by the 9/2− and 11/2− multiplet respect to the Ni

2+ excitation states on the Ni cores agree with the spherical behaviour manifested by the N = 40
shell closure. Albeit reduced transition probabilities provides much more rich information about the
collective character on this transitions. For this purpose, lifetimes for the (11/2−) excitation states
in both 63Co and 65Co isotopes have been measured employing the Recoil-Distance-Doppler-Shift
method. Experimental B(E2) values are compared with large-scale shell model calculations [3],
leading us to draw some conclusions on the role of the d5/2 and g9/2 neutron orbitals in the erosion
of the N = 40 subshell closure.

[1] E. Caurier, F. Nowacki and A. Poves, Eur. Phys. J., A15 (2002) 145.
[2] D. Pauwels et al., Phys. Rev. C79 (2009) 044309.
[3] S.M. Lenzi, F. Nowacki, A. Poves and K. Sieja, Phys. Rev. C82 (2010) 054301.
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Reduced dispersion of transverse momentum of fragmentation products 
observed at 290 MeV/u 

 
S, Momota1, M.Kanazawa2, †, and A. Kitagawa2, and S. Sato2 

1Kochi University of Technology, Tosayamada, Kochi 782-8502, Japan 
2 National Institute of Radiological Sciences, Inage, Chiba 263-8555, Japan 

 
 
 
Fragmentation process is usually used to prepare radioactive nuclear beams. The momentum 
distribution of fragmentation products is one of good probes to investigate the reaction 
mechanism. At relativistic energies, observed momentum distributions are well reproduced by 
an isotropic Gaussian function. The dispersion of the distribution can be understood based on 
the Fermi motion of removed nucleons [1]. At intermediate energies around E~100 MeV/u, the 
distributions becomes anisotropic and a transverse-momentum dispersion (σT) was larger than 
a longitudinal-momentum dispersion (σL). This behavior was discussed based on orbital 
deflection and the formulation proposed in [2] has been usually used to describe PT 
distributions. However, there have still remained uncertainties in experimental results.  There 
were few systematic measurements of PT distributions and isotopes were not resolved in some 
measurements. 
Recently, a remarkable correlation between σT and longitudinal momentum (PL) has been 
obtained through well-organized measurements by using Ar beam at 95 MeV/u [3]. According 
to the results, σT at beam velocity agrees with σL as shown in Fig. 1(a), and that observed at 
lower PL becomes larger than σL. The additional dispersion of PT, observed in previous 
experiments, would be attributed to the contribution of lower PL component.  
The experimental method, used in [3], was applied to fragmentation process in higher energy. 
σT of fragmentation products, produced from Ar and Kr beams at 290 MeV/u, was obtained as 
a function of PL. In contrast to the results at 95 MeV/u, σT is almost constant concerning PL. 
This behavior implies the suppression of lower PL component, which provides remarkable PL 
dependence at 95 MeV/u. In the case of Ar beam, σT agrees with σL, like as Fig. 1(a). In the 
case of Kr beam, a significantly reduced σT, compared to σL, is observed as shown in Fig. 1(b). 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  σT as a function of fragment mass (AF) at beam velocity.  Fragments were produced 
through reactions (a) 40Ar+9Be at 95 MeV/u and (b) 84Kr+12C at 290 MeV/u. The blue solid 
lines in figures correspond to σL derived from observed PL distributions. 

 
 
[1] A. S. Goldhaber, Phys. Lett. B 53, 306 (1974). 
[2] K. Van Bibber et al., Phys. Rev. Lett. 43, 840 (1979). 
[3] S. Momota et al., Nucl. Phys. A, 746, 407 (2004). 
_________________________________ 
 
†Present address:  Heavy Ion Medical accelerator in Tosu, Tosu, Saga 841-0033, Japan 
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Fusion of 32S + 48Ca near and below the Coulomb barrier:
a case where transfer couplings dominate ?

G. Montagnoli1, A.M. Stefanini2, C.L.Jiang3, L. Corradi2, S. Courtin4, H.Esbensen3, E. Fioretto2, A. Goasduff4,
J.Grebosz5, F. Haas4, A.F.Kifle2, M.Mazzocco1, C.Michelagnoli1, T. Mijatović6, P.Molini2, D.Montanari1, K.E.Rehm3, R.

Silvestri2, Pushpendra P. Singh2, F. Scarlassara1, S. Szilner6, X.D.Tang7, C.A.Ur1

1 Dipartimento di Fisica, Universitá di Padova, and INFN, Sezione di Padova, I-35131 Padova, Italy
2 INFN, Laboratori Nazionali di Legnaro, I-35020 Legnaro (Padova), Italy
3 Physics Division, Argonne National Laboratory, Argonne, IL 60439, USA

4 IPHC, CNRS-IN2P3, Université de Strasbourg, F-67037 Strasbourg Cedex 2, France
5 Institute of Nuclear Physics, Polish Academy of Sciences, PL 31-342 Cracow, Poland

6 Ruder Bošković Institute, HR-10002 Zagreb, Croatia
7 University of Notre Dame, Notre Dame, IN 46556, USA.

The fusion excitation function of 32S + 48Ca has been experimentally studied in a wide energy range, from above the
Coulomb barrier down to cross sections in the sub-microbarn region. The measurements were done at INFN-Laboratori
Nazionali di Legnaro, using the 32S beam from the XTU Tandem accelerator. The evaporation residues (ER) were separated
from the beam by using the set-up based on a beam electrostatic deflector (see [1] and Refs. therein). ER angular distributions
were measured at Elab= 70.4, and 83.4 MeV in the range 00 to 80.
The excitation function has a smooth behavior below the barrier, with a rather flat slope (see Fig.1, left). The logarithmic
slope L(E) = dln(Eσ)/dE does not reach the value expected for a constant S factor (Fig.1, center), which implies that no
maximum of S vs. energy develops. However, other interesting features of the dynamics of this system can be observed.
In particular, the fusion barrier distribution has an unusual shape with two peaks of similar height (Fig.1, right), lower and
higher than the Akyüz-Winther (AW) barrier which is at Ecm= 43.4 MeV. Preliminary coupled-channels calculations have
been performed using the code CCFULL [2], including the lowest 2+ and 3- states of both projectile and target, and the
two-phonon quadrupole excitation of 32S. The calculations employed the standard AW potential. The results (red line in
Fig.1, left) clearly underpredict the sub-barrier cross sections, although the slope of the excitation function is very well
reproduced, while experimental data are lower than the calculations above the barrier. The predicted barrier distribution (not
shown here) is very different from experiment, in particular the high-energy peak is completely missing.
Since 32S + 48Ca has several neutron pickup transfer channels with positive Q-values, further schematic calculations have
been carried out with CCFULL including also a transfer coupling simulating the +2n pickup channel. The results are shown
as blue lines in the three panels of Fig.1. It is interesting to recognize that this further transfer coupling produces a fusion
excitation function, a barrier distribution and a logarithmic derivative in close agreement with the data. It appears that transfer
couplings push very much down in energy the threshold for hindrance, below the lowest measured energy, as recently noted
for 40Ca + 48Ca [1]. More detailed analyses and calculations are anyway necessary before drawing firm conclusions.
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Fig. 1. (Left) Fusion excitation function of 32S + 48Ca as measured in the present experiment, and calculated by the CCFULL code (see
text). (Center) Logarithmic derivative (slope) and (Right) fusion barrier distribution extracted for the same system.

[1] G. Montagnoli, et al., Phys. Rev. C85 (2012), 024607.
[2] K.Hagino, N.Rowley and A.T.Kruppa, Comput. Phys. Commun. 123 (1999), 143.
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Heavy-Ion Transfer Reactions at Large Internuclear Distances

D. Montanari1, L. Corradi2, S. Szilner6, G. Pollarolo5, E. Fioretto1, A. Gottardo1, A.F. Kifle1,
D. Mengoni1, D.R. Napoli1, E. Sahin1, R. Silvestri1, Pushpendra P. Singh1, A.M. Stefanini1,

J.J. Valiente-Dobon1, D. Bazzacco2, R. Depalo2, E. Farnea2, C. Michelagnoli2, G. Montagnoli2,

F. Recchia2, F. Scarlassara2, C.A. Ur2, S. Courtin3, A. Goasduff3, F. Haas3, M.-D. Salsac4,
D. Jelavić-Malenica6, T. Mijatović6, M. Milin6, N. Soić6, A. Gadea7, A. Bracco8, and S. Leoni8

1Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro, I-35020 Legnaro, Italy.
2Dipartimento di Fisica, Università di Padova, and INFN, I-35131, Padova, Italy.

3Institut Pluridisciplinaire Hubert Curien, CNRS-IN2P3,
Université de Strasbourg, F-67037, Strasbourg, France.

4CEA-Saclay, IRFU/SPN, 91191 Gif sur Yvette, France.
5Dipartimento di Fisica Teorica, Università di Torino, and INFN, I-10125 Torino, Italy.

6 Institut Ruder Bošković, Bijenička cesta 54, Zagreb, Croatia.
7IFIC CSIC - Universitat de Valencia, Valencia, Spain. and

8Dipartimento di Fisica, Università di Milano, and INFN, I-20133 Milano, Italy.

The study of two-neutron transfer reactions represents a powerful tool to investigate correlations
between nucleons in nuclei. In heavy-ion reactions many nucleon transfer channels are available,
giving the possibility to compare the relative role of single particle and pair transfer modes [1].
Furthermore, below the Coulomb barrier, nucleons are transferred in a restricted excitation energy
window and colliding nuclei, being at large internuclear distances, are only slightly influenced by
the nuclear potential. Under these conditions the complexity of theoretical calculations diminishes
and more information on pair correlations can be extracted from data [2,3].
Using the large solid angle magnetic spectrometer PRISMA, at the Laboratori Nazionali di
Legnaro (LNL), a first reaction at sub-barrier energies has been performed in inverse kinematics
for the closed shell system 96Zr+40Ca [4]. An excitation function ranging from above to well
below the Coulomb barrier has been measured and transfer probabilities [5] have been extracted
for the neutron transfer channels. The comparison between data and microscopic calculations
shows the importance played by transitions to 0+ excited states.
As further steps, we recently perfomed at LNL two similar experiments, both in direct and inverse
kinematics, for the superfluid system 60Ni+116Sn where the ground state Q-values for neutron
transfers are close to their optimum Q-values. In the former case, angular distributions of neutron
transfer channels have been obtained, while in inverse kinematics an excitation function from
above to well below the Coulomb barrier has been measured. It is therefore interesting to compare
the behaviour of the transfer mechanism to the previously measured closed shell system and to
the same kind of theoretical calculations.
Measurements of transfer cross sections have been obtained on the basis of an event-by-event
reconstruction of the ion trajectories inside PRISMA [6], while the AGATA demonstrator has been
employed to extract the transfer strength to excited states in the case of the direct kinematics
reaction 60Ni+116Sn.
In this talk the results of these recent measurements will be presented, and a discussion will be
made on the possibilities offered in the field by exploiting large solid angle spectrometers.

[1] R.A. Broglia and A. Winther, ”Heavy Ion Reactions” (Addison-Wesley Pub.Co., Redwood
City CA, 1991)
[2] B. F. Bayman and J. Chen, Phys. Rev. C26, 1509 (1982)
[3] G. Potel, F. Barranco, E. Vigezzi and R. A. Broglia, Phys. Rev. Lett. 105, 172502 (2010)
[4] L. Corradi et al., Phys Rev. C 84, 034604 (2011)
[5] W. von Oertzen and A.Vitturi, Rep. Prog. Phys. 64, 1247 (2001)
[6] D. Montanari et al., Eur. Phys. J.A47, 4 (2011)
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Phase transitions and phase diagrams in hadronic and partonic systems

Luciano G. Moretto
University of California, Berkeley, CA, USA 94720 and

Lawrence Berkeley National Laboratory, Berkeley, CA, USA 94720

Hadronic systems can support a variety of phases and phase transitions. I will consider here the
nuclear liquid vapor phase transition and the hadronic to partonic phase transitions.

We have characterized the liquid vapor transition from a variety of experimental data. We have
extracted the entire liquid vapor coexistence line up to the critical temperature. In doing so we
had to correct for finite size and Coulomb effects, so that the final phase diagram is that of infinite,
symmetric, uncharged nuclear matter.

I shall also discuss the hadronic to partonic phase transition in terms of the bag model. This is a
first order transition with a UNIQUE temperature at which the partonic and hadronic phases can
be in grand canonical equilibrium. The simple but exact thermodynamic description will be given
in analytical form.
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72Zn(d,3He)71Cu transfert reaction

P. Morfouace1, S. Franchoo1, M. Assié1, F. Azaiez1, D. Beaumel1, S. Boissinot2, R. Borcea10,
J. Burgunder3, L. Caceres3, N. De Séréville1, Z. Dombradi9, J. Elsevier11, B. Fernandez

Dominguez8, A. Gillibert2, S. Giron1, S. Grévy4, O. Kamalou3, V. Lapoux2, L. Lefebvre1,

A. Lepailleur3, C. Louchart2, G. Marquinez7, I. Martel Bravo7, I. Matea1, D. Mengoni6,
L. Nalpas2, D. Napoli5, M. Niikura1, F. Recchia6, A-M. Sanchez Benitez7, J-A. Scarpaci1,
D. Sohler9, O. Sorlin3, M. Stanoiu10, I. Stefan1, C. Stodel3, J-C. Thomas3, and Z. Vajta9

1IPN, Orsay, France,
2IRFU, Saclay, France,
3GANIL, Caen, France,

4CENBG, Bordeaux, France,
5Legnaro National Laboratory, Italy,

6University of Padova, Italy,
7University of Huelva, Spain,

8University of Santiago, Spain,
9Atomki, Debrecen, Hungary,

10Ifin-HH, Bucarest, Romania, and
11University of Leuven, Belgium.

The series of copper isotopes (Z=29) is of prime interest for nuclear structure. The first 5/2 level
in the odd isotopes, carrying most of the f5/2 proton strength, sharply drops in energy beyond
N=40 and becomes the ground state in 75Cu. The position and the strength distribution of
the f7/2 spin-orbit partner is essential to understand the underlying mechanism of this effect,
bent to have major implications for structure variations towards 78Ni. With this purpose in
mind the 72Zn(d,3He)71Cu transfer reaction was performed at Ganil with the Must-2 particle
array, giving precisely access to proton-hole states in copper. The data are currently under analysis.
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Core excitation effects in the breakup of halo nuclei∗

A.M. Moro1, R. Crespo2,3, J.M. Arias1, R. de Diego1, and J.A. Lay1

1Departamento de FAMN, Universidad de Sevilla, Spain.
2Centro de F́ısica Nuclear, Universidade de Lisboa, Lisboa, Portugal. and

3 Departamento de F́ısica, Instituto Superior Técnico,
Universidade Técnica de Lisboa, Oeiras, Portugal.

Breakup experiments provide useful spectroscopic information of weakly-bound exotic nuclei.
The extraction of structure information from these experiments is done by comparing the data with
some reaction model, such as semiclassical, adiabatic, DWBA or CDCC, among others. Typically,
these methods ignore the excitations of the clusters constituents. Consequently, the breakup of a
halo nucleus is described in terms of excitations of the valence particle(s) outside an inert core, thus
ignoring transitions between different core states during the collision as well as admixtures of core
excited components in the states of the weakly-bound nucleus. These simplifying assumptions are
not expected to be accurate when the clusters are deformed. In this case, in addition to the valence
excitation, the interaction with the target can induce the dynamic excitation of the core. Moreover,
the core-excited admixtures are very important to describe the structure of these systems.

In this contribution, we discuss the rôle of core excitation in the scattering of halo nuclei and
present new theoretical developments to account for these effects. The models are applied to several
breakup reactions induced by 11Be and 19C and compared with available data. The calculations
evidence very clearly the importance of core excitation in the scattering of halo nuclei.
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FIG. 1: Angular distribution for the breakup of 11Be on protons at 63.7 MeV/nucleon for Erel=0–
2.5 MeV (left panel) and Erel=2.5–5.0 MeV (right panel). The circles are the experimental data from
[2]. The curves are DWBA calculations including the effect of core excitation [3]. The dot-dashed and
dashed curves represent, respectively, the valence and core excitation contributions and the solid line is
their coherent sum.

