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PERSONAL INFORMATION Angela Bracco 
born 24-09-1955 in Lecco (Italy). 
Present work address: Dipartimento di Fisica, Università di Milano, via 
Celoria,16, 20133 Milano, e-mail: Angela.Bracco@mi.infn.it 

 

WORK EXPERIENCE 
 
 
 
 
 
 
 
 
 
 
 

 
EDUCATION AND TRAINING 

 
 

Full professor of Physics (Experimental Physics) at the University of Milano (from 
2002 to present ). 

Associate professor of Physics (Experimental Physics) at the University of Milano 
(from 1998 to 2002) 

 
Researcher (Experimental Physics) at the University of Milano 
(from 1983 to 2002) 

 

Ph.D. in Physics (1983, Canada, TRIUMF laboratory at UBC 
Vancouver and University of Manitoba which gave the Ph.D). 

 
Laurea (Master) in Physics (1979), Università degli Studi di Milano 

 
PERSONAL SKILLS  

 
Mother tongue(s) Italian 

 
 

Other language(s) 
 
 
 
 

English Proficient User C1 Proficient User C1 Proficient User C1 Proficient User C1 Proficient User C1 

 
French Independent user 

B1 
Independent user 

B2 
Independent user 

B1 
Independent user 

B1 
Independent user 

B2 

 

 

Teaching and communication 
skills 

General Physics - Electromagnetism and optics for Physics students (from 1983-to 1998) 
“Experimental techniques in gamma spectroscopy Course for Graduate School (1992-1994) 
General Physics - Electromagnetism and optics for Chemistry students (2001-2002) 
Laboratory of gamma spectroscopy for Physics students (1994- present) 
Introductory Nuclear and Particle physics (2004-present) 
Member of the board of Graduate School in Physics (2003) - 
Supervisor for undergraduate theses for the first level (23 theses) and Master 34 theses 
Supervisor or co-supervisor for graduate theses (Ph.D): 14 theses 
Member and chair of several committees for Ph. D graduation in Milano, Italy and abroad. 

French 

UNDERSTANDING SPEAKING WRITING 

Listening Reading Spoken interaction Spoken production  

English 
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Organisational / managerial 
skills 

My research is in the field of experimental Nuclear Physics (with focus on gamma spectroscopy for 
nuclear structure). In connection with my experience in managing research funding and personnel 
I had the chance to be in many committees and panels dealing with several different activities: 
astrophysics, astroparticle, particle, nuclear and accelerator physics, new technical developments 
and applications. In addition I did evaluation work (two times, in 2011 e in 2015 member of GEV 
of ANVUR (Gruppo esperti Valutatori), ERC panel member for four times, up to 2020) 

 
• President of the Italian Physical Society (since January 2020) 

 
• MIUR (Ministry of Research and University) representative member in the Board of 

directors of INFN (from August 2011-to August 2015) 
 

• Chair of the Nuclear Physics Board of INFN (CSN3) from April 2005 to September 2011- 
This responsibility position implied extensive work to organize the funding of many 
different projects in Nuclear Physics in the Italian laboratories LNL, LNS (and partly in 
LNGS and LNF), at CERN, and at several foreigner laboratories such as GSI, GANIL, 
JLAB, and few others. The activity included also the preparation of road map and 
triennial plans, annual reports of the results and future planning to be presented to 
the international evaluation committee of INFN. 

 
• Member of several selection committees for INFN and University personnel. In particular, I was 

chair of an INFN Committee for selection at national level for Advanced researchers (more than 
200 participants) and chair of a committee for selection at national level of first level 
researchers of INFN. Member of several university committees for selection for positions of 
different levels at several Universities in Italy and in Europe (Leuvain and Darmstadt). 

 
• Member of the governing board of the EU project NupNet (ERANET for Nuclear Physics 

in FP7) and responsible of one working package(2008-2011). I particular I worked in 
the preparation of project calls to be funded by several European funding agencies. 

 
• Responsible at National level of a PRIN MIUR project (competitive funding) on 

instrumentation for Radioactive beams (2013-2015) 
 

• Chair of NuPECC - the nuclear Physics expert committee of the European Science 
Foundation, from January 2012- December 2017. (Among the activities made for 
NuPECC is the volume “ Nuclear Physics for Medicine”; “The long Range Plan in 
Nuclear Physics”)- Invited (in 2014-2017) to contribute in several meetings of ESFRI 
for the European Landscape for Physics. 

• Chair of the WG9 (nuclear physics) panel of IUPAP (elected in 2019, and member since 
2012). 

• Member of the Executive Board of the European Physical Society (from 2014-2018). 
• Member of the CISA (Committee for internatonal Scientific Affairs) of the APS (American 

Physical Society). 
 

My activity in evaluation panels for EU commission, Institutions and Agencies is listed below: 
---- Member of several panels for the EU commission in different calls and framework programs. 
Member of the ERC panel for evaluation and selection of physics projects (section PE in 
HORIZON2020) for the Starting grants (in 2014-2016-2018-2020). 
---- Panel member (evaluation and selection) for calls within the FP6 and FP7 programs. 
“Integrated Activities” and “Design Studies” ( 2002, 2003 and 2004) and in 2005 for “Research and 
Training Networks , Marie Curie fellows”. 
---- Member of the Physics Expert Panel (called GEV) of ANVUR for the evaluation of the Italian 
Research from 2011 up to May 2013. I was the coordinator of the sub-panel for nuclear, particle and 
astroparticle physics. ANVUR GEV member also for the second evaluation in 2015-2016. 
---- Responsible for the Nuclear and particle physics evaluation of several Greek institutes (February 
2014), nominated by the Greek Ministry of Research. 
---- Member of the Review panel of the Helmholtz Programme ”Physics of Hadrons and Nuclei” 
(GSI, February 2009), Member of the Review Panel of the Helmholtz Institute Mainz”Structure, 
Symmetry and Stability of Matter and Antimatter” (Mainz, April 2009) 
- ----Member of an evaluation panel for the French activity P2I (Physique des deux infinis) held in 
April 2010. Panel Member of the ANR (Agency National Reserche, France) from 2018. 
- ----Member of the Evaluation panel for excellence Initiative for “Graduate Schools” for the 
German Research Foundation DFG (November 2011) – Member of the Cluster of eccellence DFG 
panel in 2017. Member of the Review Panel of the Helmholtz Institute in Julich ( December 2017). 
- --- My activity as remote referee has been also very intense. 
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Job-related skills My activity in Scientific committees of Laboratories and Institutes is listed below 
 