[1] R. Crespo, A. Deltuva, A. M. Moro, Phys.Rev. C 83, 044622 (2011).
[2] A. Shrivastava et al, Phys. Lett. 596B, 54 (2004)
[3] A. M. Moro and R. Crespo, to be published in Phys. Rev. C

∗This work was supported by the FCT grant PTDC/FIS/103902/2008, by the Spanish Ministerio de Ciencia e
Innovación under project FPA2009-07653
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Effects of Realistic Tensor Force on Nuclear Structure∗

H. Nakada
Graduate School of Science, Chiba University,

Inage, Chiba 263-8522, Japan

Whereas the second-order effects of the tensor force on nuclear structure (e.g. on the saturation)
had long been recognized, it has recently been pointed out that its first-order effects, i.e. effects at
the mean-field (MF) level, are important particularly in systematic description of nuclear structure
including nuclear far off the β-stability. However, simplified tensor force is employed in most MF
studies in this line. In the Skyrme energy-density-functional (EDF) approaches a zero-range (but
momentum-dependent) tensor force is assumed. Even if the function form (or the momentum
expansion) is acceptable, it is not obvious how to fix its strength. Moreover, the EDF form of the
Skyrme tensor force is identical to that of a part of the central force under the spherical symmetry,
causing difficulty in separating out tensor force effects. These obscure how strong the tensor force
effects are.
In order to describe structure of stable to unstable and relatively light to heavy nuclei based on
the NN interaction, we have developed semi-realistic NN interactions [1, 2] by modifying the
M3Y interaction [3] that was derived from the G-matrix. The modification has been made so that
the saturation and the spin-orbit splittings could be reproduced, while the tensor channels kept
unchanged. Having quite realistic tensor force, this type of interactions is suitable to investigating
first-order effects of the tensor force. The tensor force plays a key role in Z- or N -dependence of
the shell structure [4], and in transitions involving spin degrees-of-freedom [5]. In this presentation,
it is illustrated by applying the realistic tensor force that first-order effects of the tensor force are
crucial in describing several aspects of nuclear structure,
We find, in practice, the following remarkable examples which exhibit tensor-force effects. The
tensor force gives significant contribution to the inversion of the p1s1/2-p0d3/2 levels in the Ca

isotopes, the emergence of the new magic number N = 32 around 52Ca (though not around 60Ni),
and the sub-magic nature of N = 40 around 68Ni and its rapid erosion [6]. The tensor force with
realistic strength is crucial in reproducing the M1 response in 208Pb, as clarified by the HF+RPA
calculation [5]. The tensor force plays a significant role also in the E2 strengths of the Sn isotopes,
via the shell structure, as shown by the HFB+QRPA studies [7].

[1] H. Nakada, Phys. Rev. C 68, 014316 (2003).
[2] H. Nakada, Phys. Rev. C 78, 054301 (2008); ibid. 82, 029902(E) (2010).
[3] G. Bertsch et al., Nucl. Phys. A284, 399 (1977); N. Anantaraman, H. Toki and G. F. Bertsch, Nucl.

Phys. A398, 269 (1983).
[4] T. Otsuka et al., Phys. Rev. Lett. 95, 232502 (2005).
[5] T. Shizuma et al., Phys. Rev. C 78, 061303(R) (2008).
[6] H. Nakada, Phys. Rev. C 81, 051302(R) (2010).
[7] H. Nakada, Prog. Theor. Phys. Suppl. (Proc. of YKIS2011), to be published.

∗ This work was supported by JSPS as Grant-in-Aid for Scientific Research (C), No. 22540266.
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Stochastic approach to correlations beyond the mean field with the
Skyrme interaction

Y. Fukuoka1, T. Nakatsukasa2,1, Y. Funaki2, and K. Yabana1,2

1University of Tsukuba, Tsukuba, 305-8571, Japan and
2RIKEN Nishina Center, Wako, 351-0198, Japan

One of the goals in the microscopic nuclear many-body theory is the ab-initio nuclear structure
calculation starting with a fixed Hamiltonian. Since the strong short-range correlation in the bare
NN interaction prevents a naive mean-field approach, the effective interactions were extensively
developed in history of the nuclear theory. Using the effective interaction for the mean-field models,
we develop a non-empirical method to treat full correlations beyond the mean field. The model
space should be restricted to the one not taking account of the short-range correlations. This is done
by the imaginary-time propagation method. Roughly speaking, the method consists of the following
three steps. (i) Generation and selection of Slater determinants. Many Slater determinants are
stochastically generated, then, screened by the imaginary-time propagation. (ii) Parity and angular
momentum projection. Single-particle wave functions in each Slater determinant are represented in
the three-dimensional (3D) Cartesian coordinate space without any symmetry restriction. Thus,
we need to carry out the projection with respect to the full three-dimensional Euler angles. (iii)
Diagonalizing Hamiltonian in the selected space.
Our method has some resemblance to the generator coordinate method (GCM) and the Mote Carlo
shell model (MCSM). In the GCM, the generator coordinate is adopted a priori, under a certain
physical intuition, to describe specific correlations. Our method stochastically takes into account
all the important correlations. In the MCSM, basis states are stochastically generated and selected,
then the diagonalization of the Hamiltonian is performed in the space spanned by those states.
This concept is very similar to ours, but our method has a much wider model space and is able to
describe exotic states in the spectrum very different from the ground state.
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The method was tested in light
N = Z even-even nuclei, using
the BKN interaction [1]. We will
present results of our recent ap-
plications with realistic Skyrme in-
teractions. In Fig. 1, we show
an example of our calculations for
12C using the SGII Skyrme inter-
action. The agreement with exper-
iments is remarkable, considering
the fact that there is no adjustable
parameter in the calculation. Note
that the second 0+ state, which has
the three α clustering, cannot be
described in the shell model. We
will discuss other applications and
examine capability of the Skyrme
density functional beyond the mean
field.

[1] S. Shinohara, H. Ohata, T.
Nakatsukasa, and K. Yabana, Phys.
Rev. C 74 (2006) 054315.
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Experimental studies of p-process nucleosynthesis∗

L. Netterdon, J. Endres, A. Sauerwein, F. Schlüter, and A. Zilges
Institut für Kernphysik, Universität zu Köln, 50937 Köln, Germany

About 30 - 35 proton-rich stable nuclei heavier than iron are bypassed by the s and r neutron
capture processes, they are referred to as p nuclei. In total, about 20.000 reactions and 2.000 nuclei
are involved in the p-process reaction network, where most of them are unstable and thus not
directly accessible experimentally. As experimental data is very scarce within the astrophysically
relevant energy range, p-process network calculations are based almost completely on theoretical
predictions stemming from the Hauser-Feshbach statistical model.

In order to improve p-process network calculations, experimentally determined nuclear physics
input parameters like α + nucleus optical model potentials or γ strength functions are of crucial
importance. Experiments on proton- and α-induced reactions are a dedicated approach to study
these nuclear properties at astrophysically relevant energies. Due to the low interaction energies
of astrophysical relevance, cross sections for ion-induced reactions are typically located in the µb
range.

This talk will give an overview about p-process nucleosynthesis and different experimental
techniques to study ion-induced reactions which are of relevance for the astrophysical p process:

• Activation technique using γ-ray spectroscopy of subsequent β decay of target nuclei after
activation at an accelerator facility

• In-beam measurements using high resolution HPGe detector arrays

• Accelerator Mass Spectrometry

In this talk, advantages and disadvantages of the different experimental approaches will be dis-
cussed and recent results will be presented.

∗Supported by the DFG under contract DFG (ZI 510/5-1, INST 216/544-1)
AS is member of the Bonn-Cologne Graduate School of Physics and Astronomy
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Interacting boson model from energy density functionals: γ-softness and
the related topics∗

K. Nomura1, T. Otsuka1,2,3, N. Shimizu3, D. Vretenar4, T. Nikšić4, and L. Guo5

1Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
2Center fur Nuclear Study, University of Tokyo, Tokyo 113-0033, Japan

3National Superconducting Cyclotron Laboratory, Michigan State University, MI, USA
4Physics Department, University of Zagreb, Zagreb 10000, Croatia and

5College of Physical Sciences, Graduate University of Chinese Academy of Sciences, Beijing 100049, China

Energy density functional (EDF) approach gives complete and universal description of nuclear
ground-state properties, and is a good starting point for collective dynamics. We describe the
γ-softness of medium-heavy and heavy nuclei from a microscopic picture. By mapping the self-
consistent constrained mean-field energy surface for a wide range of the relevant non-axial nuclei
onto the proton-neutron interacting boson model (IBM-2) Hamiltonian containing up to three-
body boson interactions, low-lying collective spectra and transition rates are calculated [1,2].

Observables are calculated that differentiates two limiting geometrical pictures of non-axial nuclei:
rigid-triaxial and γ-unstable rotor models. It is shown that neither of these pictures is realized in
presumably all non-axial nuclei, and that microscopic description leads to results that are almost
in between the two limits [3] (cf. Fig.1). In the IBM, such robust regularity arises naturally only
when the three-body boson term is included, independently of the details of microscopic EDFs.

Some relevant topics including the isovector collective excitation of valence shells is discussed, as
an extension of the EDF-to-IBM mapping procedure. Scissors 1+ excitation and the M1 property
of rare-earth nuclei are described microscopically, being rather consistently with the experiment.
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FIG. 1: (Left) Energy ratio S(J, J − 1, J − 2) = [{E(J) − E(J − 1)} − {E(J − 1) − E(J − 2)}]/E(2+
1 )

for the quasi-γ states with (a) J = 4+
γ and (b) J = 5+

γ of typical non-axial medium-heavy nuclei, that
distinguishes between the γ-unstable (W-J) and the rigid-triaxial (D-F) rotor limits. (Right) Level energy
for 190Os nucleus with the IBM Hamiltonian with up to three- (IBM(3B)) and two- (IBM(2B)) body terms.

[1] K. Nomura, N. Shimizu, and T. Otsuka, Phys. Rev. Lett. 101, 142501 (2008)
[2] K. Nomura, T. Otsuka, N. Shimizu, and L. Guo, Phys. Rev. C 83, 041302(R) (2011)
[3] K.Nomura, N.Shimizu, D.Vretenar, T.Nikšić and T.Otsuka, Phys.Rev.Lett.108, 132501 (2012)

∗ Supported by grants-in-aid for scientific research (A) 23244049 and 217368, and by MZOS 1191005-1010.
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Collinear cluster tri-partition (CCT) a new kind of radioactive decay of 252Cf (sf)
and in (235U + n) - 236U*

W. von Oertzen1,2, Yu.V. Pyatkov3,4, D.V. Kamanin 3, et al.
1 Freie Universitaet Berlin, Fachbereich Physik

2 Helmholtz-Zentrum, Berlin D14109 Berlin
3 Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

4 National Nuclear Research University MEPHI, 115409 Moscow, Russia

In a variety of experiments over the last decade (see Pyatkovet al.[1] and refs therein), a
new type of cluster radioactivity has been observed, the ”collinear cluster tri-partition”, CCT.
It has been observed in decays of 252Cf(sf) and in the reaction 235U(n,fff). The experiments are
based on binary coincidences of the masses and energies of two fission fragments, independently.
The total mass of the fragments, and the missing mass in binary coincidences is determined,
Fig.1. One of the lighter two fragments which originate in the second step, which are originally
collinear, are separated by a small angle (1) by scattering in the backing, and one fragment is
blocked at the entrance grid of the ionisation chamber (see Fig.1). The relatively high yield
of the CCT-effect (more than 10−3 per binary fission) is due to the favourable Q-values (more
positive than binary), due to the formation of spherical fragment-clusters (with closed shells)
like: 132Sn + 50Ca + 70Ni. In addition it has been shown in ref.[2], that the collinear (prolate)
geometry has the favoured potential energy (by 25 MeV) relative to the oblate shapes, and a
large phase-space in momentum and isotopic mass is observed [3]. The decay is considered to
be a sequential process. Based on this assumption we have calculated the kinetic energies [3] of
the fragments. The third fragments at the center have very low kinetic energies (below 20 MeV)
and probably have thus escaped detection in previous work on “true ternary fission”, where in
addition an oblate shape and a triangular geometry for the decay vectors has been assumed.

Figure 1: Masses measured in coincidence (180 o) with two FOBOS-detectors for 252Cf (sf). The
arrow indicates the missing mass. Left: Scheme of the separation of two collinear fragments.

References

[1] Y. V. Pyatkov, D.V. Kamanin, W. von Oertzen, et al. Eur. Phys. J. A 45, 29 (2010)

[2] K. Manimaran and M. Balasubramaniam, Phys. Rev. C 83(2011) 034609

[3] K. R. Vijayaraghavan, W. von Oertzen, M. Balasubramaniam

Eur. Phys. J. A 48, 27 (2012),
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Beta Decay of Exotic fp-shell Nuclei with TZ = -1 and TZ = -2 at GANIL 
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F.Molina1, Y.Oktem2, F.de Oliveira Santos7, L.Perrot9, L.Popescu10, R.Raabe7, A.M.Rogers11, 

P.C.Srivastava7, G.Susoy2, C.Stodel7, T.Suzuki5, A.Tamii5, and J.C.Thomas7 
1 Instituto de Física Corpuscular, CSIC-Universidad de Valencia, E-46071 Valencia, Spain 
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6 Centre d’Etudes Nucléaires de Bordeaux Gradignan, Université Bordeaux 1, UMR 5797 CNRS/IN2P3, 
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Beta-decay spectroscopy is a powerful tool to investigate the structure of nuclei far from the 
line of β-stability. Moreover, these studies for proton-rich nuclei can complement Charge 
Exchange (CE) reaction experiments carried out on the mirror stable target under the 
assumption of isospin symmetry. In a series of experiments at the GSI and GANIL 
fragmentation facilities, β+-decay studies of TZ = -1 and TZ = -2 nuclei in the fp-shell have been 
carried out. For all of them the β–-type mirror CE reactions on TZ = +1 and TZ = +2 target 
nuclei were studied at RCNP Osaka [1,2,3]. 
  
First, at the RISING facility at GSI we measured the decay of the TZ = -1, 42Ti, 46Cr, 50Fe and 
54Ni nuclei to the self-conjugate TZ = 0 42Sc, 46V, 50Mn and 54Co nuclei, respectively [1,2,4]. In 
this experiment we were able to a) measure the β-decay half-lives with one order-of-magnitude 
better accuracy than in the literature, b) establish the decay schemes, c) determine the direct 
ground state to ground state feeding in the decay, d) measure the decay intensity to the 1+ states 
populated in the daughter and hence the absolute Gamow-Teller strengths B(GT).  This allowed 
us to compare the results with the B(GT) values measured in the corresponding CE reactions. 
 
These results have motivated further investigations on more exotic fp-shell nuclei. Recently 
two β-decay experiments were carried out at the LISE3 facility at GANIL to study the structure 
of two nuclei, the TZ = -2 56Zn and TZ = -1 58Zn, for which measurements of the mirror CE 
reactions already exist. For the ion production we used in one experiment a 64Zn beam of 79 
AMeV and in the other a 58Ni beam accelerated to 75 AMeV on a natural Ni target. The ions 
were separated by the LISE spectrometer and implanted into a DSSSD detector, surrounded by 
four Ge Exogam clovers for gamma detection. From the determination of the time-correlations 
between the heavy-ion implants and the subsequent beta or beta-gamma decays, happening in 
the same pixel of the DSSSD, we could extract the key spectroscopic information. 
 
Results from the GANIL experiments will be presented, in particular the precise half-lives of 
58Zn and 56Zn as well as other nuclei produced at the same settings. 58Zn is of astrophysics 
interest, since it constitutes a waiting point in the rp-process. In addition, it was found that the 
half-life of 58Zn β-decay can be well reproduced from the results of CE reaction studies on the 
mirror nucleus 58Ni using the “merged analysis” [2,3], suggesting a good isospin symmetry in 
the A = 58 system.   
 
[1] F.Molina, B.Rubio, Y.Fujita, W.Gelletly, AIP 1265 (2010) 49. 
[2] Y.Fujita, B.Rubio, W.Gelletly, PPNP 66 (2011) 549. 
[3] Y.Fujita et al., PRL 95 (2005) 21250. 
[4] F.Molina, PhD thesis, University of Valencia (2011). 

Book of Abstracts

92



Perspectives of Monte-Carlo Shell Model 
Takaharu Otsuka 

Department of Physics and Center for Nuclear Study, University of Tokyo, Hongo, 
Bunkyo-ku, Tokyo 113-0033, Japan 

National Superconducting Cyclotron Laboratory, Michigan State University,  
East Lansing, Michigan, U.S.A. 

 
I will overview perspectives of Monte Carlo Shell Model (MCSM).  The MCSM 
methodology has been revised in recent years, so as to show the eigenvalues with 
high precision, aiming at substantial use of K computer .  The K computer is a ten 
peta flops machine located in Kobe, Japan.  Several techniques of extrapolation have 
been introduced with great success, which enables us to discuss exact eigenvalues 
with a small number of basis vectors from many-body Hilbert space.  I will report 
some recent results from ab initio type MCSM calculations on light nuclei as well as 
usual but extremely large-scale calculations on some medium-heavy nuclei.    
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Microscopic investigation of structural evolution in even-even N=60 isotones 
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2Centre de Recherche Nucléaire d'Alger - COMENA, BP399 Alger-Gare, Algiers, Algeria 

 
 
 

The ground state properties of even-even N=60 isotones from the neutron-rich to the proton-
rich side (34<Z<56) are investigated within the self-consistent Skyrme-Hartree-Fock-
Bogoliubov theory in the triaxial landscape. The Skyrme energy density functional SLy4 has 
been considered in the particle-hole channel, while the zero range delta-interaction has been 
employed in the particle-particle channel [1]. In order to correctly treat the pairing correlations 
in the vicinity of shell closure, a particle-number projection of the wave function was carried 
out by the Lipkin-Nogami method [2]. 
The evolution of the potential energy surfaces in the (β, γ) deformation plane is presented and 
discussed. Moreover, quantities such as binding energies, two-proton separation energies, root-
mean-square radii and quadrupole moments are investigated and compared with available 
experimental data and other theoretical evaluations [3-5]. The role of the triaxiality in the 
structure of N=60 isotones is emphasized.  
 