• Chair of the International Program Advisory Committee of Nishina Center RIKEN (2017-2018) 
• Chair of the Inter. Scientific Committee of the project HE-ISOLDE at CERN (2011- 2017) 
• Chair of the International Scientific Council of the institute IRFU/CEA (France) (2013-2018) This 

council deals with all activities of the institute: astrophysics, astroparticle, particle, nuclear and 
accelerator physics, new technical developments and applications. 

• Member of the Scientific Council of the ELI Facility (the pillar in Bucarest from 2015 to present). 
• Member of the Scientific Committee of Nishina Center at the research institute RIKEN (Tokyo, 
Japan) (from 2008-2012). Member of the Program Advisory Committee of the RIKEN Nishina Center 
(2015-2016). Member of the RIKEN Advisory Committee(2019) 
• Member of the Scientific committee of the cyclotron laboratory at IFJ in Cracow(from 2014 to 
present) 
• Member of the Scientific committee of the Institute of Physics in Helsinki (Finland) (2018 
• Member of the Scientific Committee of French Institute IN2P3(CNRS Institute for Nuclear, 
Particle and astroparticle Physics)(2011- 2014) and member of the Scientific Committee of Nuclear 
Physics Institute at Orsay (IPNO) (2012-2016). 
• Member of the Scientific Committee of the german Laboratory GSI (Darmstadt, Germany) 
(2009-2015) and of the Scientific Committee of the center of the Helmholtz Istititute at Mainz 
(Germany) for Nuclear Physics (2009-2015). 
• Member of the Scientific Council of the ELI Facility (the pillar in Bucarest from 2015 to 
present). 
• Member of the Scientific Committee of Nishina Center at the research institute RIKEN 
(Tokyo, Japan) (from 2008-2012). Member of the Program Advisory Committee of the RIKEN Nishina 
Center (2015-2016). Member of the RIKEN Advisory Committee(2019) 
• Member of the Scientific committee of the cyclotron laboratory at IFJ in Cracow(2014 - 
• Member of the Scientific committee of the Institute of Physics in Helsinki (Finland) (2018- 
• Chair the Scientific committee of the Institute of Physics in Helsinki (Finland) (2021- 

 
 

International Panels of Research Funding Agencies 
 

• Member of the expert panel for Nuclear and Particle physics of the Belgian Funding 
Agency FWO (from 2010-2018) 

• Member of the expert panel of Academy of Finland Centre of Excellence Programme - 
Nuclear and Accelerator Based Physics (October 2010- September 2012, August 2018) 

• Member of the committee for MICINN (Spanish ministry of Science and 
Innovation) for “ evaluación de proyectos de investigación 2011 del Plan Nacional” ( 

Madrid, May 2011 and October 2017). 
• Member of the Nuclear Physics Grants Panel of the Science and Technology Facilities 
Council in the UK (October 2010-June 2011, 2013-2015, 2016-2018) 
• Member of a review panel for the USA Deparment of Energy DOE (Washington,Usa, 
2018) 
• Member of a grant selection panel for NSERC (Ottawa, Canada, 2018) 
• Member of a Polish grant selection panel (from 2021) 

 
Other Past responsabilities and participation in Scientific committees of Laboratories, Institutes 
and Funding agencies 
• Member of the 'Working Group of OECD (Global Science Forum Organization for 

Economic Cooperation and development ) on Nuclear Physics (2006-2007) 
• Member of the Scientific Committee of the laboratory GANIL (France (2007-2010 ) 
Member of the Scientific Review International Committee of the INFN LNL and LNS 
laboratories (2004- March 2008) 
Member of the scientific Advisory Committee (SAC) of the Facility SPIRAL2 (in the ESFRI list) 
from 2003 to 2005. 
Member of the Program Advisory Committee of the Laboratory “ National Accel.Center of Cape 
Town “ (from 2000 to 2002) and Member of the Program Advisory Committee of the CNRS 
Laboratory IRES in Strasburg (from 1998 to 2002). 
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Digital skills 

SELF-ASSESSMENT 
 

Information 
processing Communication 

Content 
creation Safety Problem solving 

Independent user Independent user Independent user Independent user Independent user 

Levels: Basic user - Independent user - Proficient user 
Digital competences - Self-assessment grid 

 

 
▪ I acquire my competence during my research activity requiring use of computer and programming. 

 
 

Other skills Teaching and outreach activity 

 

ADDITIONAL INFORMATION 
 

Publications 
Presentations 

Conference seminars 
Outreach 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Editor of Sci. Journals 

 
 
 

 
Honours and awards 

 
 
 
 
 

ANNEXES 

 
 

• Co-author of 350 research papers on scientific journals (including 30 PRL+30 PLB, a 
Phys. Report and a Report in Progress Physics) plus approximately 180 papers on 
proceeding volumes (many in special volumes of journals), (h factor 49). 
The number of co-authors varies from 10 to around 50 which is typical for the field in 
which I carry out my research. 

• Presentation of 85 invited talks at international workshops and conferences (2 
summary talks, and two keynote talk at 4 large conferences, EMIS2012, ARIS2014 
and NN2015 and Zakopane2016 and one SIF relazione generale) plus 25 seminars 
given at Universities or Laboratories. Organization of 10 International Conferences. 

• Author (with two other colleagues) of a book “Giant Resonances: Nuclear 
structure at finite temperature” belonging to the series “Contemporary Concepts 
in Physics” 

• Editor for 4 volumes of Conference Proceedings, one volume being lectures of the 
Enrico- Fermi School in Varenna of the Italian Physical Society. 

• Referee of several papers in different scientific journals. 
• Outreach activity: Editor in chief of Nuclear Physics News; Contributor to the 

journal Asimmetrie of INFN, Notiziario Università di Milano. Member of scientific 
committee of Energy-Lab in Lombardia. 

 
• Co-editor of European Physics Letters (EPS journal) (2015-2020) and Supervisory 

Editor of the international scientific journal Nuclear Physics A (Elsevier) (2018-) 
As president of SIF I am the Director of the journals “organi della Società Italiana di Fisica : La 
rivista del nuovo Cimento (pubblicata con Springer and Nature), Il Nuovo Cimento, Il giornale e 
Quaderni di Fisica, il Nuovo Saggiatore. 

 
Member of Academia Europaea –vice chair of the Physical Engineering Science Panel 
Member dell’ Istituto Lombardo Accademia di Scienze e Lettere 
Corresponding Member of the Bologna Academy of Science 

 

 

▪ Short description of the scientific activity and selected publications. 
 
 
 
 
 
 
 

Personal information I authorize the handling of personal information in this curriculum, according to D.Lgs n. 196/03 and following modifications and 
Regulations EU 679/2016 (General Regulations concerning Data Protection or GRDP) and art. 7 of University Regulations concerning protection of personal 
information. 

 
I authorize, according to D.lgs 14/03/2013 n. 33 concerning transparency, in case of conferment of the position 

Replace with name of ICT-certificates 
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and of the fellowship, the publication of this curriculum in the web site of Università degli Studi di Milano in the 
section “Amministrazione trasparente”, “Consulenti e collaboratori”. 

 
Date Signature 

 
 
 
 
09 December 2024 

 
 
 
 
 
 
 
ANNEX : Short description of the scientific activity and selected publications. 

 
Short description of the scientific activity 

The research activity starting from 1985 is in experimental nuclear physics with focus in the field of Nuclear Structure and reaction 
dynamics. Before, and in particular during the PH.D work, research was made to study the nucleon force and the nucleon few-body 
problem with reactions induced by intermediate energy protons (at the laboratory TRIUMF, Vancouver Canada). 
Most of the experimental work of my research activity was made employing heavy ions reactions and gamma spectroscopy. In this 
connection the research was and is being carried out as a member of several European collaborations around large detector arrays for 
gamma-ray spectroscopy. The most recent collaboration is AGATA, an array for gamma-ray spectroscopy based on a novel tracking 
technique. The first phase of the AGATA array, called demonstrator, was constructed and pilot experiments were carried out in LNL-INFN, 
GSI and GANIL. I am presently involved in experiments for the study of Giant Resonances in RIKEN and Osaka, Japan. 
In the past years I was member of the international collaborations NORBALL and HECTOR (Niels Bohr Institute, Copenhagen) and GASP 
(LNL-INFN, Legnaro-Padova) and of the much larger European collaboration EUROBALL (operating during 1996-2002 at LNL-INFN and 
Strasbourg). 
After 2002, using a large fraction of the EUROBALL equipment, two new experimental set ups were constructed, RISING(GSI) and PRISMA- 
CLARA (at LNL). The RISING collaboration has conducted very new studies of unstable nuclei with radioactive beams at the laboratory GSI 
(Darmstadt-Germany). 
Personal contributions of some relevance were given in the experimental data taking and they concern the study of the properties of 
collective nuclear excitations at the extreme conditions of thermal excitation, angular momentum and isospin. Indeed a number of 
experiments dedicated to the study of the gamma decay of the giant dipole resonances were performed under the Milano responsibility. 
Interesting results on nuclear structure at finite temperature were obtained using the above large arrays and including additional 
detectors for high energy gamma-rays, developed and constructed with my group in Milano. 

Presently within the AGATA international collaboration, I am committed in the realization of new ancillary detectors to study nuclear 
degrees of freedom identified with high-energy gamma-ray emission. These studies are relevant to understand the response for high 
frequency small amplitude vibrations in the region around the nucleon binding energy. They are also important for the description of the 
nucleosynthesis of elements following explosions of super-novae. 
Additional experimental work, still in the field of nuclear structure with gamma spectroscopy, was made during the years at 
ANL(Chicago,USA) with the array Gammasphere and GANIL(Caen, France) with the array EXOGAM. 
With all these activities the group of Milano, that I have been coordinating for the last 25 years, has gained a well recognized expertise 
in the field of nuclear structure at finite temperature. The expertise is also in the development of experimental and analysis techniques 
necessary to study continuum spectra emitted from nuclear rotations and vibrations. The experimental activities planned for the future 
are in international collaborations and concern the investigation of collective modes in nuclei far from stability, which are mostly 
created using radioactive beams (from SPES_INFN, CERN-ISOLDE and GANIL-SPIRAL2). 

The construction phases of the complex detector arrays, mentioned above, required relations and common developments with 
companies dealing with detectors, mechanics, electronics and computers. 

 
 

In this research field she supervised the activity of 10 post-doctoral fellows. One fellowship was obtained from funding from 
industry (from CAEN) 
A good fraction of the master and Ph.D supervised students, with research projects within the above collaboration, have now positions at 
the University of Milano, at INFN , in foreigner research institutions, and as managers in companies performing research. 
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Research collaborations 

• Member of the Steering Committee of the AGATA European collaboration for nuclear spectroscopy with gamma-rays 
(from 2009-…) – Elected chair in 2020 for 2022-2023 

• Member of the Steering Committee of the RISING collaboration at GSI 
from 2002 to 2005 (gamma spectroscopy with radioactive beams at GSI). 