 
[1] M.R. Oudih, M. Fellah, N.H. Allal and N. Benhamouda, Nucl. Phys. A834 (2010) 479. 
[2] M.R. Oudih, M. Fellah, N.H. Allal and N. Benhamouda, Phys. Rev. C 76 (2007) 047307. 
[3] P. Moller et al.  At. Data Nucl. Data Tables 94 (2008) 758. 
[4] I. Angeli, At. Data Nucl. Data Tables 87 (2004) 185. 
[5] S. Raman, C.W. Nestor Jr. and P. Tikkanen, At. Data Nucl. Data Tables 78 (2001) 1. 
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Validation of cluster structures for 9Be through Coupled channel
calculations∗

V. V. Parkar1,2, V. Jha1, S. K. Pandit1, S. Santra1, and S. Kailas1
1Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai - 400085, India and

2Departamento de F́ısica Aplicada, Universidad de Huelva, E-21071 Huelva, Spain

In a recent paper by Pandit et al. [1], two cluster configurations: 8Be+n and 5He+4He of 9Be
have been thoroughly investigated through high precision elastic scattering data below Coulomb
barrier energies on 208Pb target. It was demonstrated that below Coulomb barrier only 8Be+n
cluster structure of 9Be can able to explain the data satisfactorily. Interestingly, it was observed
that the coupling effect of one neutron transfer channel remains present even at these sub-Coulomb
barrier energies. Motivated by these investigations, we decided to validate these two models of
9Be for other targets viz., 28Si [2], 64Zn [3] and 144Sm [4]. The available data for elastic scattering,
transfer and fusion around Coulomb barrier energies have been utilised for comparison with the
model calculations. Typical elastic scattering angular distribution data for 9Be+ 144Sm system
along with the present calculations are shown in Fig. 1. The details of the calculations and results
will be discussed during the conference.
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FIG. 1: Elastic scattering data for 9Be+144Sm [4] has been compared with two models: (a,b) 5He+4He
and (c,d) 8Be+n. Dashed and solid lines are without and with full (breakup + neutron transfer) couplings
respectively.

[1]S. K. Pandit et al., Phys. Rev. C 84, 031601R (2011).
[2]M. Hugi et al., Nucl. Phys. A 368, 173 (1981).
[3]S. B. Moraes et al., Phys. Rev. C 61, 064608 (2000).
[4]P. R. S. Gomes et al., Phys. Rev. C 73, 064606 (2006).
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Studies of few-body dynamics in dripline nuclei at FLNR, JINR.* 
 

Yu.L. Parfenova1,2†, A.A.Bezbakh1, A.S. Fomichev1, V. Chudoba1,3, I.A. Egorova4, S.N. Ershov4, M.S. 
Golovkov1, A.V. Gorshkov1, V.A. Gorshkov1,† L.V. Grigorenko1,5,6, P. Jalůvková1,3, G. Kamiński1,7, S.A. 

Krupko1, E.A. Kuzmin1, E.Yu. Nikolskii6,8, I.G. Mukha5, Yu.Ts. Oganessian1, P.G. Sharov1, S.I. 
Sidorchuk1, R.S. Slepnev1, L. Standyło1,9, S.V. Stepantsov1, G.M. Ter-Akopian1, R. Wolski1,7, A.A. 
Yukhimchuk10, S.V. Filchagin10, A.A. Kirdyashkin10, I.P. Maksimkin10, O.P. Vikhlyantsev10, M.V. 

Zhukov11 

1 Flerov Laboratory of Nuclear Reactions,  JINR, Dubna,  RU-141980 Russia 
2Skobeltsyn Institute of Nuclear Physics, Moscow State University, 119991 Moscow, Russia 

3Institute of Physics, Silesian University in Opava, Bezručovo nám. 13, 74601 Czech Republic 
4 Bogolyubov Laboratory of Theoretical Physics,  JINR, Dubna,  141980 Russia 
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6 National Research Centre “Kurchatov Institute”, Kurchatov sq. 1, RU-123182 Moscow, Russia 

7 Institute of Nuclear Physics PAN, Radzikowskiego 152, PL-31342 Kraków, Poland 
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10 All-Russian Research Institute of Experimental Physics, RU-607190 Sarov, Russia 

11 Fundamental Physics, Chalmers University of Technology, S-41296 Göteborg, Sweden 
 
The nuclear driplines are nowadays achieved experimentally for the light nuclear systems and there is an 
important trend in the modern research with radioactive ion beams to study the systems close and even 
beyond the driplines. Many of these systems demonstrate unusual properties which can be attributed to 
different forms of irreducible few-body dynamics, like three-body nucleon haloes, true three-body decays 
(e.g. two-proton radioactivity as a special case), soft excitation modes, etc. 

 
In recent years there was a successful line of studies at Flerov Laboratory of Nuclear Reactions dealing 
with light dripline systems.  These studies were performed with ACCULINNA fragment separator, using 
high intensity primary beams of 7Li, 11B, 13C, 15N, 18O, 32,34S etc. with energy values ranging between 30 
and 50 AMeV, delivered by the U- 400M cyclotron to the production target of the separator. The 
secondary radioactive beams with energies of about 20-30 AMeV allow us to gain new insights into the 
structure of neutron/proton halo nuclei through studies of one- and two-nucleon transfer or charge-
exchange reactions made with hydrogen and helium targets. Such beams offer favorable conditions for 
the production of so far unknown particle-unstable nuclei beyond the neutron/proton drip line. 
 
Novel results related to studies of few-body phenomena were obtained for such isotopes as 5H, 7H, 8He, 
10He, 6Be, 17Ne, and 26S. Thus, in resent studies of 6Be [1] in the charge-exchange reaction 1H(6Li, 6Be)n 
the origin of the 6Be negative-parity continuum was interpreted as a novel phenomenon, the isovector 
soft dipole mode (IVSDM) which may offer new opportunities in the nuclear structure studies. In latest 
studies of 10He [2] (expected to be a magic one) in the 3H(8He, p) 10He reaction the low-lying spectrum of 
10He was studied. Owing to specific angular correlations, for the first time spin-parity assignment was 
made for the low-lying states of 10He,  0+ g.s. at 2.1±0.2 MeV with its width ~2 MeV, 1- ( with the total 
energy ET >4.5 MeV) and 2+ (ET >6 MeV). These new data suggest less binding energy than expected 
earlier and provide an evidence for the low-lying negative parity intruder state. 
 
The major results of these studies are presented and discussed from theoretical point of view. We focus 
on continuum properties of three-body systems, studies of specific correlations, and practicalities of 
connection between theory and experiment. 
 
Now, a new more powerful in-flight fragment separator ACCULINNA-2 at U-400M cyclotron in FLNR, 
JINR is planned to be built in addition to the existing separator ACCULINNA in 2010-2015. It will 
provide high intensity RIBs in the lowest energy range (5÷50 A MeV) which is attainable for in-flight 
separators thus opening new possibilities for astrophysical studies with the ACCULINNA–2 separator. 
 
[1] I.A. Egorova et al. Phys. Lett. B (2012), 28250. 
[2] S.I. Sidorchuk et al. arXiv:1202.2020v1 [nucl-ex] Supposed to be published in Phys.Rev. Lett. 
_________________________________ 
 
*This work was supported by the Russian RFBR 11-02-00657-a grant. L.V.G., S.A.K., A.V.G., and I.A.E. are 
supported by FAIR-Russia Research Center grant.  L.V.G. acknowledges the support by HIC for FAIR research 
grant, and Russian Ministry of Industry and Science grant NSh-7235.2010.2 
 †Present address:  FLNR, JINR, Dubna,  RU-141980 Russia, Joliot-Curie 6. 
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Experimental evidence for the presence of double octupole states in
240Pu∗

S. Pascu1,2, M. Spieker1, D. Bucurescu2, V. Derya1, J. Endres1, T. Faestermann3, A. Hennig1, R.

Hertenberger3, S. Pickstone1, S. Skalacki1, S. Weber1, H. F. Wirth3, N. V. Zamfir2, and A. Zilges1
1Institut für Kernphysik, Universität zu Köln, D-50937 Köln, Germany

2National Institute for Physics and Nuclear Engineering,
R-77125, Bucharest-Magurele, Romania and

3Sektion Physik, Ludwig-Maximilians-Universität München, D-85748 Garching, Germany

Octupole correlations in the actinides have attracted interest since the predictions that octupole
deformation would be present in the Z∼88 and N∼134 region [1,2]. In the even-even nuclei in
this region, alternating parity bands, Kπ=0+1 and Kπ=0−1 , which are thought to indicate the pres-
ence of stable octupole deformation, have been observed. However, the question of the existence
of octupole deformation is still very much open and different empirical signatures are controversial.

In the actinides mass region it was pointed out that the 0+2 and 0+3 band heads lie very
close in energy, only 50-200 keV apart. Furthermore, in Ref. [4] it was suggested that the
two excited bands are very different in structure. For example, the γ-ray branching ratio
B(E2;2+0i → 4+1 )/B(E2;2+0i0

+
1 ) is larger by one order of magnitude for 0+2 compared with the 0+3

band. This additional 0+ band was interpreted by Zamfir and Kusnezov [5] in the framework
of the IBA-spdf model as corresponding to the double octupole/dipole states. However, their
interpretation is based only on the energies of the 0+ band-head and the branching ratio of the 2+

state. Additional experimental evidences are needed to confirm this picture by measuring other
observables related to the two 0+ bands.

In this contribution we report on a new experiment performed on the 240Pu nucleus which was
investigated by means of the (p,t) reaction using the Q3D spectrometer [6] and the focal plane
detector [7] from Munich. Such an approach is very suitable for providing rather complete
spectroscopic information for the low spin states in even-even nuclei. The comparison between
experimental angular distribution and the Distorted Wave Born Approximation allowed the ex-
traction of the relative two-neutron transition strengths. These observables can reveal important
informations about the structure of different states and a special attention was given to the
observation of the 0+ states. The experimental two neutron strength for the 0+2 and 0+3 states
is found in good agreement with the predictions of the IBA-spdf model, confirming the double
octupole nature for the 0+2 state.

[1] P.A. Butler and W. Nazarewicz, Rev. Mod. Phys. 68, 349 (1996).
[2] W. Nazarewicz, P. Olanders, I. Ragnarsson, J. Dudek, G. A. Leander, P. Möller, and E.
Ruchowska, Nucl. Phys. A 429, 269 (1984).
[3] F. Iachello and A. Arima, The Interacting Boson Model (Cambridge University Press,
Cambridge, 1987).
[4] J.M. Hoogduin et al., Phys. Lett. B 384, 43 (1996).
[5] N. V. Zamfir and D. Kusnezov, Phys. Rev. C 67, 014305 (2003).
[6] M. Löffler, H. J. Scheerer, and H. Vonach, Nucl. Instrum. Methods 111, 1 (1973).
[7] H.-F. Wirth, Ph.D. thesis, Techn. Univ. München, 2001.
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RPA calculations with D1S Gogny force applied to spherical nuclei [1] have been extended to the 

QRPA treatment of axially deformed nuclei [2]. First we propose to present studies on heavy and 

deformed nucleus uranium 238 [3] and on low-energy dipole excitations in neon isotopes and N=16 

isotones [4]. Such studies are allowed by new numerical implementation and it is now possible to 

undertake systematic study on spectroscopy along isotopic and isotonic chains. Then, we will 

compare spectroscopy of N=16, N=40 and N=50 isotones obtained with QRPA approach and with 5 

dimension collective Hamiltonian (5DCH) calculations using the same D1S Gogny interaction. 

Evolution of the B(E2) transition probabilities in Sn isotopes will be also discussed. At the end, we will 

focus on the spectroscopy of Ni isotopes up to 8
+
 excited states and the appearance of 0

+
 excited 

states at low energy. 

 

 

 [1] S. Péru, J.-F. Berger, and P.-F. Bortignon, Eur. Phys. J. A26(2005). 

 [2] S. Péru and H. Goutte, Phys. Rev. C77, 044313(2008). 

 [3] S. Péru, G. Gosselin, M. Martini, M. Dupuis, S. Hilaire and J.-C. Devaux, Phys.Rev. C 83, 014314 (2011). 

 [4] M. Martini, S. Péru and M. Dupuis, Phys. Rev. C 83, 034309 (2011) 
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Real-time algorithm for robust coincidence search 
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In in-beam γ-ray spectroscopy experiments, we often look for coincident detection events. 

Among every N events detected, coincidence search is naively of principal complexity O(N
2
). 

When we limit the approximate width of the coincidence search window, the complexity can be 

reduced to O(N), permitting the implementation of the algorithm into real-time measurements, 

carried out indefinitely. 

 

We have built an algorithm to find simultaneous events between two detection channels, but it 

can easily be modified to work over n channels. We explain below the algorithm cycle for two 

channels.  The algorithm works on two dynamic-sized FIFO [1] arrays that have the maximum 

length equal to the search window width, where timestamps of events are reported in units of 

AD clock cycles. Initially, both FIFO arrays are empty. We start with two list modes of 

measured events from which we want to compare timestamps and define the delays between 

them, assuming that some of the events are in coincidence. We assume the timestamps of each 

channel to be in ascending order. We proceed by repeatedly taking the older timestamp among 

the first of the remaining in each list and compare the difference between the current timestamp 

and all timestamps that were inserted into FIFO beforehand. At the end we are left with the 

array of calculated timestamp differences between the two lists. Plotting the histogram of these 

differences illustrates the probability distribution of delays between detected events. The peak 

centroid then represents the systematic delay between the the two channels of data. 

 

The algorithm was tested in an experiment where coincidences between X and γ rays detected 

in two HPGe detectors were observed in the decay of 
61

Cu. 
61

Cu was produced in the reaction 
60

Ni(p,γ) when we studied proton-induced nuclear reactions at an energy of 2.5 MeV for two 

different environments: metallic nickel and NiO insulator. 
61

Cu decays in 61% of cases through 

β
+
 and in 39% through EC decay [2]. Measurements were performed with a quad-channel 

digital spectroscopic MCA assuring the same event clock for both detectors. Comparing the 

entire γ ray spectrum to the coincidence γ ray spectrum we found out, that the branching γ-ray 

ratio for EC differs from that for β
+
 decay. Comparison of branching ratios normalized to the 

283 keV γ ray is given in table 1. We explain the difference by the Q value difference between 

β
+
 and EC decay. 

 

Table 1: Comparison of branching ratio for β
+
 and EC decay to the one of only EC decay 

Eγ [keV] bβ
+

+EC bEC 

283 1.00 (18) 1.00 (30) 

656 0.89 (16) 1.36 (45) 

1185.2 0.30 (6) 0.93 (46) 
 

[1] Kruse, Robert L., Data structures and program design in C, Prentice Hall, Upper Saddle River, New 

Jersey, USA (1997) 

[2] M. R. Bhat, Nuclear Data Sheets 88, 417 (1999) 
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Low-lying spectroscopy of a few even-even silicon isotopes investigated
by means of the multiparticle-multihole Gogny energy density

functional∗

N. Pillet1, V.G. Zelevinsky2, M. Dupuis1, J.-F. Berger1, and J.-M. Daugas1
1 CEA, DAM, DIF, F-91297 Arpajon, France and

2 Department of Physics and Astronomy and National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA )

A multiconfiguration microscopic method [1] has been applied with the Gogny effective inter-
action to the calculation of low-lying positive-parity states in even-even 26−32Si isotopes [2].
We compare the results of this approach with those of a standard method of GCM type and
get insight into the predictive power of multiconfiguration methods employed with effective
nucleon-nucleon force taylored to mean-field calculations. It is found that the multiconfiguration
approach leads to an excellent description of the low-lying spectroscopy of 26Si, 28Si and 32Si,
but gives a systematic energy shift in 30Si. A careful analysis of this phenomenon shows that
this discrepancy originates from too large proton-neutron matrix elements supplied by the Gogny
interaction at the level of the approximate resolution of the multiparticle-multihole configuration
mixing method done in the present study. These proton-neutron matrix elements enter in
the definition of both single-particle orbital energies and coupling matrix elements. Finally, a
statistical analysis of highly excited configurations in 28Si is performed, revealing exponential
convergence in agreement with previous work in the context of the shell model approach. This lat-
ter result provides strong arguments towards an implicit treatment of highly excited configurations.

[1] N. Pillet, J.-F. Berger and E. Caurier, Phys. Rev. C78, 024305 (2008)
[2] N. Pillet , V.G. Zelevinsky, M. Dupuis, J.-F. Berger, and J.M. Daugas, accepted for publication
in PRC

∗ This work was supported by .....
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First observation of the ground-state based rotational band in 256Rf at
the border of the superheavy nuclei

J. Piot1,∗ J. Rubert1, P.T. Greenlees2, B. Gall1, and the 256Rf collaboration
1Institut Pluridisciplinaire Hubert Curien (23 rue du Loess, 67037 Strasbourg, France) and

2Department of Physics, University of Jyväskylä (P.O. Box 35, 40014 University of Jyväskylä, Finland)

Transfermium nuclei lie at the boundary between actinides and the barely investigated region of
superheavy elements (SHE). These isotopes retain fusion-evaporation cross-sections at the limits
of contemporary investigation techniques [1]. These two properties therefore place them as ideal
candidates for the investigation of the nuclear interaction at high masses. The use of arrays of
high-purity germanium and silicon detectors in conjunction with recoiling nuclei separators provides
access to the structure of these nuclei through spectroscopy techniques. These experiments are
presently at the forefront of the investigation on the structure of nuclei at high masses.

Of special interest are the nuclei situated along the N=152 isotone. Deformation induces a
disapearance of the degeneracy of the orbitals above the speculated superheavy nuclei spherical gap.
Therefore low-J projections first close the SHE spherical gaps and come down to the vicinity of the
Fermi level of transfermium nuclei, creating deformed gaps at N=152 for example. Spectroscopic
measurements on these nuclei provide an important insight on the behaviour of these orbitals,
necessary to understand the structure of heavier nuclei [2].

This contribution will report on the first measurement of the prompt electromagnetic transitions
of 256Rf and the technical achievements necessary to perform this experiment at the University
of Jyväskylä. The germanium array JUROGAM II [3] was associated to the magnetic separator
RITU [4] and the focal plane spectrometer GREAT [5] to identify and measure the decay of the
256Rf nuclei. The detection of prompt gamma-ray transitions at high rates was allowed by the
use of digital ADCs with the germanium detectors around the target position. 256Rf nuclei were
produced through fusion-evaporation with a beam of 50Ti impinging on a target of 208Pb. This
beam was produced for the first time with the MIVOC method using an organometallic compound
synthesized at the IPHC Strasbourg [6].

[1] J. Piot et al., In-beam spectroscopy with intense ion beams: Evidence for a rotational structure in
246Fm, accepted in Phys. Rev. C.

[2] R.-D. Herzberg and P.T. Greenlees, Prog. Part. Nucl. Phys. 61 (2008) 674.
[3] P.J. Nolan et al., EUROGAM - A high efficiency escape supressed Spectrometer array, Nucl. Phys. A

520 (1990) 657c.
[4] J. Uusitalo et al., In-beam spectroscopy using the JYFL gas-filled magnetic recoil separator RITU,

Nucl. Inst. Meth. B 204 (2003) 638.
[5] R.D. Page et al., The GREAT spectrometer, Nucl. Inst. and Meth. B 204 (2003) 634.
[6] J. Rubert et al., First intense isotopic titanium-50 beam using MIVOC method, Nucl. Inst. Meth. B

276 (2012) 33.

∗Present address: Grand Accélérateur National d’Ions Lourds (Boulevard Becquerel, 14000 Caen, France) -
piot@ganil.fr
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Systematic shell-model study of isovector and isoscalar pairing in the
2p1f shell

S. Pittel1, Y. Lei1,2, N. Sandulescu3, A. Poves4, Y.M. Zhao2, and B. Thakur1∗
1 Department of Physics and Astronomy and Bartol Research Institute,

University of Delaware, Newark, DE 19716 USA
2 Department of Physics, Shanghai Jiao Tong University, Shanghai, 200240, China

3 Institute of Physics and Nuclear Engineering, 76900 Bucharest, Romania and
4 Departamento de Fisica Teorica and IFT UAM/CSIC,
Universidad Autónoma de Madrid, 28049, Madrid, Spain

It is generally believed that proton − neutron (pn) pairing is important in nuclei with roughly
equal numbers of neutrons and protons [1]. The standard technique for treating these correlations
is through the use of BCS or HFB approximation, generalized to include the pn pairing field in
addition to the nn and pp pairing fields. Questions arise, however, as to whether these methods
can adequately represent the physics of the competing modes of pair correlations, without full
restoration of symmetries [2].

Important insight on pn pairing correlations has been achieved in recent years in the context of
exactly-solvable models that include the various pairing modes. Analysis of the SO(8) model, for
example, in which isoscalar and isovector pairing act in either a single active orbital or a series
of degenerate orbitals, suggests that isospin restoration or equivalently quartet correlations are
extremely important, especially at N = Z [2]. A more recent study carried out for an analogous
model that includes non-degenerate orbitals [3] makes possible the inclusion of deformation effects,
as is critical for systems with N ≈ Z, by treating the non-degenerate orbitals as Nilsson-like.
However, it is not possible in such models to fully restore symmetries.

As a consequence, there still remain important issues concerning the role of the various pairing
modes in N ≈ Z nuclei. In this work, we discuss a systematic study of isovector and isoscalar
pairing correlations in N ≈ Z nuclei in the context of the nuclear shell model, whereby deformation
can be readily included and symmetries exactly preserved [4].

Following a description of our model, we will report the results of selected calculations for three
N = Z nuclei in the 2p1f shell, 44Ti, 46V and 48Cr, focusing on the role of single-particle effects
in dictating how the various pairing modes compete.

[1] A. L. Goodman Adv. Nucl. Phys. 11, 263 (1979).
[2] J. Dobeš and S. Pittel Phys. Rev. C 57, 688 (1998).
[3] S. Lerma H., B. Errea, J. Dukelsky and W. Satula Phys. Rev. Lett. 99, 064318 (2007).
[4] Y. Lei, S. Pittel, N. Sandulescu, A. Poves, B. Thakur and Y.M. Zhao, Phys. Rev. C 84,
044318 (2011).

∗Present address: High Performance Computing, Louisiana State University, Baton Rouge, LA 70808 USA
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Onset of quasifission in asymmetric systems populating the compound
system 210Rn.

E. Prasad1, R. G. Thomas2, P. Sugathan4, A. Jhingan4, S.
Appannababu4, K. M. Varier3, A. M. Vinodkumar3, B. R. S. Babu3,

G. Mohanto4, Ish Mukul4, C. Yadav2, D. Singh4, and S. Kailas3

1Department of Physics, School of Mathematical and Physical Sciences,
Central University of Kerala, Nileswar - 671314, India

2Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai - 400085, India
3Department of Physics, University of Calicut, Calicut - 673635, India and

4Inter University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi - 110067, India

Study of onset of non-equilibrium processes such as quasifission [1,2] (QF) in less fissile systems
at near barrier energies is of great research interest in the recent years. QF is a major hurdle
in the formation of superheavy elements and shows strong entrance channel dependence [3,4,5].
Experimental signatures of this process include a strong reduction in evaporation residue cross
section, anomalous fission fragment angular anisotropies, broadened fragment mass distributions
and mass-angle correlations.

We measured the fission fragment mass-angle and mass-ratio distributions for the asymmetric
reaction 30Si+180Hf forming the compound nucleus (CN) 210Rn at energies around the Coulomb
barrier. The experiment was performed at the 15UD Pelletron accelerator facility of Inter
University Accelerator Centre (IUAC), New Delhi. Fragments were measured using two large
area MWPC detectors and the time-difference method was used for obtaining the mass ratio
distributions of the complimentary fragments [6]. The experimental energies were so chosen that
the CN excitation energies were matched with two other reactions 16O+194Pt and 24Mg+186W
reactions [5], forming the same CN.
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Although we could not observe any mass-
angle correlation in the energy range studied,
the observed fragment mass-ratio widths (σm)
were substantially larger than that of 16O+194Pt
and 24Mg+186W reactions, at similar exciation
energies as shown in Figure. The experimental
results deviate significantly from the statistical
model calculations assuming fission followed
by CN formation, which indicates a strong
onset of quasifission process in 30Si+180Hf and
24Mg+186W reactions. The charge product
ZP ZT of these two reactions 30Si+180Hf and
24Mg+186W are 1008 and 888, respectively,
which is much less than 1600. The onset of QF
in these reactions at near barrier energies clearly indicates the role of entrance channel parameters
like deformation, mass asymmetry etc in the fusion-fission mechanism.

REFERENCES

[1] W. J. Swiatecki, Phys. Scr. 24, 113 (1981).
[2] S. Bjornholm and W. J. Swiatecki, Nucl. Phys. A 391, 471 (1982).
[3] R. Rafiei et al., Phys. Rev C 77, 024606 (2008).
[4] R. G. Thomas et al., Phys. Rev C 77, 034610 (2008).
[5] E. Prasad et al., Phys. Rev. C 79, 054607 (2010).
[6] R. K. Choudhury et al., Phys. Rev. C 60, 054609 (1999).
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Towards the island of stability with relativistic energy density
functionals

V. Prassa1, T. Nikšić2, G. A. Lalazissis3, and D. Vretenar2
1Physics Department, University of Jyväskylä, P.O. Box 35 (YFL) FI-40014, Finland

2Physics Department, Faculty of Science,
University of Zagreb, 10000 Zagreb, Croatia and

3Department of Theoretical Physics, Aristotle University Thessaloniki, GR-54124, Greece

Relativistic energy density functionals (REDF) provide a complete and accurate, global descrip-
tion of nuclear structure phenomena. Modern semi-empirical functionals, adjusted to the nuclear
matter equation of state and to empirical masses of deformed nuclei, are applied to studies of
shapes of superheavy nuclei. The theoretical framework is tested in a comparison of predicted
masses, quadrupole deformations, and potential energy barriers of actinides, with available data.
The model is used in a self-consistent mean-field calculation of spherical, axial and triaxial shapes
of long-lived superheavy nuclei, their alpha-decay energies and lifetimes. The effect of explicit
treatment of collective correlations is analyzed in calculations that consistently use a collective
Hamiltonian model based on REDFs.
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13C+4He resonant elastic scattering on thick gas target∗

L. Prepolec1, M. Freer2, N.I. Ashwood2, N. Curtis2, A. Di Pietro3, P. Figuera3,

M. Fisichella3, L. Grassi1, D. Jelavić Malenica1, Tz. Kokalova2, T. Mijatović1, M. Milin4,
V. Scuderi2, N. Skukan1, N. Soić1, S. Szilner1, V. Tokić1, D. Torresi3,† and C. Wheldon2

1Rud̄er Bošković Institute, Bijenička 54, HR-10000 Zagreb, Croatia
2School of Physics and Astronomy, University of Birmingham, Birmingham B15 2TT, United Kingdom

3INFN, Laboratori Nazionali del Sud, Via S. Sofia 44, Catania, Italy and
4Department of Physics, Faculty of Science,

University of Zagreb, Bijenička 32, HR-10000 Zagreb, Croatia

Resonant elastic scattering of 13C on a thick 4He target has been measured at Rud̄er Bošković In-
stitute 6 MV EN Tandem Van de Graaff accelerator facility. Reaction products from 13C(4He,4 He)
were detected in a single 50×50 mm double sided silicon strip detector (1 mm thick) located at 0◦

in a gas volume. The gas-filled chamber has been separated from the beam-line by a 2 µm thick
Havar foil. Gas pressure was monitored using absolute manometer and adjusted for the beam to
stop several centimetres in front of the detector, located 42 cm from the Havar window. Beam
energies of 20.0, 25.0, 30.0, 33.0 and 35.0 MeV were used with 4He gas pressures of 313, 461, 591,
699 and 790 mbar, respectively.
The data analysis was performed event-by-event, assuming all detected particles were 4He. Data
analysis was subdivided in three steps. Firstly we calculated kinematics and energy loss [1] for
elastic scattering on thick gas target and established the relationship between detected energy
in the given pixel and the energy of the emitted alpha-particle, which allowed a calculation of
the center-of-mass energy. Monte Carlo simulations, assuming isotropic center-of-mass angular
distribution for the breakup, were used to correct a raw yield for a variation of angular acceptance
of the detector. Corrected yields of different runs were checked for consistency. In the third step,
we averaged the data from differet runs and normalised using Rutherford cross section. We are
currently in the process of fitting R-matrix calculations to our results.
Results on 17O states populated in this measurement will be presented [2].

[1] Energy-loss code DEDX (unpublished)
[2] D.R. Tilley, Nuc. Phys. A 565 (1993) 1

∗This work has been partially supported by the European Commission FP7 project ”Clustering phenomena in nu-
clear physics: strengthening of the Zagreb-Catania-Birmingham partnership” (CLUNA), Grant Agreement number:
203200.
†Present address: INFN–Sez. di Padova, Padova, Italy
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Effect of neutron transfer in the fusion process near and below the
Coulomb barrier ∗

V. A. Rachkov1, A. Adel2, A. V. Karpov1, A. S. Denikin1, and V. I. Zagrebaev1

1Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia, and
2Physics Department, Faculty of Science, Cairo University, Giza, Egypt,

Many theoretical and experimental studies are devoted to analysis of the fusion reactions.
Reactions of sub-barrier fusion of the neutron-rich nuclei with stable nuclei are of special interest.
In these reactions an increase of the fusion cross section at energies below the Coulomb barrier
is observed. The processes of the rearrangement of valence neutrons with positive Q-values
(that leads to a gain in the kinetic energy of the colliding nuclei) may substantially increase the
sub-barrier fusion cross section.

The role of neutron transfer is investigated in the fusion process near and below the Coulomb
barrier within the empirical channel coupling model (EEC model)[1,2]. In this approach the total
penetrability of the fusion barrier is calculated taking into account the probabilities of transfer
of a single or several neutrons (up to four neutrons), averaged over the parameterized barrier
distribution function.

We will focus on the role of neutron transfers between the colliding nuclei as a mechanism
that may enhance the fusion cross sections at sub-barrier energies. Different combinations
(16,18O + 116,114Sn, 9,11Li + 208,206Pb, 4,6He + 64Zn and other) of colliding nuclei were studied.
In all the cases, the sub-barrier fusion proves to be more probable for the combinations, where
intermediate neutron transfer with positive Q-values is possible. The theoretical calculations show
a good agreement with available experimental data. The corresponding predictions of the fusion
cross section for several combinations of colliding nuclei have been made. These results may be
useful in planning and data analysis of the corresponding experiments.

[1] V.I. Zagrebaev, Phys. Rev. C. 2003. V.67. P.061601.
[2] V.I. Zagrebaev, A.S. Denikin, A.V. Karpov, A.P. Alekseev, V.V. Samarin, V.A. Rachkov,
M. A. Naumenko, Fusion code of NRV, http://nrv.jinr.ru/nrv/.

∗ This work was supported by the Join Institute for Nuclear Research (JINR-Dubna, Russia) and the Academy of
Scientific Research and Technology (Egypt)
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MINIBALL γ‐ray Spectroscopy far from Stability 

Peter Reiter, Institute of Nuclear Physics, University of Cologne 

For the MINIBALL collaboration 

The MINIBALL spectrometer utilizes successfully the huge variety of post‐accelerated radioactive ion beams provided 
by REX‐ISOLDE at CERN. In‐beam γ‐ray spectroscopy after Coulomb excitation or transfer reactions is performed with 
optimized setups of ancillary detectors for particle detection. An overview of the technical details of the full MINIBALL 
setup, including beam monitoring devices and methods to deal with beam contamination, will be presented. The 
physics program is covering a wide range of shell model investigations from the light sd‐shell nuclei up to the Pb 
region. Especially the enlarged availability of exotic heavy ion beams enables unique studies of collective properties 
up to the actinide region. In future the HIE‐ISOLDE project will provide a promising perspective for new MINIBALL 
experiments. 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Covariant density functional theory with energy dependent self energies
in nuclei.

P. Ring∗ and E.-Litvinova
1Physikdepartment Technische Universität München, Germany and

2ExtreMe Matter Institute EMMI and Research Division,
GSI Helmholtzzentrum für Schwerionenforschung,

Planckstrae 1, D-64291 Darmstadt, Germany

The concept of density functional theory in the microscopic description of quantum mechanical
many-body systems is based on Hohenberg-Kohn theorem. In nuclear physics this method has
been very successfully employed in the analyses of a variety of nuclear structure phenomena, not
only in nuclei along the valley of β-stability, but also in exotic nuclei with extreme isospin values
and close to the particle drip lines. It is based on the mean field concept connected with violation
of symmetries. Although originally invented for ground states, it has been also applied for excited
states for single particle excitations in closed shell systems, collective vibrations in the framework
of time-dependent mean fields, and nuclear rotational bands in a rotating mean field. Of course, it
is not evident from the Hohenberg-Kohn theorem that one can use for excited states same energy
density functionals as for the ground states. In fact, in all these three cases one also observes
serious limitations: the shell gap in the single particle spectrum of doubly closed shell nuclei is
considerably too large, the random phase approximation fails to reproduce the width of the giant
resonances, and the description of nuclear spectra requires a restoration of the broken symmetries.