• Member of the Steering Committee of EUROBALL (Large European Collaboration for gamma spectroscopy) (from 
1996 to 1999) 

• National responsible of INFN Nuclear Physics experiments (named HECTOR, PRIAMO, PARIDE from 1992-1998 dealing 
with the study of giant resonances) and responsible for Milano of the INFN experiments named EUROBALL and 
AGATA (1999-2005) 

• Scientific Responsible of the project SPES (2001-2005). In 2005 I left the responsibility because in conflict with the 
chairship of the scientific committee of Nuclear Physics of INFN (CSN3). 

Visitor Scientist at TRIUMF (1984); at Oak Ridge National Laboratory (in 1985 and in 1986); at the 
Niels Bohr Institute (Copenhagen) for several periods of 2 to 3 months from 1987 to 2005. 

 
Activity in Organization of Conferences and workshops 

• I have organized 10 international conferences, including one Enrico Fermi School in 2010 (Varenna). I have also 
organized meetings for the EU-Eranet NuPNET project and several other collaboration meetings. Organization in 
Milano of the Simposium Italy-RIKEN in 2012 and of NuSTAR week in September 2018. 

 
• I was member of the International Advisory Committees of several (35) International Conferences. 

 
• Chair of the Program Committee of the international Nuclear Physics Conference INPC2013 (this is the largest 

conference in the field, covering all topics of modern Nuclear Physics, some at the boundary with particle and 
astroparticle physics) and of EuNPC 2018 (Bologna) 

• Responsible in 2014 of the section on “ Nuclear and Particle Physics” for the annual meeting of SIF (Società Italiana di 
Fisica). 

 
Relation with industry and technology transfer 

During the time I was chair of the Nuclear Physics Board of INFN I had the chance to interact directly 
or indirectly with industries and companies involved in the construction of our detection systems. 
In addition with my group in Milano we are developing detectors and related electronics 
(particularly scintillators) for nuclear spectroscopy in basic science and applications. In this 
context we have had for several years contacts and collaborations with companies and industries. 
Recently, the company CAEN showed much interest in developing together with our group a commercial 
version of an electronics module for scintillators, whose main structure was designed at the Milano INFN 
section for our applications. This resulted in the funding by CAEN of a post-doctoral fellowship and in a technology 

transfer agreement (with royalties for INFN) for the electronics module. 
 
 

 

 
Selected publications of Angela Bracco (out of >350 co-authored in refereed journals) 
 
 

1) Measurement of the Gamma-Ray-to-Neutron Branching Ratio for the Deuterium-Tritium Reaction in Magnetic Confinement Fusion 
Plasmas Dal Molin, A; Marcer, G; (...)A.Bracco; Tardocchi, M 
Jul 30 2024 PHYSICAL REVIEW LETTERS 133 (5) 

2) Search for the y decay of the narrow near-threshold proton resonance in 11B Bottoni, S; Corbari, G; (...); A. Bracco, 
Zhang, G Aug 2024 PHYSICS LETTERS B855 

3) High-spin states in 212Po above the α-decaying (18+) isomer Zago, L; Gottardo, A; (...);A. Bracco, Wollersheim, PHYSICS 
LETTERS (2022)B834. 

4) Spectroscopic quadrupole moments in 124Xe, Clément, E; Lemasson, A; (...); A. Bracco, Dobón, JJV, Jan 30 2023 
PHYSICAL REVIEW C101 
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5) Gamma spectroscopy with AGATA in its first phases: New insights in nuclear excitations along the nuclear chart Bracco, A; 
Duchêne, G; (...); Reiter, P Nov 2021 PROGRESS IN PARTICLE AND NUCLEAR PHYSICS 121 

6) Reinterpretation of excited states in 212Po: Shell-model multiplets rather than α-cluster states, Fernández, A; Jungclaus, 
A; (...); A. Bracco, Valiente-Dobón, JJ, Nov 29 2021 PHYSICAL REVIEW C104 

7) γ decay to the ground state from the excitations above the neutron threshold in the 208Pb(p, p′ γ) reaction at 85 MeV 
Wasilewska, B; Kmiecik, M; (...);A. Bracco,  Lukasik, J, Jan 14 2022, PHYSICAL REVIEW C105( 014310 ) 

8) Isoscalar and isovector dipole excitations: Nuclear properties from low-lying states and from the isovector giant dipole resonance 
Bracco, A.; Lanza, and E. G.; Tamii, A. PROGRESS IN PARTICLE AND NUCLEAR PHYSICS 106, 360-433 (2019) 

9) Is seniority a partial dynamic symmetry in the first vg(9/2) shell? Morales, A. I.; Benzoni, G.; Watanabe, H.; …. A.Bracco et al.PHYSICS 
LETTERS B 781(2018)706. 

10) Observation of isoscalar and isovector dipole excitations in neutron-rich O-20, Nakatsuka, N.; Baba, H.; Aumann, T.; A. 
Bracco et al.PHYSICS LETTERS B768 (2017) 387. 

11) Isospin Mixing in Zr-80: From Finite to Zero Temperature,Ceruti, S.; Camera, F.; Bracco, A.; 
et al. PHYSICAL REVIEW LETTERS 115 (2015) 222502. 
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12) Gamma decay of pygmy states from inelastic scattering of ions, Bracco, A.; Crespi, F. C. L.; Lanza, 
E. G. EPJA 51(2015)99. 