In Coulombic systems density functional theory has been extended also for excited states in the
framework of time-dependent density functional theory (TDDFT). This method is again in princi-
ple exact. However, the corresponding Kohn-Sham potential is a functional of the time-dependent
energy, i.e. it depends on the full history of the time-dependent process. For practical applications
one needs additional approximations. In the small amplitude limit one finds linear response theory
with an energy dependent integral kernel. Going beyond the mean field approximation, an energy
dependent self-energy is constructed by coupling the single particle motion to low-lying surface
modes. This leads to an enhanced level density at the Fermi surface and to an induced interaction
in the resulting Bethe-Salpeter equation.

We give a review on recent applications of these ideas to covariant density functional theory
in nuclei, in particular the investigation of the width of giant resonances and of the coupling of
low-lying dipole excitations to complex configurations.

∗supported by the DFG cluster of excellence “Origin and Structure of the Universe” (www.universe-cluster.de)..
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Dipole Polarizability and Parity Violating Asymmetry in 208Pb∗

X. Roca-Maza
INFN, sezione di Milano, via Celoria 16, I-20133 Milano, Italy

The dipole polarizability and the parity violating asymmetry at low momentum transfer in
208Pb have been recently measured at RCNP (Japan) [1] and JLab (USA) [2], respectively.
Both observables are intimately connected with the neutron skin thickness of the same nucleus
and, more fundamentally, both are believed to be associated with the density dependence
of the nuclear symmetry energy around saturation [1-4]. The impact of this basic property
of the nuclear Equation of State on the dipole polarizability and the parity violating asym-
metry in 208Pb will be presented and discussed on the basis of a large and representative
set of relativistic and non-relativistic nuclear energy density functionals. The connection be-
tween these two experimental results via the employed theoretical framework will be also discussed.

[1] A. Tamii et al., Phys. Rev. Lett. 107, 062502 (2011).
[2] S. Abrahamyan et al. (PREX Collaboration), Phys. Rev. Lett. 108, 112502 (2012).
[3] X. Roca-Maza et al., Phys. Rev. Lett. 106, 252501 (2011).
[4] J. Piekarewicz et al., Submitted to Physical Review C (R), arXiv:1201.3807v1.

∗I am very grateful to my colleagues and collaborators B. K. Agrawal, M. Centelles, G. Colò, W. Nazarewicz,
N. Paar, J. Piekarewicz, P.-G. Reinhard, X. Viñas, D. Vretenar and M. Warda. Without them, this talk have never
been possible. The two works in which this talk is based were partially supported by the Spanish Consolider-Ingenio
2010 Programme CPAN CSD2007-00042 and by Grants No. FIS2008-01661 from MICINN (Spain) and FEDER, No.
2009SGR-1289 from Generalitat de Catalunya (Spain), and No. DEC-2011/01/B/ST2/03667 from NCN (Poland)
for the case of Ref. [3] and by the Office of Nuclear Physics, U.S. Department of Energy under Contract Nos. DE-
FG05-92ER40750 (FSU), DEFG02-96ER40963 (UTK); and by the BMBF under Contract 06ER9063 for the case
of Ref. [4]. I acknowledge the postdoctoral grant from INFN.
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Application of nuclear energy density functionals to lepton number
violating weak processes∗

T.R. Rodŕıguez and G. Mart́ınez-Pinedo
Technische Universität Darmstadt, Magdalenenstraße 12, D-64289, Darmstadt (Germany)

The nature of the neutrino as a Majorana or Dirac particle is still an open question. Experimental
evidence of lepton-number violation weak processes such as neutrinoless double beta decay (0νββ)
or double electron capture (0νECEC) would determine unambiguously the Majorana character
of this elementary particle [1]. The half-lives of these processes depend on the effective neutrino
mass and the nuclear matrix elements (NME) between the initial and final nuclei. Therefore,
reliable calculations of the NMEs are crucial to estimate the half-lives of these decays or, in case
of experimental detection, to extract the effective neutrino mass.
In this contribution we present calculations for the NMEs performed with energy density
functional methods including beyond mean field effects [2,3]. In particular, we analyze the role
of deformation and pairing correlations in the final values for several nuclear matrix elements of
0νββ and 0νECEC processes.

[1] F. T. Avignone et al., Rev. Mod. Phys. 80, 481 (2008).
[2] T. R. Rodŕıguez and G. Mart́ınez-Pinedo, Phys. Rev. Lett. 105, 252503 (2010).
[3] T. R. Rodŕıguez and G. Mart́ınez-Pinedo, accepted in Phys. Rev. C (2012).

∗ This work was partially supported by HIC4FAIR.

Book of Abstracts

110



25Na and 25Mg fragmentation on 12C at 9.23 MeV per nucleon and 
AMD calculations* 

P. St‐Onge, M. Boisjoli, M.‐O. Frégeau, J. Gauthier, B. Wallace, and R. Roy 

Département de physique, de génie physique et d’optique, Université Laval 

Québec (Québec) G1V 0A6, Canada 
 
  

Properties of the nuclear matter at different densities and 
temperatures can be characterized by studying heavy‐ion collisions at 
numerous projectile energies and with various symmetric and asymmetric 
mass systems and N/Z ratios for the projectile‐target interacting pair. 
The multidetector HERACLES1, previously operated at intermediate 
energies, has been adapted to study heavy‐ion systems at ISAC‐II 
(TRIUMF) energies in the 5 to 15 MeV per nucleon range. The 
multidetector has been recently ran with a radioactive 25Na beam and a 
stable 25Mg beam at 9.23 MeV per nucleon on a carbon target.  

Many different detection devices2 were mounted between 4.5 and 46 
degrees: BaF2 crystals and plastic scintillators in phoswich mode, 
CsI(Tl) scintillators in pulse shape arrangement and Si‐CsI(Tl) 
telescopes. Energy calibration peaks have been obtained by elastic 
scattering on different targets of a 4He‐12C‐16O cocktail beam 
accelerated at 6.56 MeV per nucleon. Particle identification and energy 
calibration of some 75 detectors have been completed and the physics 
analysis is underway.  

Experimental energy spectra of several particles and light 
fragments from both beams are being compared; isotopic ratios are also 
analyzed. Several observables from both projectiles will be compared 
with the simulations based on a dynamical model, Antisymmetrized 
Molecular Dynamics (AMD code3).  

The analysis is in progress. The main point is to obtain enough 
statistics from the simulations for the comparison of the experimental 
physics results to the AMD distributions based on different parameters. 
It will be completed so that a thorough view and interpretation will be 
presented at the conference 
 
* Work supported by a grant from Natural Sciences and Engineering Council of Canada 

                                                        
1 See for instance F. Gagnon‐Moisan, Ph.D. Thesis, Université Laval (2010), Effets d’isospin 
et noyaux chauds 
2 J. Gauthier, Ph.D. Thesis, Université Laval (2012), Ratios isoptopiques de fragements légers 
et opération du multidétecteur HERACLES à l’accélérateur ISAC‐II 
3 A. Ono and H. Horiuchi, Prog. Part. Nucl. Phys. 53, 501 (2004) 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Highlights and future plans at RIBF 
 

H. Sakurai1,2 
1Department of Physics, University of Tokyo 

Hongo Bunkyo-ku Tokyo 113-0033 Japan 
2 RIKEN Nishina Center for Accelerator-Based Science 

2-1 Hirosawa Wako Saitama 351-0198 Japan 

 

 

I will introduce and review recent results on exotic nuclei at the RI Beam Factory (RIBF).  

Special emphasis is given to selected experiment programs that highlight studies for nuclear 
structure, especially for nuclei in the island-of-inversion and beyond, and neutron-rich nuclei 

with A~110 region. I will show future plans of new collaborations and new other devices. 

 
The RIBF is a top world-class in-flight RIB facility, which was constructed to establish a new 

framework for nuclear structure, to elucidate the origin of elements, and to explore new 

applications with fast RIBs. The RIBF has started in operation since 2007, and for last 5 years, 
excellent performances of this facility have made great access to nuclei far from the stability 

line and have lead to exciting results via several spectroscopy methods; deformed halo nuclei 
such as Ne-31 [1], collective enhancement of the Ne isotopes toward the drip line [2], 

significantly shorter half-lives in A~110 region than predicted by a global theory [3], 

identification of deformed magic number N=64 in the Zr isotopes [4]. 
 

These spectroscopy works are being strengthened by a new collaboration of Euro-RIKEN 

Cluster Array (EURICA) for decay spectroscopy [5], and by a new setup of SAMURAI for 
particle unbound state spectroscopy [6]. Construction budget for rare-RI ring [7], which is 

dedicated to mass measurement, has been approved to accelerate mass spectroscopy for nuclear 

structure as well as nuclear astrophysics. 
 

 
[1] T. Nakamura et al., Phys. Rev. Lett. 103, 262501 (09) , M. Takechi et al., Phys. Lett. B 707, 357 (12) 

[2] P. Doornenbal et al., Phys. Rev. Lett. 103, 032501 (09) 

[3] S. Nishimura et al., Phys. Rev. Lett. 106, 052502 (11) 
[4] T. Sumikama et al.,  Phys. Rev. Lett. 106, 202501 (11) 

[5] http://ribf.riken.jp/EURICA/index.php?FrontPage  

[6] Y. Shimizu et al., J. Phys; Conf Ser. 312 052022 (11) 

[7] Y. Yamaguchi et al., Nucl. Instrum. Methods B 266 4575 (08) 
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Multipair approach to pairing in nuclei

M. Sambataro
Istituto Nazionale di Fisica Nucleare - Sezione di Catania

Via S. Sofia 64, I-95123 Catania, Italy

Pairing plays a crucial role in the description of both finite and infinite nuclear systems.
BCS and projected BCS (PBCS) approaches are quite common tools to treat pairing. These
theories share an important feature: they provide a description of the nuclear ground state in
terms of just one collective pair. PBCS, in particular, proposes a ground state wave function
that is simply a condensate of such a pair. The scenario that the exact ground state (when
available) of a pairing Hamiltonian exhibits can be, however, very different from that suggested
by PBCS. This is the case, for instance, of the so-called reduced-BCS or picket-fence model
which describes a system of fermions occupying a set of doubly degenerate equally spaced
levels and interacting via a pairing force with constant strength. The corresponding ground state
is a product of collective, distinct pairs (either real or complex) irrespective of the pairing strength.

Aiming at realizing a description of the ground state of a general pairing Hamiltonian in terms of
collective, distinct pairs by limiting as much as possible its computational cost, we have developed
an iterative variational procedure which allows a sequential determination of the pairs through
diagonalizations of the Hamiltonian in restricted model spaces. Each diagonalization is meant
to generate one collective pair at a time while all the others act as spectators. All pairs are by
construction real. This procedure takes inspiration from a somewhat analogous iterative approach
recently proposed to search for the best description of the eigenstates of a generic Hamiltonian in
terms of a selected set of physically relevant configurations [1].

Different applications of the method are provided that include comparisons with exact and PBCS
results. The quantities that are examined are correlation energies, occupation numbers and pair
transfer matrix elements. In a first application within the picket-fence model, the method is
seen to generate the exact ground state for pairing strengths confined in a given range. Further
applications of the method concern pairing in spherically symmetric mean fields and include simple
exactly solvable models as well as some realistic calculations for middle-shell Sn isotopes. In the
latter applications, two different ways of defining the pairs are examined: either with J = 0 or with
no well-defined angular momentum. In spite of generating some (limited) violations of the total
angular momentum, the latter choice reveals to be globally more effective leading to results that,
under some circumstances, are found to be basically exact even for realistic pairing Hamiltonians.

[1] M. Sambataro, D. Gambacurta, and L. Lo Monaco, Phys. Rev. B 83, 045102 (2011).
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          Alpha-like quartet correlations and proton-neutron pairing in N=Z nuclei 

 
                                                          N. Sandulescu 

                      National Institute of Physics and Nuclear Engineering, Bucharest, Romania 

 

It will be shown that proton-neutron pairing generates alpha-like quartet 

correlations in the ground state of N=Z nuclei [1]. The quartet correlations 

are described by a quartet condensate model (QCM) which conserves exactly the 

particle number and the isospin. The comparison with exactly solvable 

Richardson-Gaudin models and exact shell model diagonalisations indicates 

that QCM gives a very accurate description of pairing, much better than BCS-

type models [2,3]. In the framework of QCM and shell model and using as 

examples N=Z nuclei with sd and pf open shells, it will be discussed how the 

isovector and isoscalar pairing compete with each other as well as with 

nuclear deformation [4,5]. 

 

1.N. Sandulescu, D. Negrea, J. Dukelski, C. W. Johnson, Phys. Rev. Lett, 

submitted; J. Phys. Conf. Ser. 321:012001,2011  

2.N. Sandulescu, B. Erea, J. Dukelski, Phys. Rev. C80:044335,2009  

3. N. Sandulescu and G. F. Bertsch, Phys. Rev. C78:064318,2008 

4. Y. Lei, S. Pittel, N. Sandulescu, A. Poves, B. Thakur,  

   and Y. M. Zhao Phys. Rev. C 84, 044318 (2011)  

5. N. Sandulescu et al, in preparation 
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Nuclear Structure and Dynamics II

V. Sargsyan
FLNR, Joint Institute for Nuclear Research, Dubna, Russia

The roles of nuclear deformation and neutron transfer in sub-barrier cap-
ture process are studied within the quantum diffusion approach. The change
of the deformations of colliding nuclei with neutron exchange can crucially
influence the sub-barrier fusion. The comparison of the calculated capture
cross section and the measured fusion cross section in various reactions at
extreme sub-barrier energies gives us information about the quasifission.

1
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Nuclear shape transitions in neutron-rich medium-mass nuclei∗

P. Sarriguren1, R. Rodriguez-Guzman1,† and L.M. Robledo2

1Instituto de Estructura de la Materia, IEM-CSIC,
Serrano 123, E-28006 Madrid, Spain and

2Departamento de F́ısica Teórica, Módulo 15,
Universidad Autónoma de Madrid, 28049-Madrid, Spain

The nuclear structural evolution as a function of the number of nucleons is a subject of increasing
interest in nuclear physics, which is supported by very intense activity on both theoretical
and experimental sides (for a recent review, see [1]). Specially interesting are those situations
where the nuclear structure suffers drastic changes between neighbor nuclides. These structural
variations lead often to sudden changes of particular nuclear properties that can be used as
signatures of shape transitions. This is the case of the neutron-rich isotopes with masses A ∼ 100.
We study the isotopic evolution of the ground-state nuclear shapes in various neutron-rich nuclei
in this mass region, namely, Kr, Rb, Sr, Y, Zr, Nb, and Mo isotopic chains. Both even-even and
odd-A nuclei are included in the analysis. For the latter we also study the systematics of their
one-quasiparticle low-lying configurations. The theoretical approach is based on a selfconsistent
Hartree-Fock-Bogoliubov formalism with finite range Gogny energy density functionals. We use
two parametrizations, the standard D1S and the most recent D1M. The equal filling approximation
is used to describe the odd-A nuclei, preserving both axial and time reversal symmetries.

Neutron separation energies, charge radii, and the spin-parity of the ground states are calculated
and compared with available data. Shape-transition signatures are identified around N = 60
isotones as discontinuities in both charge radii isotopic shifts and spin-parities of the ground
states [2]. The nuclear deformation including triaxiality and the shape coexistence inherent to this
mass region are shown to play a relevant role in the understanding of the bulk and spectroscopic
features of the ground and low-lying one-quasiparticle states. Comparison with the available data
from laser spectroscopy [3] demonstrates the quality and robustness of the Gogny-HFB description
that is able to reproduce the main features of this behavior. The signatures found are a common
characteristic for nuclei in the whole mass region studied and they are robust, consistent to each
other, and in agreement with experiment. We point out that the combined analysis of these
observables could be used to predict unambiguously new regions where shape transitions might
develop.

[1] P. Cejnar, J. Jolie, and R.F. Casten, Rev. Mod. Phys. 82, 2155 (2010).
[2] R. Rodriguez-Guzman, P. Sarriguren and L.M. Robledo, Phys. Lett. B691, 202 (2010); ibid.,
Phys. Rev. C 82, 044318 (2010); ibid., Phys. Rev. C 82, 061302(R) (2010); ibid., Phys. Rev. C
83, 044307 (2011).
[3] B. Cheal and K.T. Flanagan, J. Phys. G 37, 113101 (2010).

∗ This work was supported by Ministerio de Economı́a y Competitividad (Spain) under Contract No. FIS2011–23565.
†Present address: Department of Chemistry, Rice University, Houston, Texas 77005, USA
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Physics	
  avenues	
  with	
  the	
  Super	
  Separator	
  Spectrometer	
  at	
  SPIRAL2	
  
	
  
H.	
  Savajols	
  (GANIL)	
  for	
  the	
  S3	
  Collaboration 
 
 
The SPIRAL2 facility, thanks to the superconducting linear accelerator LINAG, will offer unprecedented heavy 
ion beam intensities at energies up to 14MeV/u. This regime is ideal to explore fusion evaporation reactions that 
have very low cross section exit channels, in order to study these reactions as well as the reaction products, like 
nuclei close to the proton drip line, produced by quasi symmetric fusion reactions, heavy and super-heavy 
elements, produced by cold or hot fusion reactions. From the letters of intent propose by the collaboration, we 
will present here the physics domains that could be studied with this facility, as well as key experiments to 
perform reaction, spectroscopy, isomeric studies or ground states properties measurements of nuclei at the edges 
of the nuclear chart. More specifically we will present foreseen studies in the 100Sn region and the heaviest 
elements. 
To carry out this broad program of research beginning with the SPIRAL2 Phase 1 project we are currently 
designing the S3 (Super Separator Spectrometer).  It will couple a large acceptance to transmit the rare nuclei, 
rejection power to remove the high intensity beam from the products of interest, and mass resolution to identify 
these products. We will present the basics of the S3 facility and the different experimental set-ups that will make 
this new physics possible. 
  

 
  
Schematic view of the S3 cave. 
 
S3 was awarded in EQUIPEX call. 
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Accurate Masses from a 2-3 parameter Kohn-Sham Density Functional
(BCPM)

P. Schuck1, M. Baldo2, L. Robledo3, and X. Vinyes4
1IPN Orsay

2INFN, Catania
2Autonoma, Madrid and

2ECM, Barcelona

In analogy to what is common use in atomic and molecular physics, we apply the KS-DFT approach
to calculate nuclear masses. As input we take for the bulk EOS the microscopic results of Baldo et
al. For a fine tune we renormalise this EOS in the range of 10−4 around saturation with one open
parameter. For the surface we add a completely phenomenologic Hartree term using a gaussian
force. The only open parameter is its range. For pairing, we take a density dependent zero range
force previously adjusted to the D1S of Gogny. The spin-orbit potential is of the usual form and we
also take it from the D1S Gogny force. Final results depend only weakly on the its strength. On
the other hand the bulk parameter and the one of the surface term are tightly fixed to within 10−4

from a mass fit. The rms for masses is 1.58, better than the one with most of Skyrme and Gogny
forces. Our results indicate that, once spin orbit potential and pairing is fixed within the margins
of our present day knowledge, two parameters which, on one hand fine tune energy per particle
of microscopically determined infinite nuclear matter and, on the other hand, a phenomenological
surface energy in very tight limits (10−4), suffice to fix nuclear masses to very good accuracy.
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Study of low-energy spectra of the helium isotopes 
8,9,10

He  

in the experiments with a tritium target 
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1
Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia; 

2
Institute of Physics, Silesian University in Opava, Czech Republic; 

3
Bogolyubov Laboratory of Theoretical Physics, JINR, Dubna, Russia; 

4
GSI Helmholtzzentrum fur Schwerionenforschung, Darmstadt, Germany; 

5
Institute of Nuclear Physics PAN, Krakow, Poland; 

7
Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia; 

E-mail: sid@nrmail.jinr.ru 

 

Transfer reactions are known as one from the most reliable tools for 

studies of a nuclear structure near and beyond the drip-lines. Our work is 

dedicated to exploration of low-energy spectra of the helium isotopes 
8,9,10

He 

produced in the reactions with the use of a cryogenic tritium target [1]. The 
10

He 

nucleus was studied at the fragment-separator ACCULINNA (Dubna) [2] in the 

reaction 
3
H(

8
He,p)

10
He at the energy of bombarding 

8
He 21.5A MeV. Tritium in 

the target cell cooled down to 26 K was kept at the pressure of about 1 atm. 
8
He 

emitted from 
10

He was detected in coincidence with the proton allowing us to 

measure the angular distribution of 
8
He in the center-of-mass of 

10
He with 

respect to the transferred momentum vector. The measured angular correlations 

showed prominent interference patterns interpreted as a coherent superposition 

of a 0
+
 ground state with a broad 1

-
 state having a maximum at the energy 4.5 - 6 

MeV and a 2
+
 state above 6 MeV. The anomalous level ordering testifies the 

breakdown of the N = 8 shell in 
10

He.  

The energy position and the width of the 
10

He ground state (E=2.1 MeV, Γ 

~ 2 MeV) are in agreement with theory predictions [3] based on the properties of 

the 
9
He subsystem obtained in the neutron transfer reaction 

2
H(

8
He,p)

9
He [4]. 

The reaction 
3
H(

6
He,p)

8
He leading to the population of low-lying excited 

states of 
8
He was studied at the energy of 

6
He of about 25A MeV. This reaction, 

in particular, can be considered as a benchmark for the verification of results on 
10

He. Angular distribution of 
6
He emitted from 

8
He at the excitation energy 

corresponding to the first excited state 2
+
 (~ 3.7 MeV) shows a dominance of a 

d-wave in this energy range. 

  
 

 1. A.A. Yukhimchuk et al., Nucl. Instr. Meth. A513, (2003) 439. 

 2. A.M. Rodin et al., Nucl. Phys. A626 (1997) 567c. 

 3. L.V. Grigorenko and M.V. Zhukov, Phys. Rev. C77, (2008) 034611. 

 4. M.S. Golovkov et al., Phys. Rev. C76 (2007) 021605(R). 

Nuclear Structure and Dynamics II

119



Spectroscopic factors and ESPE from renormalized interactions

A. Signoracci1 and T. Duguet1,2
1Centre de Saclay, IRFU/Service de Physique Nucléaire, F-91191 Gif-sur-Yvette, France and
2National Superconducting Cylcotron Laboratory and Department of Physics and Astronomy,

Michigan State University, East Lansing, MI 48824, USA

Nuclear shell structure, and especially its evolution away from stability, is utilized to explain
experimental data and justify proposed experiments with rare isotope beams. A method for
extracting an effective single particle shell structure from correlated many-body observables was
developed by Baranger [1], but requires complete spectroscopic information which is not accessible
experimentally. Various approximations are typically employed to determine shell structure in
nuclei, without consideration of the accuracy of the approximation. Furthermore, as recently
shown by Duguet and Hagen [2], shell structure, as given by effective single particle energies
(ESPE), is basis-independent but not observable, depending significantly on the resolution scale
characterizing the Hamiltonian.

In Ref. [2], spectroscopic factors and ESPE are evaluated with the ab initio coupled cluster theory,
limiting the calculations to closed-shell nuclei. With the recent development of a renormalization
procedure to produce effective interactions in reduced model spaces [3], configuration interaction
calculations were performed in the sd shell to evaluate spectroscopic properties and ESPE
throughout the model space. The dependence of shell structure on the renormalization procedure
is evident, and the relation between ESPE and observables, specifically the 2+1 excitation energy
and one-nucleon separation energy gap, are evaluated. The effect on ESPE of typical experi-
mental constraints is displayed in detail for neutron-rich oxygen isotopes. The results suggest a
reconsideration of experimental methods to determine shell closures, specifically questioning the
N = 14 gap in 22O.

[1] M. Baranger, Nucl. Phys. A 149, 225 (1970).
[2] T. Duguet and G. Hagen, Phys. Rev. C 85, 034330 (2012).
[3] A. Signoracci, B.A. Brown, and M. Hjorth-Jensen, Phys. Rev. C 83, 065803 (2011).
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Investigation of Incomplete Fusion Dynamics by Spin Distribution Measurement

D. Singh1†, R. Ali2, M. Afzal Ansari2, R. Kumar1,  S. Muralithar1, R.  P. Singh1and R. K. Bhowmik1

1Inter-University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi – 110 067, INDIA
2Department of Physics, Aligarh Muslim University, Aligarh – 202 002, INDIA

 †dsinghiuac@gmail.com

The study of complete and incomplete fusion dynamics of heavy ions has been the subject of 
growing interest at  projectile energies above the Coulomb barrier. It has been observed that at 
projectile energies slightly above the Coulomb barrier  both the complete fusion and incomplete 
fusion may be considered as dominant reaction mechanisms. In case of complete fusion, the 
projectile completely fuses with the target nucleus and the highly excited nuclear system decays 
by evaporating low energy nucleons. In the incomplete fusion, only a part of projectile fuses 
with the target nucleus, while remaining part moves in the forward direction [1-3]. The excited 
composite system decays by emission of particles and / or γ-rays.  However, the experimental 
data on heavy ion interaction with medium mass target nucleus is scarce. In order to understand 
the complete and incomplete fusion dynamics, an experiment have been carried out  by using 
Gamma Detector Array (GDA) coupled with Charged Particle Detector Array (CPDA) at Inter 
University Accelerator, New Delhi, India. GDA consists of 12 Compton suppressed n-type high 
purity germanium detectors at angles 450, 990, 1530 with respect to the beam direction and there 
are 4 detectors at each of these angles. The CPDA is a group of 14 Phoswich detectors. In the 
CPDA scattering chamber, seven CPD were placed on top and seven on bottom of the chamber. 
Further experimental details are given in Ref. [4]. A self-supporting 2 mg/cm2 thick target of 
124Sn (enrichment ≈97.20%) prepared with a rolling technique has been used.  Spin distributions 
for various evaporation residues produced via complete and incomplete fusion dynamics have 
been measured for 16O +  124Sn system at projectile energy 6.3 MeV/nucleon.  It is observed 
from the experimental results that spin distribution for the evaporation residues produced by 
complete fusion and incomplete fusion processes are distinctly different. These study show that 
the yield  of  incomplete   fusion  reaction channels  are almost constant  up to a maximum 
angular momentum and then falls unlike in complete fusion, where the yield gradually fall with 
spin. It is interesting to note that the spin at half yield for these evaporation residues produced 
through complete fusion reaction channels is found to be around J0 ≈ 7ħ, while the spin at half 
yield for  the evaporation residues  detected in forward  α and 2α-emitting reaction channels, 
associated  with  incomplete  fusion  channels  comes  out  to  be  around  J0 ≈  9ħ and  J0 ≈12ħ 
respectively.  On  the  basis  of  above  results,  it  can  be  inferred  that  driving  input  angular 
momentum  J0 associated with incomplete fusion products are relatively higher than complete 
fusion products and increases with direct  α-multiplicity. The observation clearly  shows that 
lower  -values  do  not  contribute  to  the  incomplete  fusion,  significantly  and  hence  the 
production of ‘fast’ forward PLFs (associated with incomplete fusion reactions) are at relatively 
higher input angular momentum and hence leads to peripheral interaction. 
    
[1] D. Singh et al., Phys. Rev. C 79, 054601 (2009).
[2] D. Singh et al., Phys. Rev. C,  83, 054604 (2011). 
[3] D. Singh et al., Nuc. Phys. A, 879, 107 (2012). 
[4] D. Singh et al., Phys. Rev. C 81, 027602 (2010).
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Investigations with radioactive beams at Dubna 
 

R.S. Slepnev1, A.A. Bezbakh1, V. Chudoba1,2, A.S. Fomichev1, M.S. Golovkov1, 
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1 Joint Institute for Nuclear Research, Dubna, Russia 
2 Institute of Physics, Silesian University in Opava, Czech Republic 
3 RRC The Kurchatov Institute, Moscow, Russia 
4 Institute of Nuclear Physics PAN, Krakow, Poland 
5 Cyclotron Institute, Texas A&M University, College Station, USA 
6 Institute of Experimental Physics, Warsaw University, Warsaw, Poland 
7 Gesellschaft für Schwerionenforschung mbH, Darmstadt, Germany 
8 NSCL, Michigan State University, East Lansing, Michigan, USA 
9 Department of Physics, University of Surrey, Guildford, UK 
10 Fundamental Physics, Chalmers University of Technology, Göteborg, Sweden 

 

The new project of the in-flight fragment separator ACCULINNA-2 [1] at U-400M cyclotron 

in Flerov Laboratory of Nuclear Reaction, JINR is proposed as the third generation of the Dubna 

Radioactive Ions Beams complex, briefly DRIBs [2]. It is expected to be a more universal and 

powerful instrument in comparison with existing separator ACCULINNA [3]. The RIBs 

intensity should be increased by factor 15 (factor 6 - via angular acceptance and factor 2.5 – via 

more intensive primary beams of upgraded cyclotron), the beam quality greatly improved and 

the range of the accessible secondary radioactive beams broadened up to Z~20. The new 

separator will provide high intensity RIBs in the lowest and wide energy range attainable for in-

flight separators, i.e. ERIB ≈ 5÷50 MeV/nucleons. The prime objectives of ACCULINNA-2 are to 

provide good energy resolution and high efficiency for correlation measurements. Extensive 

research program which could be carried out at this facility as from 2015 and its operating 

principle are foreseen.  

 

1. A.S. Fomichev et al., JINR Communication  E13-2008-168, Dubna (2008) 
2. http://159.93.28.88/flnr/dribs.html; http://159.93.28.88/dribs/publ.html 
3. A.M. Rodin et al., Nucl. Instr. and Meth. B 204 (2003) 114-118; http://aculina.jinr.ru/ 
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Fusion of calcium isotopes and of other medium-mass systems

A.M. Stefanini

INFN, Laboratori Nazionali di Legnaro, I-35020 Legnaro (Padova), Italy

Studies of heavy-ion fusion dynamics in the region near and below the Coulomb barrier have been proceeding in
recent years, and a large amount of experimental data has been collected, especially for medium mass systems [1] (for
a recent overview on this subject see the Proceedings of the Fusion11 Conference [2]). Generally speaking, couplings
to low-lying collective modes of the colliding nuclei enhance fusion cross sections close to the barrier. The behavior
of the experimental excitation function at lower energies, with respect to coupled-channel (CC) calculations employing
standard ion-ion potentials, is determined by the relatively smaller effects of those couplings and the intervening so-called
”hindrance” phenomenon. Fusion barrier distributions and logarithmic slopes L(E) = d[ln(E )]/dE of the excitation functions
are convenient representations of these effects in different energy ranges, as well as the S factor used in nuclear astrophysics.
Indeed, fusion reactions between light heavy ions are very important in both hydrostatic and explosive stellar burning
processes.

Recent experiments on medium-light systems (A=30-50) indicate that hindrance does show up in all cases, but exhibits
varying features, depending on the structure of the two nuclei and on their neutron excess, but (apparently) not on the
sign of the fusion Q value. For such systems, further interest lies in their vicinity to the lighter cases directly relevant
for astrophysics. This talk will focus on the recent measurements performed at INFN-Legnaro, concerning 40Ca+40Ca,
40Ca+48Ca and 48Ca+48Ca, whose behaviors below the barrier offer a nice opportunity to discuss all these features fully.
Representative results are shown in the figure. A comparison with near-by systems will allow to build up a detailed framework
of sub-barrier heavy-ion fusion dynamics in that mass region.
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Fig. 1. Fusion excitation functions (left), barrier distributions (center) and logarithmic derivatives (right) of 40Ca + 40Ca, 40Ca + 48Ca and
48Ca + 48Ca (taken from Ref. [1]). Three arrows are drawn at the energy thresholds of hindrance. The lines marked LCS are the slopes
expected for constant S factors, and are reported for reference.

[1] G. Montagnoli et al., Phys. Rev. C 85, 024607 (2012).
[2] Proc. Int. Conf. FUSION11. Saint-Malo, France, 2–6 May 2011, edited by Ch.Schmitt, A.Navin, M.Rejmund, D.Lacroix and H.Goutte,

EPJ Web of Conferences, vol.17, 05001 (2011).
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Spin-dependent Modes in Nuclei and Nuclear Forces

Toshio Suzuki1, T. Otsuka2, and M. Honma3

1Department of Physics, College of Humanities and Sciences, Nihon University
Sakurajosui 3-25-40, Setagaya-ku, Tokto 156-8550, Japan

2Department of Physics and Center for Nuclear Study, University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan and

3Center for Mathematical Sciences, University of Aizu
Aizu-Wakamatsu, Fukushima 965-8580, Japan

Spin-dependent modes in stable and unstable exotic nuclei are studied and important roles
of tensor and three-body forces on nuclear structure and transitions are discussed. New shell
model Hamiltonians, which have proper tensor components, are shown to explain shell evolutions
toward drip-lines and spin-dependent properties of both stable and exotic nuclei, for example,
Gamow-Teller transitions in 12C and 14C [1] and an anomalous M1 transition in 17C [2]. The
importance of the tensor interaction and the necessity of the repulsive monopole corrections in
isospin T=1 channel to the microscopic two-body interactions are pointed out. The corrections
are shown to lead to the proper shell evolutions in neutron-rich isotopes [2].