13) Pygmy dipole resonance in Sn-124 populated by inelastic scattering of O-17, Pellegri, L.; Bracco, A.; Crespi, F. C. 
L.; et al. PHYSICS LETTERS B (2014) Volume: 738 Pages: 519-523 

14) Isospin Character of Low-Lying Pygmy Dipole States in Pb-208 via Inelastic Scattering of O-17 Ions, Crespi, F. C. L.; 
Bracco, A.; Nicolini, R.; et al. PHYSICAL REVIEW LETTERS (2014)Volume: 113 Issue: 1 Article Number: 012501 

15) Concluding remarks on the EMIS2012 conference, Bracco, Angela NIM 317 (2013) 317, 810. 
 

16) Evidence for the Dipole Nature of the Low-Energy gamma Enhancement in Fe-56, Larsen, A. C.; Blasi, N.; Bracco, A.; et al.PHYSICAL 
REVIEW LETTERS111(2013), 242504 . 

17) “The Pygmy Dipole Resonance in 68Ni and the neutron skin”, O. Wieland and A. Bracco, Progress in Particle and Nuclear Physics 
Vol. 66(2011)374 

18) “Constraints on the symmetry energy and neutron skins from pygmy resonances in 68Ni and 132Sn” A.Carbone, G. Colo, A. Bracco, L. 
Cao, P. F. Bortignon, F. Camera and O. Wieland , Phys. Rev. C 81 (2010) 041301(R) 

19) “Probing the nature of particle-core couplings in 49Ca with γ spectroscopy and heavy-ion transfer reactions”, D.Montanari, S.Leoni, 
D.Mengoni, G.Benzoni, N.Blasi, G.Bocchi, P.F.Bortignon, A.Bracco, F.Camera, G.Colo, A.Corsi, F.C.L.Crespi, B.Million, R.Nicolini, 
O.Wieland, J.J.Valiente-Dobon, L.Corradi, G.de Angelis, F.Della Vedova, E.Fioretto, A.Gadea, D.R.Napoli, R.Orlandi, F.Recchia, E.Sahin, 
R.Silvestri, A.M.Stefanini, R.P.Singh, S.Szilner, D.Bazzacco, E.Farnea, R.Menegazzo, A.Gottardo, S.M.Lenzi, S.Lunardi, G.Montagnoli, 
F.Scarlassara, C.Ur, G.Lo Bianco, A.Zucchiatti, M.Kmiecik, A.Maj, W.Meczynski, A.Dewald, Th.Pissulla, G.Pollarolo, Phys.Lett. B 697, 288 
(2011) 

20) “Search for the Pygmy Dipole Resonance in Ni-68 at 600 MeV/nucleon” , Wieland, O; Bracco, A; Camera, F; Benzoni, G; Blasi, N; 
Brambilla, S; Crespi, FCL; Leoni, S; Million, B; Nicolini, R; Maj, A; Bednarczyk, P; Grebosz, J; Kmiecik, M; Meczynski, W; Styczen, J; 
Aumann, T; Banu, A; Beck, T; Becker, F; Caceres, L; Doornenbal, P; Emling, H; Gerl, J; Geissel, H; Gorska, M; Kavatsyuk, O; Kavatsyuk, M; 
Kojouharov, I; Kurz, N; Lozeva, R; Saito, N; Saito, T; Schaffner, H; Wollersheim, HJ; Jolie, J; Reiter, P; Warr, N; deAngelis, G; Gadea, A; 
Napoli, D; Lenzi, S; Lunardi, S; Balabanski, D; LoBianco, G; Petrache, C; Saltarelli, A; Castoldi, M; Zucchiatti, A; Walker, J; Burger, A, PHYS 
REV LETT(2009)51 

21) “Probing the order-to-chaos region in superdeformed Tb-151 and Pb-196 nuclei with continuum gamma transitions”, Leoni S, 
Benzoni G, Blasi N, Bracco A, Brambilla S, Camera F, Corsi A, Crespi FCL, Mason P, Million B, Montanari D, Pignanelli M, Vigezzi E, Wieland 
O, Matsuo M, Shimizu YR, Curien D, Duchene G, Robin J, Bednarczyk P, Castoldi M, Herskind B, Kmiecik M, Maj A, Meczynski W, Styczen J, 
Zieblinski M, Zuber K, Zucchiatti A, PHYSICAL REVIEW LETTERS 101( 14): - 142502 (2008) 

 
22) “ Giant dipole resonance in the hot and thermalized Ce-132 nucleus: Damping of collective modes at finite temperature “ Wieland 
O, Bracco A, Camera F, Benzoni G, Blasi N, Brambilla S, Crespi F, Giussani A, Leoni S, Mason P, Million B, Moroni A, Barlini S, Kravchuk VL, 
Gramegna F, Lanchais A, Mastinu P, Maj A, Brekiesz M, Kmiecik M, Bruno M, Geraci E, Casini G, Chiari M, Nannini A, Ordine A, Ormand E, 
PHYSICAL REVIEW LETTERS 97(2006)( 1)012501 . 

 
23) “Is the K quantum number conserved in the order-to-chaos transition region ?” G. Benzoni, A. Bracco, S. Leoni, N. Blasi, F. Camera, 
C. Grassi, B. Million, A. Paleni, M. Pignanelli, E. Vigezzi, O. Wieland, M. Matsuo, T. Døssing, B. Herskind, G.B. Hagemann, J. Wilson, A. 
Maj, M. Kmiecik, G. Lo Bianco, C. M. Petrache, M. Castoldi, A. Zucchiati, G. De Angelis, D. Napoli, P. Bednarczyk, D. Curien, Phys. Lett. 
B.615(2005)160. 

24) “ Radiative fusion from very symmetri reactions: the giant dipole resonance in the 197Au nucleus” F.. Camera, A. Bracco, 
V. Nanal, M.P. Carpenter, F. Della Vedova, S. Leoni, B. Million, S. Mantovani, M. Pignanelli, O. Wieland, B.B. Back, A.M. Heinz, 
R.V.F. Janssens, D. Jenkins, T.L. Khoo, F.G. Kondev, T. Lauritsen, C.J. Lister, B. McClintock, S. Mitsuoka, E.F. Moore, D. 
Sewerynial, R.H. Siemssen, R.J. Van Swol, D. Hofman, M. Thoennessen, K. Eisenman, P. Heckman, J. Seitz, R. Varner, M. 
Halbert, I. Dioszegi, A. Lopez-Martens, Phys. Lett. B560 (2003)155. 