A new Hamiltonian with proper tensor components [2] is shown to describe well the spin-dipole
transitions in 16O. The 16O nucleus plays an important role in producing 15N by 16O (ν, ν’p) 15N
reaction in supernova explosions. It is also contained in water, which is used as target for neutrino
detections. ν-induced reactions on 16O are studied by using the new Hamiltonian, and compared
with conventional calculations and previous CRPA results.

Liquid Ar is an important target for the study of neutrino detections. Gamow-Teller transition
strength in 40Ar and ν-induced reactions on 40Ar by solar neutrinos are studied based on
monopole-based-universal interaction (VMU) [3], which has tensor components of π +ρ meson
exchange potential. Calculated GT strength is found to reproduce well the experimental data
obtained by (p, n) reactions.

The three-body force, in particular the Fujita-Miyazawa force induced by Delta excitations,
is pointed out to be responsible for the repulsive corrections among the valence neutrons [4].
The important roles of the three-body force on the energies and transitions in exotic isotopes
are demonstrated [4,5]. In particular, the three-body force is shown to be important to obtain
closed-shell nature for 48Ca and get the concentration of the M1 strength in 48Ca.

We finally discuss electron capture reactions on Ni and Co isotopes in stellar environments [6] with
the use of a shell-model interaction, GXPF1J [7], which describes well the GT strength in 56Ni [8],
58Ni and 60Ni.

[1] T. Suzuki, R. Fujimoto and T. Otsuka, Phys. Rev. C 67, 044302 (2003).
[2] T. Suzuki and T. Otsuka, Phys. Rev. 78, 061301(R) (2008).
[3] T. Otsuka, T. Suzuki, M. Honma, Y. Utsuno, N. Tsunoda, K. Tsukiyama and M. Hjorth-
Jensen, Phys. Rev. Lett. 104, 012501 (2010).
[4] T. Otsuka, T. Suzuki, J. D. Holt, A. Schwenk and Y. Akaishi, Phys. Rev. Lett. 105, 032501
(2010).
[5] J. D. Holt, T. Otsuka, A. Schwenk and T. Suzuki, arXiv:1009.5984.
[6] T. Suzuki, M. Honma, H. Mao, T. Otsuka and T. Kajino, Phys. Rev. C 83, 044619 (2011).
[7] M. Honma, T. Otsuka, B. A. Brown and T. Mizusaki, Phys. Rev. C 65, 061301(R) (2002);
ibid. 69, 034335 (2004).
[8] M. Sasano et al., Phys. Rev. Lett. 107, 202501 (2011).
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Hindered proton collectivity in the proton-rich nucleus 28S: Possible
magic number at Z = 16∗

Y. Togano1,2,3, Y. Yamada2, N. Iwasa4, K. Yamada1, T. Motobayashi1, N. Aoi1,
H. Baba1, S. Bishop1, X. Cai5, P. Doornenbal1, D. Fang5, T. Furukawa1, K. Ieki2,

T. Kawabata6, S. Kanno1, N. Kobayashi7, Y. Kondo1, T. Kuboki8, N. Kume4,
K. Kurita2, M. Kurokawa1, Y. G. Ma5, Y. Matsuo1, H. Murakami1, M. Matsushita2,

T. Nakamura7, K. Okada2, S. Ota6, Y. Satou7, S. Shimoura6, R. Shioda2,
K. N. Tanaka7, S. Takeuchi1, W. Tian5, H. Wang5, J. Wang5, and K. Yoneda1

1RIKEN Nishina Center, Saitama 351-0198, Japan
2Department of Physics, Rikkyo University, Tokyo 171-8501, Japan

3ExtreMe Matter Institute EMMI and Research Division,
GSI Helmholtzzentrum, 64291 Darmstadt, Germany

4Department of Physics, Tohoku University, Miyagi 980-8578, Japan
5Shanghai Institute of Applied Physics, Chinese Academy of Science, Shanghai 201800, China

6Center for Nuclear Study, University of Tokyo, Saitama 351-0198, Japan
7Department of Physics, Tokyo Institute of Technology, Tokyo 152-8551, Japan

8Department of Physics, Saitama University, Saitama 338-8570, Japan and
9Institute of Modern Physics, Chinese Academy of Science, Lanzhou 730000, China

The reduced transition probability B(E2;0+
gs → 2+

1 ) for 28S was obtained experimentally using
Coulomb excitation at 53 MeV/nucleon [1]. The experiment was performed using the RI Beam
Factory accelerator complatx at RIKEN Nishina Center. The resultant B(E2) value 181(31) e2fm4

is smaller than the expectation based on empirical B(E2) systematics [2]. The proton and neutron
transition matrix elements, Mp and Mn, for the 0+

gs → 2+
1 transition were evaluated from the B(E2)

values of 28S and the mirror nucleus 28Mg. The double ratio |Mn/Mp|/(N/Z) of the 0+
gs → 2+

1

transition in 28S was obtained to be 1.9(2), showing the hindrance of proton collectivity relative to
that of neutrons. These results indicate the emergence of the magic number Z = 16 in the |Tz| = 2
nucleus 28S.

[1] Y. Togano et al., nucl-ex/1204.0920 [Phys. Rev. Lett. accepted].
[2] S. Raman, C. W. Nestor JR, and P. Tikkanen, At. Data Nucl. Data. Tables 78 1 (2001).

∗ This work was supported by Special Postdoctoral Researcher Program at RIKEN, Research Center for Measure-
ment in Advanced Science at Rikkyo University, and Helmholtz Alliance EMMI.
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Study of 24Mg resonances relevant for carbon burning nucleosynthesis∗

V. Tokić1, N. Soić1, S. Blagus1, S. Fazinić1, D. Jelavić-Malenica1, -D. Miljanić1, L.
Prepolec1, N. Skukan1, S. Szilner1, M. Uroić 1, M. Milin2, A. Di Pietro3, P. Figuera3, M.

Fisichella3,5, M. Lattuada3,4, V. Scuderi3, E. Strano3, D. Torresi3,† N. Ashwood6,

N. Curtis6, M. Freer6, V. Ziman6, and I. Martel7, A. M. Sanchez-Benitez7, L. Acosta7‡
1Rud̄er Bošković Institute, Zagreb, Croatia

2Faculty of Science, University of Zagreb, Zagreb, Croatia
3INFN-Laboratori Nazionali del Sud, Catania, Italy

4Department of Physics, University of Catania, Catania, Italy
5Department of Physics, University of Messina, Messina, Italy

6School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom and
7University of Huelva, Huelva, Spain

Carbon-carbon burning has an important role in many stellar systems, which include super AGB
stars, SN Type Ia and superbursts. Relevant energy range of cross section measurements for super
AGB stars and SN Type Ia is Ecm = 1.5-3.3 MeV for the 12C+12C reaction [1]. This region of
interest is far below Coulomb barrier, where measured data of cross section shows discrepancies.
Therefore, new experiments or new approach are needed [2].
Thus we have studied decays of resonances in 24Mg at excitations 0.5-6 MeV above the 12C+12C
decay threshold, using the 12C(16O,α)24Mg* reaction. This experiment has been performed at
INFN-LNS, in Catania, using the Tandem accelerator and a 16O beam at E = 94 MeV. The 24Mg*
decays into 12C+12C, 8Be+16O, α+20Ne and p+23Na channel. By detecting decay fragments and
recoil nuclei one can extract an information about parameters of the resonances. These may provide
useful data for the theortical models and for the direct cross section measurements at energies of
interest.
Some preliminary results will be presented.

[1] L.R. Gasques et al., Physical Review C 76, 035802 (2007)
[2] E.F. Aguilera et al., Physical Review C 73, 064601 (2006)

∗ This work was supported by Croatian Science Foundation project ”Experimental nuclear physics inputs for ther-
monuclear runaway”
†Present address: INFN-Sez. di Padova, Padova, Italy
‡Present address: INFN-Laboratori Nazionali del Sud, Catania, Italy
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Chirality in Nuclei

D. Tonev1, S. Brant2, G. de Angelis3, and P. Petkov1

1Institute for Nuclear Research and Nuclear Energy,
Bulgarian Academy of Sciences, Sofia, Bulgaria

2 Department of Physics, Faculty of Science,
University of Zagreb, Zagreb, Croatia and

3 INFN, Laboratori Nazionali di Legnaro, Legnaro, Italy

In the last decade considerable experimental and theoretical effort was invested in the research
of chirality in nuclei. In the pioneering work [1] it was proposed that the rotation of triaxial nuclei
may give rise to pairs of identical ∆I = 1 bands with the same parity in odd-odd nuclei - the
chiral doublet bands. The crucial test for the suggested nuclei as candidates to express chirality
is based on precise lifetime measurements. Three lifetime experiments and theoretical approaches
for the description of the experimental results will be presented in the contribution. Pairs of bands
possibly due to the breaking of the chiral symmetry are investigated in 102Rh, 134Pr and 136Pm.
Lifetimes of exited states in 134Pr were measured by means of the recoil distance Doppler-shift
and Doppler-shift attenuation techniques [2,3]. The possible chiral interpretation of twin bands
was investigated in the two-quasiparticle triaxial rotor [1] and interacting boson-fermion-fermion
models [4]. Both theoretical approaches can describe the level-scheme of 134Pr. The analysis of
the wave functions has shown that the possibility for the angular momenta of the proton, neutron,
and core to find themselves in the favorable, almost orthogonal geometry, is present but is far from
being dominant [3,5]. The structure is characterized by large β and γ fluctuations.
In a second experiment branching ratios and lifetimes in 136Pm were measured by means of the
plunger and DSAM techniques. The experiment was performed at LNL, using the GASP spec-
trometer and Cologne plunger. The reaction 24Mg + 116Sn at 130 MeV beam energy has been used
to populate states of 136Pm at moderate excitation energy and angular momentum. For the first
time new results for the lifetime values in the chiral candidate bands of 136Pm will be reported at
the conference. Based on these results conclusion about the chiral character of the bands in 136Pm
will be performed.
Excited states in 102Rh were populated in the fusion-evaporation reaction 96Zr(11B, 3n)102Rh.
The beam of 11B, with an energy of 36 MeV, was delivered by the 15-UD Pelletron accelerator at
the Inter University Accelerator Center in New Delhi. The angular correlations and the electric
or magnetic character of the transitions were investigated. The obtained results were used to
investigate the level-scheme of 102Rh and to discover a new chiral candidate sister band. Lifetimes
of the excited states of chiral candidates bands in 102Rh will be reported for the first time.
The chiral interpretation of twin bands in odd-odd nuclei based on the interacting boson fermion-
fermion model will be discussed. The analysis of the wave functions has shown that the possibility
for angular momenta of the valence proton, neutron and core to find themselves in the favorable,
almost orthogonal geometry is present, but not dominant [5]. Such behavior is found to be similar
in nuclei where both the level energies and the electromagnetic decay properties display the chiral
pattern, as well as in those where only the level energies of the corresponding levels in the twin
bands are close together. The difference in the structure of the two types of chiral candidates
nuclei can be attributed to different β and γ fluctuations, induced by the exchange boson-fermion
interaction of the interacting boson fermion-fermion model. In both cases the chirality is weak
and dynamic.

[1] S. Frauendorf et al., Nucl. Phys. A 617 (1997) 131.
[2] D. Tonev et al., Phys. Rev. Lett. 96 (2006) 052501.
[3] D. Tonev et al., Phys. Rev. C 76 (2007) 044313.
[4] S. Brant, D. Vretenar, and A. Ventura, Phys. Rev. C, 69 (2004) 017304.
[5] S. Brant, D. Tonev, G. de Angelis, A. Ventura, Phys. Rev. C 78 (2008) 034301
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Measurements of the DSSSD efficiency

D. Torresi1,2,†, D. Stanko3, A. Di Pietro1, P. Figuera1,  M. Fisichella1,4,  M. Lattuada1,5,  M. Milin3, 
A. Musumarra1, M. Pellegriti1, V. Scuderi1, E. Strano1,5,  M. Zadro6

1Laboratori Nazionali del Sud, Catania, Italy
2Centro Siciliano di Fisica 

Nucleare e Struttura della Materia, Catania, Italy 
3University of Zagreb, Zagreb, Croatia 
4Università di Messina, Messina, Italy 

5Università degli studi di Catania, Dipartimento di 
Fisica e Astronomia, Catania, Italy 

6Ruđjer Bošković Institute, Zagreb, Croatia 

DSSSD are Si detectors segmented in strips in both faces, they are widely used in  nuclear  
physics  and for  applicative  purposes.  Their  efficiency for  the  full  energy reconstruction is 
influenced by the presence of a insulating layer that separates the strips.  Ionizing particles  
impinging on the detector in such interstrip region can generate signals of reduced amplitudes, 
or with an inverted polarity, reducing the overall efficiency for the full energy reconstruction.  
We will present a systematic study on the efficiency for full energy reconstruction for different 
energies using two different ions (Li and O). Moreover the effects of the applied bias will also 
be discussed.

_________________________________
 †Present address:  Università di Padova, Dipartimento di Fisica ed Astronomia, Padua, Italy
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Dynamic Microscopic Theory of Fusion Using DC-TDHF∗

A.S. Umar,1 V.E. Oberacker,1 J.A. Maruhn,2 and P.-G. Reinhard3

1Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA
2Institut für Theoretische Physik, Goethe-Universität, D-60438 Frankfurt am Main, Germany

3Institut für Theoretische Physik, Universität Erlangen, D-91054 Erlangen, Germany

We discuss the recent applications of the our microscopic approach to compute fusion barriers
directly from the TDHF time-evolution of the nuclear system. In this DC-TDHF approach the
TDHF time-evolution takes place with no restrictions, and at certain times during the evolution
the instantaneous density is used to perform a static Hartree-Fock minimization while holding the
neutron and proton densities constrained to be the corresponding instantaneous TDHF densities.
In essence, this provides us with the TDHF dynamical path in relation to the multi-dimensional
static energy surface of the combined nuclear system. Some of the effects naturally included in
the DC-TDHF calculations are: neck formation, mass exchange, internal excitations, deformation
effects to all order, as well as the effect of nuclear alignment for deformed systems. The DC-TDHF
theory provides a comprehensive approach to calculating fusion barriers in the mean-field limit.
The theory has been applied to calculate fusion cross-sections for 64Ni+132Sn, 64Ni+64Ni,
16O+208Pb, 70Zn + 208Pb, 48Ca + 238U, and 132,124Sn+96Zr [1,2] systems, and to the study of
triple-alpha system [3].

In this talk we will present further studies for light and medium mass systems as well as a new
approach for the decomposition of the ion-ion potentials to the single-particle level.
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FIG. 1: Examples of fusion barriers and cross-sections calculated using the DC-TDHF approach.

[1] A. S. Umar and V. E. Oberacker, Phys. Rev. C 74, 021601(R) (2006); 74, 061601(R) (2006);
76, 014614 (2007); 77, 064605 (2008); EPJ A 39 243 (2009).
[2] A. S. Umar, V. E. Oberacker, J. A. Maruhn, and P.-G. Reinhard, Phys. Rev. C 81, 064607
(2010); 82, 034603 (2010); 85, 017602 (2012); EPJ A 17 09001 (2011).
[3] A.S. Umar, J.A. Maruhn, N. Itagaki, and V.E. Oberacker, Phys. Rev. Lett. 104, 212503
(2010).

∗ This work was supported by the U.S. Department of Energy under Grant No. DE-FG02-96ER40963 with Van-
derbilt University, and by the German BMBF under Contracts No. 06ER9063 and No. 06FY9086.
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THE STUDY OF TWO NEUTRINO DOUBLE BETA DECAY BY INCLUDING FERMI 

CONTRIBUTIONS 

S.Ünlü
1
, N.Çakmak

2 

 
1
 Mehmet Akif Ersoy University, Department of Physics, Burdur-Turkey 

2
 Karabük University, Department of Physics, Karabük-Turkey 

 

 

 

 

The two neutrino double beta decay of 
128,130

Te isotopes to the ground state of 
128,130

Xe isotopes 

has been calculated by including the contributions coming from the isobar analog states in the 

intermediate nuclei. The nuclear matrix elements have been computed by using the proton-

neutron quasi-particle random phase approximation (pn-QRPA). The broken isospin invariance 

of the nuclear part of the total nucleus Hamiltonian has been restored for the study of the isobar 

analogue excitations in the intermediate nuclei. The SU(4) symmetry violation in the shell model 

approximation has been considered for the investigation of the Gamow-Teller states. 

 

Table 1: Fermi and Gamow-Teller contributions to the 2νββ decay nuclear matrix element 

Transitions MF (MeV
-1

) MGT (MeV
-1

) MF+MGT (MeV
-1

) 

128
Te→

128
Xe 0.0029 0.0232 0.0261 

130
Te→

130
Xe 0.0022 0.0194 0.0216 
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Reactions induced by 7Li beam and optimization of silicon detector telescope 
 

M. Uroić1, M. Milin 2, A. Di Pietro3, P. Figuera3, M. Fisichella3, M. Lattuada3, I. Martel4, Đ. Miljanić1,                 
M.G. Pellegriti3, L. Prepolec1, A.M. Sanchez Benitez4, V. Scuderi3, N. Soić1, E. Strano3 and D. Toressi3 

 
 1Ruñer Bošković Institute, Zagreb, Croatia 

2Department of Physics, University of Zagreb, Zagreb, Croatia 
3INFN-Laboratori Nazionali del Sud, Catania, Italy 

4Departamento de Fisica Aplicada, Universidad de Huelva, Huelva, Spain 
 

 
The quality of experimental data obtained by a standard usage of the dE-E silicon detector 
telescopes is highly dependent on the uniformity of the thin dE detector thicknesses [1]. On the 
other hand, the very arrangement is therefore suitable for studying (and compensating) the non-
uniformity in dE-detector thickness. 
In this contribution, an analysis of an experiment with the 52 MeV 7Li beam and the 7LiF, 6LiF 
and 12C targets is given, emphasizing a possible method of high-quality calibration and thin 
detectors (50um, Micron, 50*50mm, quadrants) uniformity study. The presented excitation 
spectrum shows elastic and inelastic scattering channels 12C(7Li,7Li*) 12C*; similar high 
precision spectra for a number of different reactions will be shown, and results concerning both 
reaction mechanism and nuclear structure given and discussed. 

 

 
 

 
Fig. 1.  Inelastic scattering of 7Li beam on carbon target. 7Li is detected at 20±5° scattering angle. 

 
 
[1] B.Davin et al., NIM A 473 (2001) 302-318 
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Poles of the S-matrix in Woods–Saxon and Salamon–Vertse potentials.∗

Tamás Vertse1,2,† R. G. Lovas1, and P. Salamon1

1Institute of Nuclear Research of the Hungarian Academy of Sciences,
Debrecen, PO Box 51, H-4001, Hungary and

2University of Debrecen, Faculty of Informatics,
PO Box 12, H-4010, Debrecen, Hungary

For most of the phenomenological nuclear potential forms the Schrödinger equation is solved
by numerical integration. The value of the S-matrix is calculated by matching the numerical
solution at a finite distance to the solution of the asymptotic differential equation without nuclear
potential. This amounts to assuming that the nuclear potential is zero beyond that distance. Two
examples of this type of nuclear potentials are the cutoff Woods–Saxon (WS) potential and the
so called Salamon–Vertse (SV) potential. The SV potential was introduced by two of us recently
[1]. The advantage of the SV potential is that it goes to zero smoothly at a finite distance. It is
a differentiable function everywhere, in contrast to the cutoff WS which has a jump at the cutoff
radius. The trajectories of the S-matrix poles as functions of the potential strength are found to
depend on the cutoff radius of the WS form [2]. Similar dependence does not appear if the SV
form is used, even if its parameters are fitted to the WS form [2].

Numerical calculations performed for light and heavy nuclei show that the broad resonances are
sensitive to the cutoff radius of the WS form. The bound and antibound poles however are not
sensitive to the choice of the cutoff radius [3].

The migration of the antibound poles when increasing the depth of the WS and SV potentials
has been also studied [3]. For zero angular momentum the first antibound pole (which belongs to
a wave function with a single node at the origin) moves up along the imaginary wave number axis
and becomes a bound state as the potential depth increases. The other poles with at least one
extra node start as decaying and capturing resonances, and at a certain value of the depth the two
resonances meet at the negative imaginary wave number axis and two new antibound poles emerge.
With the depth increased the two antibound poles move in opposite directions. The one moving in
the direction of the real axis becomes a bound state. The other pole remains an antibound pole.

All types of pole solutions, even the antibound states, can be included in Berggren bases and
used for the description of halo nuclei in the shell model in the complex energy plane [4]. All
basis vector of the Berggren basis should be normalized to unity. It is interesting to note that the
normalized radial wave function of an antibound state moving to the real axis is purely imaginary.
The wave function of the other antibound pole is real, like the bound state wave functions [3]. This
feature is common for WS and SV potential wells. The case with centrifugal or Coulomb barrier
is different because the resonances in this case meet in the origin.

[1] P. Salamon, T. Vertse, Phys. Rev. C77, 037302, (2008)
[2] A. Rácz, P. Salamon, T. Vertse, Phys. Rev. C84, 037602, (2011)
[3] J. Darai, A. Rácz, P. Salamon, R. G. Lovas, submitted to Phys. Rev. C
[4] N. Michel, W. Nazarewicz, M. Ploszajczak and T. Vertse, J. Phys. G36, 013101, (2009)

∗ This work was supported by TÁMOP 4.2.1./B-09/1/KONV-2010-0007/IK/IT project. The latter is co–financed
by the European Social Fund and the European Regional Development Fund.
†Present address: Institute of Nuclear Research of the Hungarian Academy of Sciences, Debrecen, PO Box 51,
H-4001, Hungary
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SYMMETRY ENERGY PROPERTIES IN BULK MATTER
ESTIMATED FROM NEUTRON SKIN THICKNESS IN

FINITE NUCLEI

X. Viñas1, M. Warda2, M. Centelles1 and X. Roca-Maza1,3

(1) Departament d’Estructura i Constituents de la Matèria
Facultat de F́ısica, Universitat de Barcelona

Barcelona, Spain
(2) Katedra Fizyki Theoretyznej

Uniwersytet Marii Curie-Sklodowskiej
Lublin, Poland

(3) INFN, sezione di Milano, Milano, Italy

Abstract

We describe in a first part a relation between the symmetry energy coefficents in
nuclear matter csym(ρ) and in finite nuclei asym(A). We take advantage of this relation
to explore the constrains on csym(ρ) provided by a large set of measurement of the
neutron skin thickness in finite nuclei using antiprotonic atoms. The constrains found
on the density slope of the symmetry energy at saturation are in good agreement with
other estimates that use different observables in their analysis. In a second part we
discuss, in a mean field approximation, the relation between the neutron radius and
polarized electron scattering results in 208Pb in a context similar to the one of the parity
radius experiment (PREX). It is found that the high linear correlation between the
parity-violating asymmetry Apv (which is the quantity measured in real experiments)
and the neutron skin thickness ∆rnp is the best way to constrain this quantity in 208Pb
without any assumption on the neutron density profile. The present study shows that
this observable Apv could constrain the density slope of the symmetry energy to 10
MeV if the experimental error in its measurement is pushed to 1%.

References
M. Centelles, X. Roca-Maxa, X. Vinas, M. Warda, Phys. Rev. Lett. 102, 122502

(2009).
M. Warda, X. Vinas, M. Centelles, X. Roca-Maza, Phys. Rev. C80, 024316 (2009).
M. Centelles, X. Roca-Maza, X. Vinas, M. Warda, Phys. Rev. C82, 054314 (2010).
X. Roca-Maza, M. centelles, X. Vinas, M. Warda, Phys. Rev. Lett. 106, 252501

(2011).
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Lifetimes and g-factors in the A≈100 region∗

V. Werner1, G. Ilie1,† D. Radeck1,2, and M. Hinton1,3

1Wright Nuclear Structure Laboratory, Yale University,
P.O. Box 208120, New Haven, CT 06520-8120, USA

2Institut für Kernphysik, Universität zu Köln,
Zülpicher Str. 77, 50937 Cologne, Germany and

3Department of Physics, Faculty of Engineering and Physical Sciences,
University of Surrey, Guildford, GU2 7XH, UK

The mass A ≈ 100 region provides a challenging testing ground to microscopic and macroscopic
nuclear models. This is due to the occurrence of sub-shell closures, in the vicinity of stability that
is at Z=38,40, and at N=56. Vast changes in structure take place for some isotopic chains, e.g.,
the Zr isotopes are near-doubly-magic at A=96 and experience a fast shape transition to deformed
thereafter. Shell effects lead to extraordinary distributions of proton and neutron configurations
into the wavefunctions of the lowest states [1-3]. Other chains like Ru or Pd, and as more recently
found also Kr [4,5] evolve much more gradually as a result of the localized character of the
sub-shell closures in play. Key data to assess the structure of these nuclei are properties of the
lowest-lying states, that is energies, transition matrix elements and nuclear moments. To provide
tests of models at the intersection of single-particle and collective behavior as sensitive as possible,
the availability of reliable high-precision data is imperative. At WNSL, we used well-established
data to develop a novel plunger method at, which allows to measure excited state lifetimes to high
accuracy, simultaneous to obtaining magnetic moments [6]. Some conflicts of previous E2 data
from different experiments have been lifted [7], and new questions on g-factors arise [6].

[1] V. Werner et al., Phys. Rev. C 78, 031301(R) (2008).
[2] E. Elhami et al., Phys. Rev. C 75, 011301(R) (2007).
[3] J.D. Holt et al., Phys. Rev. C 76, 034325 (2007).
[4] M. Albers et al., Phys. Rev. Lett. 108, 062701 (2012).
[5] S. Naimi et al., Phys. Rev. Lett. 105, 032502 (2010).
[6] G. Ilie et al., Proceedings CGS14, World Scientific, in press.
[7] D. Radeck et al., Phys. Rev. C 85, 014301 (2012).
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Experiments at the interface between nuclear structure and  

explosive nuclear astrophysics 
 

P.J. Woods 
1
 

1
The School of Physics and Astronomy, Edinburgh University, EH9 3JZ UK 

 

 

The talk will explore the interface between studies of nuclear structure and nuclear reactions, 

and explosive nuclear astrophysics. Information on the reactions and properties of unstable 

nuclei are vital for understanding important astrophysical phenomena such as novae, X-ray 

bursters and supernovae. In many cases key astrophysical information has to be obtained by 

indirect approaches utilising new techniques and advanced new detector and accelerator 

systems. These themes will be outlined in the talk. 
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Formation of Superheavy Nuclei in Astrophysical r Process

V.I. Zagrebaev1, A.V. Karpov1, I.N. Mishustin2, and W. Greiner2
1Flerov Laboratory of Nuclear Reactions (JINR, Dubna, Russia) and

2Frankfurt Institute for Advanced Studies (J.W. Goethe-Universität, Frankfurt, Germany)

The astrophysical r process of nucleosynthesis is usually discussed to explain the observed
abundance of heavy elements in the universe. In this process some amount of superheavy (SH)
elements of the island of stability might also be produced if the fast neutron flux is sufficient
to bypass the two gaps of fission instability in the upper part of the nuclear map. Strong
neutron fluxes are expected to be generated by neutrino-driven proto-neutron-star winds that
follow core-collapse supernova explosions [1] or by the mergers of neutron stars [2]. Estima-
tion of relative yields of SH elements is a difficult problem that depends both on the features
of neutron fluxes and on the experimentally unknown decay properties of heavy neutron-rich nuclei.

We performed a very simple estimation of the possibility of formation of SH nuclei during
the astrophysical r process of neutron capture [3]. This estimation is based on the following
assumptions. (i) SH nuclei are relatively short-lived. They are absent in stars initially, while the
distribution of other elements is rather close to their abundance in the universe. (ii) SH nuclei
may appear (and survive) in the last (rather cold) stage of the astrophysical r process when the
observed abundance of heavy elements (in particular, thorium- and uranium-to-lead ratios) is
also reproduced. (iii) An existing (experimental) abundance of stable nuclei may be used as an
initial condition. During intensive neutron irradiation, initial thorium and uranium materials
are depleted, transforming into heavier elements and going to fission, while more abundant lead
and lighter stable elements enrich thorium and uranium. (iv) Unknown total neutron fluence
may be adjusted in such a way that the ratios Y(Th)/Y(Pb) and Y(U)/Y(Pb) maintain their
experimental values at the end of the process. Simultaneously, for a given neutron fluence, one
gets the relative yield of SH elements, Y(SH)/Y(Pb).

Our estimation of the possibility of production of SH elements in the astrophysical r process
(namely, the neutron-rich copernicium isotopes 291Cn and 293Cn) is not very explicit but also
not completely pessimistic: their yield relative to lead could be about 10−12 if we assume initial
natural abundance of all the elements (including thorium and uranium) at the beginning of the
astrophysical r process. This ratio is not beyond the experimental sensitivity for a search for
SH elements in nature. The question is, How long are their half-lives? In accordance with our
estimations, the half-lives of most long-living copernicium isotopes, 291Cn and 293Cn, do not
exceed several hundred years. At any rate, even this short time provides hope of finding relatively
long-living SH nuclei in cosmic rays. The result turns out to be more pessimistic (i.e., lower by
8 orders of magnitude) if the initial thorium and uranium nuclei are completely burned in the s
process of neutron capture before supernova explosion. Note that experimental study of the decay
properties of heavy nuclei located along the beta-stability line (and to the right of it) is extremely
important for a more accurate analysis of the neutron capture processes (including astrophysical
ones) in the upper part of the nuclear map.

We have shown also that a macroscopic amount of long-living SH nuclei located at the island of
stability might really be produced in multiple (rather “soft”) nuclear explosions, if such processes
could be realized technically. This goal could also be reached by using the pulsed nuclear reactors
of the next generation, if their neutron fluence per pulse is increased by about 3 orders of magnitude.

[1] T.A. Thompson, A. Burrows and B.S. Meyer, Astrophys. J. 562, 887 (2001)
[2] S. Rosswog et al., Astron. Astrophys. 341, 499 (1999)
[3] V.I. Zagrebaev, A.V. Karpov, I.N. Mishustin and W. Greiner, Phys. Rev. C 84, 044617 (2011)
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S. Zerguine
University of Batna, Batna, Algeria

The present work aims at describing the  N=Z   nuclei  96Cd,  92Pd and  94Ag having their valence 
nucleons confined to the 1g9/2 sub-shell by means of aligned isoscalar neutron-proton pairs. A shell-
model wave function analysis has been carried out for the four holes system (96Cd) using different 
shell-model  interactions  and  including  various  two-nucleon  pairs.  The  study  of  the  low-lying 
spectroscopy of the six and eight holes systems (92Pd and 94Ag respectively) has been performed 
using a mapping to the interacting boson model.
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Neutron halo in deformed nuclei from a deformed Relativistic
Hartree-Bogoliubov theory in continuum∗

Lulu Li1, Jie Meng1, P. Ring1,2, En-Guang Zhao3, and Shan-Gui Zhou3†
1School of Physics, Peking University, Beijing 100871, China

2Physikdepartment, Technische Universität München, 85748 Garching, Germany and
3Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

In this talk we will present some recent results about neutron halos in deformed nuclei [1,2]. The
halo phenomenon is one of the most interesting topics in modern nuclear physics. Since most open
shell nuclei are deformed, the interplay between deformation and weak binding raises interesting
questions. In order to give an adequate description of possible halo in a deformed nucleus, a
model should be used which includes in a self-consistent way the continuum, deformation effects,
large spatial distributions, and couplings among all these features. A deformed relativistic Hartree-
Bogoliubov theory in continuum has been developed [1–4] for this purpose and the halo phenomenon
in deformed weakly bound nuclei is investigated. These weakly bound quantum systems present
interesting examples for the study of the interdependence between the deformation of the core
and the particles in the halo. Magnesium and neon isotopes are studied and detailed results are
presented for the deformed neutron-rich and weakly bound nuclei 42,44Mg [1,2]. The cores of these
two nuclei are prolate, but the halos have slightly oblate shapes. This indicates a decoupling of the
halo orbitals from the deformation of the core. The generic conditions for the existence of halos in
deformed nuclei and for the occurrence of this decoupling effect are discussed.

FIG. 1: Density distributions of the ground state of 42Mg with the z axis as the symmetry axis: (a) the
neutron halo, and (b) the neutron core. This figure was originally published in Ref. [2].

[1] S. G. Zhou, J. Meng, P. Ring, and E.-G. Zhao, Phys. Rev. C 82, 011301(R) (2010).
[2] L. Li, J. Meng, P. Ring, E. G. Zhao, and S. G. Zhou, Phys. Rev. C85, 024312 (2012).
[3] S. G. Zhou, J. Meng, and P. Ring, in Physics of Unstable Nuclei, World Scientific, 2008,

pp. 402–408 (arXiv: 0803.1376v1 [nucl-th]).
[4] L. Li, J. Meng, P. Ring, E. G. Zhao, and S. G. Zhou, Chinese Phys. Lett. 29, 042101 (2012).

∗ This work was supported by NSF of China (10875157, 10975100, 10979066, 11105005, 11175002, and 11175252),
by 973 Project of China (2007CB815000), by Knowledge Innovation Project of CAS (KJCX2-EW-N01 and KJCX2-
YW-N32), and by DFG cluster of excellence “Origin and Structure of the Universe” (www.universe-cluster.de).
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