25) “Effect of E1 decay in the population of superdeformed structures”- G. Benzoni , A. Bracco, F. Camera , S. Leoni, , B. 
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The Pygmy Dipole Resonances (PDR) are dipole states located 
at much lower energy than the GDR peak.

They were called “pygmy” because their strength are much 
smaller than GDR.  

They exhaust only few per cent of the IVEWSR.

They are present in all the nuclei with neutron excess.  
Therefore, they should be more evident in nuclei far from the 

stability line
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detectors is shown in a linear scale together with the
corresponding GEANT simulation. It is important to men-
tion that for the HPGe detectors, being placed close to the
CATE detector and having a time resolution >10 ns, the
background reduction is not as good as for the BaF2
detectors (placed backward and with a time resolution of
<1 ns). For the spectra measured with BaF2 detectors we
have performed statistical model calculations [20] to inter-
pret schematically the exponential part of the spectra. For
the statistical calculation we have used the energy value
given by the adiabatic cutoff energy of the Coulomb
excitation process (!20 MeV). The adiabatic limit of
Coulomb excitation was deduced with Emax ! @c!"

bmin
, where

bmin is the smallest impact parameter for which interac-
tions involving nuclear forces are negligible. The calcu-
lated statistical emission from the target and projectile was
obtained using the standard GDR strength function, by
correcting the "-ray energy for the Doppler shift due to
the projectile velocity (to be consistent with the experi-
mental data treatment) and by folding with the detector
response function. The condition of detecting only one "
ray can be neglected in the statistical model calculation
because both the "-ray efficiency (!5% at 1 MeV) and the
" multiplicity produced by the reaction (measured to be
!1:1) are low. The statistical model predictions are shown
in Fig. 2 in comparison with the data normalized at
3–5 MeV. One can note that the sum of the target and
projectile statistical contributions reproduces remarkably
well the exponential shape of the data and that there is an
excess yield very pronounced at around 11MeV, which can
be attributed to the projectile emission on the basis of
Doppler correction arguments. The data in the region of
interest for searching the pygmy resonance in the electric
dipole response function were obtained by subtracting

from the measurements the computed statistical model
contribution and some background extrapolated from the
very high-energy region. The corresponding data are
shown in the bottom panel of Fig. 3. The present results
of the " decay of the 68Ni at 600 MeV=nucleon are char-
acterized by a peak structure centered at 11 MeV for which
it is important to understand not only the shape but also the
measured value of the cross section. To describe the mea-
sured cross section for " emission from the 68Ni nucleus in
the region E" > 6 MeV we have to evaluate the product of
the excitation cross section #exc with the branching ratio
for " emission R".
The "-ray emission from the GDR is expected to be

dominated by the ground state decay and the decay to the
2þ state (due to the coupling of 1# to 2þ) depends on the
nuclear structure [21]. The latter for the pygmy, having a
much smaller width (<1 MeV), is expected to be smaller.
To verify this we have examined the 9–11 MeV region
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FIG. 3 (color online). In the upper part the 68Ni photoabsorp-
tion cross section is shown with a full drawn line (scale on the
right). The differential cross section obtained after applying the
equivalent virtual photon method (VP) is shown with a dotted
line (scale on the left). The dashed line (scale on the left) is
obtained by including the " branching ratio (VP and R"). In the
bottom panel the open circles show the "-ray cross section
measured with BaF2 detectors. The 3 lines in the bottom panel
display calculations of the " cross section (including the re-
sponse function). The long dashed line is the decay of the PDR,
the dotted line is the decay of the GDR and the thick line the sum
of the two contributions.

FIG. 2 (color online). The high-energy "-ray spectrum mea-
sured with BaF2 detectors and Doppler corrected with the
velocity of the projectile. The lines are the statistical model
calculations for the target (dotted line) and for the beam (dashed
line) nuclei. In the inset the continuous line superimposed to the
measured data is the result of a GEANT simulation for a
"-transition at 11 MeV.
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It is well established that the low-lying dipole states (the 
Pygmy Dipole Resonance) have a strong isoscalar component.
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Neutron and Proton transition 
densities are in phase inside the 
nucleus;  
at the surface only the neutron part 
contribute.

“Theoretical definition” of the PDR
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Eα=136 MeV

This effect has been examined by microscopic calcula-
tions. The (!, !0) cross sections can be directly compared
to calculated nuclear response to the electromagnetic di-
pole operator r Y1. The calculation of the (", "0) cross
sections involves the Coulomb and nucleon-nucleon terms
of the "-particle interaction with the target nucleus. We
have checked that the former term plays a marginal role
(less than 10%) under conditions of the present experi-
ment. Then, accounting for a small q value of the reaction
which is about 0:33 fm!1, the (", "0) cross section is
proportional with a good accuracy to the response to the
isoscalar dipole operator r3 Y1. The spurious center-of-
mass motion has been removed (see, e.g., [33] for details).

The nuclear structure part of these calculations has
been performed within the QPM [34] and the relativistic

quasiparticle time-blocking approximation (RQTBA) [35],
the most representative combination of the microscopic
nuclear structure models beyond quasiparticle random-
phase approximation (QRPA). The QPM wave functions
of nuclear excited states are composed from one-, two-
and three-phonon components. The phonon spectrum is cal-
culated within the QRPA on top of the Woods-Saxon mean
field with single-particle energies corrected to reproduce the
experimentally known single-particle levels in neighboring
odd-mass nuclei. The details of calculations are similar to
the ones in Refs. [3,14,17]. The results are presented in
Fig. 2. Figure 2(d) shows that the electromagnetic strength
is strongly fragmented with two pronounced peaks at about
6.3 and 7.5 MeV, in good agreement with the measured
(!, !0) data. The isoscalar response in Fig. 2(c) reveals the
suppression of the strength in the higher energy part of the
spectrum, in good qualitative agreement with the data.
The RQTBA is based on the covariant energy-density

functional and employs a fully consistent parameter-free
technique (for details seeRef. [35]) to account for nucleonic
configurations beyond the simplest two-quasiparticle
ones. The RQTBA excited states are built of the two-
quasiparticle-phonon (2q " phonon) configurations, so that
themodel space is constructedwith the quasiparticles of the
relativistic mean field and the phonons computed within the
self-consistent relativistic QRPA. Phonons of multipolar-
ities 2þ, 3!, 4þ, 5!, 6þ with energies below 10 MeV are
included in themodel space. The result of these calculations
is shown in Figs. 2(e) and 2(f). Compared to the experi-
mental and to the QPM spectra, the structural features are
shifted by about 600 keV towards higher energies for theE1
electromagnetic strength and even more for the isoscalar
dipole strength. Furthermore, the obtained fragmentation is
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124Snð";"0!Þ experiment integrated to bins with a width of
100 keV. (b) Energy integrated cross section measured in
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FIG. 2 (color online). (a) Singles cross section for the excitation of the J# ¼ 1! states in 124Sn obtained in the (", "0!) coincidence
experiment. The solid line shows the energy-dependent experimental sensitivity limit. (b) BðE1Þ " strength distribution measured with
the (!, !0) reaction. The middle column shows the QPM transition probabilities in 124Sn for the isoscalar (c) and electromagnetic
(d) dipole operators. The RQTBA strength functions in 124Sn for the isoscalar and electromagnetic dipole operators are shown in
(e) and (f), respectively.

PRL 105, 212503 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

19 NOVEMBER 2010

212503-3

Splitting of the low-lying dipole strength 

๏ with (�,�’�)  at KVI.   
๏ with (17O, 17O’ �) at LNL 

It is possible to study these states also via 
an isoscalar probe



By using different reactions employing 
electromagnetic  and hadronic probes of different 

types (like α-particle, 17O, 12C and p) one is 
expected to be sensitive to different regions on 
the nuclear volume and thus the comparison of 
the results provides indication on the nature of 

these states

In the experimental analysis, for these cases, a 
fundamental role is played by the radial form 

factors used 

In these cases also the inelastic cross section is 
measured and therefore it is of paramount 

importance to calculate it



Example:  the transition amplitude for the DWBA

The description of inelastic cross section 
with isoscalar probes  

- DWBA, first order theory 
- Coupled Channel, high order effect 

important 
- Semiclassical approximations

TDWBA =

Z
�(�)(k� , r)F (r)�(+)(k↵, r)dr

the radial form factor F(r) contains all the structure 
properties, they can be derived in macroscopic or 

microscopic approaches

FC(r) ⇡
p

B(EL)

rL+1
FN (r) ⇡ �N

dUN (r)

dr



Harakeh-Dieperink for the ISGDR

For the dipole radial form factors 
calculation one needs the radial 

transition densities

δρGT(r) = β1[ 2N
A

d
dr

ρp(r) − 2Z
A

d
dr

ρn(r)]
Goldhaber-Teller for the IVGDR

δρHD(r) = − β1

R 3
[3r2 d

dr
+ 10r − 5

3 < r2 > d
dr

+ ϵ(r d2

dr2 + 4 d
dr

)]ρ
0
(r)

Microscopic transition densities (RPA or 
more sofphisticated approaches)



Double Folding procedure 

A ar

r1
r12

r2

The nucleon nucleon interaction 
depends on the isospin  

where τi are the isospin of the 
nucleons.

In the case ρn= N/Z ρ ; ρp= N/A ρ,  
F1 is zero when one of the two 

nuclei has N=Z.

ν12 = ν0(r12) + ν1(r12)τ1 ⋅ τ2

The nuclear form factors are 

F0(rα) = ∫ ∫ [δρAn
( ⃗r1) + δρAp

( ⃗r1)] ν0(r12) [ρan
( ⃗r2) + ρap

( ⃗r2)] r2
1dr1r2

2dr2

F1(rα) = ∫ ∫ [δρAn
( ⃗r1) − δρAp

( ⃗r1)] ν1(r12) [ρan
( ⃗r2) − ρap

( ⃗r2)] r2
1dr1r2

2dr2



The Coulomb 
contribution is very 
different for the 
two states, while 

the nuclear one is 
of the same order 

of magnitude.

Folding done with the effective nucleon-nucleon M3Y interaction and with 
the RPA transition densities

The nuclear and Coulomb parts interfere destructively at small radii and 
constructively at large radii. This is mainly due to isoscalar part and to the 
fact that the isoscalar dipole transition density displays nodes
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Since the PDR are 
non collective, one 

cannot employ 
standard codes 

which make use of 
macroscopic form 

factors.



In the semiclassical model the two nuclei move according 
to a classical trajectory while quantum mechanics is used 

to describe  the internal degrees of freedom

)(0 tWHH AAA +=

    

� 

WA (t) = < i |UB (
 
R (t)) | j > ai

+ a j + h.c.
i j
 t-dependence through R(t)

whereBA HHH +=

 >=> 




 |)(,| tEietAtThe time dependent state is

Ȧ↵(t) = �i
X

↵0

ei(E↵�E↵0 )t < �↵|W (t)|�↵0 > A↵0(t)

The Schrödinger equation can be cast into a set of coupled linear 
differential equations

    

� 

P (b)= A (t =)
2Probability to excite the state α as function of 

the impact parameter b

 the transmission coefficientT(b)
and its cross section is
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Angela and her group started a campaign, at Laboratorio Nazionale 
di Legnaro, to investigate the structure of Pygmy resonances states. 

with an isoscalar probe. 

A number of measurements were 
done using the (17O,17O’ γ) reaction at 

a bombarding energy of about 20 
MeV/u.  

The 208Pb, 124Sn and 90Zr and 140Ce 
nuclei were studied with this 

reaction.

The analyses of the differential cross sections were 
performed within the framework of the Distorted Wave 

Born Approximation (DWBA).
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5.1 Experimental technique

From the experimental point of view the use of 17O is
preferable as compared with the most abundant isotope
16O (purer as isoscaler probe) because of its rather small
binding energy (4.1MeV). Indeed, in heavy-ion reactions,
it is necessary to separate projectile and target excita-
tions. In this connection the Doppler correction, needed to
construct the γ-ray spectra associated to the (17O, 17O′γ)
reaction, enables the separation of the different contribu-
tions, since the velocity of the target and projectile are
very different. In particular the use of 17O projectiles lead
to gamma-ray spectra which in the energy region > 4MeV
do not contain background from the projectile emission,
usually appearing as a continuum distribution (because
of the wrong Doppler correction which is made using the
velocity of the target nucleus).

In contrast with light ions, for 17O the pattern of the
differential cross section for inelastic scattering as a func-
tion of angle does not characterize well the multipolarity of
the excited states. The measurements discussed here were
made at angles around the grazing angle. In particular
the values of the grazing angles in the center-of-mass sys-
tem are: 9.31◦ (90Zr target), 10.72◦ (124Sn target), 16.01◦
(208Pb target). With heavy-ion beams, states with differ-
ent multipolarity, also larger than 3, can be populated.
However, the gamma decay selection rules suppress the
decay to ground state for such high-spin states. An impor-
tant point in this type of studies is to have measurements
of the angular distribution of the emitted gamma-rays to
obtain a clear identification of the spin of the populated
states.

The coincidence experiments made to measure cross
sections for the (17O, 17O′γ) reaction used a set up con-
sisting of two main detection systems, one for the measure-
ment of the scattered ions and one for the measurement of
the gamma decay. Figure 10 shows in a schematic way the
experimental setup. A system of telescopes of Si detectors
was used for the identification and measurement of the
kinetic energy of the scattered ions. The segmented sili-
con telescopes (pixel type) were placed for each measured
nucleus at around the grazing angle (see table 3) and sym-
metrically with respect to the beam direction. These tele-
scopes are prototypes built for the TRACE project [87].
Each Si detector had an horizontal size of 20mm, a ver-
tical size of 50mm and included 60 pixels each with an
area of 4mm × 4mm. For these Si detectors ad hoc elec-
tronic adapter boards were built which selected the 32
pixels closest to the beam direction. The front face sur-
faces of the electronically connected pixels formed approx-
imately a disk in the plane perpendicular to the beam at
distance of 8 cm from the target center. The two ∆E-E
silicon telescopes each consisted of a thin “∆E” detector
placed in front of a thick “E” detector. The ∆E detec-
tors were 200µm thick, producing an energy loss of about
70MeV for 17O ions at 340MeV. The E detectors were
1mm thick and this thickness was sufficient to stop the
17O ions completely. The thresholds of the Si detectors
were such that a large fraction of events corresponding to
protons and alpha particles were rejected. The overall en-

Fig. 10. Schematic representation of the experimental setup
including segmented silicon detectors placed at forward angles
and the AGATA HPGe detectors. The angle θγ,recoil between
the direction of the recoiling 208Pb ions (dashed line) and of
the gamma-ray (when a scattered 17O is detected in the right
silicon telescope) is displayed.

ergy resolution (as FWHM) was typically around 0.3% at
340MeV.

The detection of gamma-rays, emitted in coincidence
with events measured in the Si telescopes, was performed
with the AGATA (Advanced Gamma Tracking Array)
Demonstrator. AGATA is a HPGe detector array of new
generation allowing to use the techniques of pulse shape
analysis and of gamma-ray tracking [88, 89]. At the time
of these experiments the AGATA Demonstrator consisted
of three to five triple clusters of HPGe detectors and was
placed 13.5 cm from the target covering an angular range
in theta from 100◦ to 150◦ (relative to the beam direction).
The segmentation of the HPGe detectors allowed the di-
rection of the gamma-ray emission to be determined with
a precision of 1 degree. The AGATA detection efficiency
was deduced from measurements with radioactive gamma
sources and by simulations performed with the computer
code GEANT4 [90, 91] including the geometrical configu-
ration of these particular experiments.

The correlation with the beam direction was particu-
larly useful to check with rather good precision the an-
gular position of each pixel. For this purpose the Doppler
shift of the 6.13MeV gamma-ray transition of the 16O nu-
cleus was examined for each pixel. The 16O ions were well
identified from 17O ions in the E-∆E correlation of the
collected events (see left panel of fig. 11). The 6.13MeV
gamma-rays coming from a source moving with the beam
velocity, corresponding to a velocity parameter beta = v/c
of 0.2, resulted to be the most sensitive, among the avail-
able transitions, to the Doppler shift correction. This is
shown in the right panel of fig. 11.

To obtain the excitation cross section for specific nu-
clear states data from (17O, 17O′γ) were used. Indeed, if
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MeV), 1.69(0.28)% (6.264 MeV). The obtained summed
value, including the contribution of all the observed 1−

transitions up to 7.335 MeV, is 9.0(1.5)%, in line with
the value reported in [10] and consistent with the fact
that most of the isoscalar strength in 208Pb is around
22 MeV [29–31]. It should be also pointed that the
fraction of the isoscalar electric dipole sum rule for the
4.842 MeV E1 state was not obtained in the past with
( α,α′γ) but only from an analysis reported in [10] of a
low resolution measurement of (p,p′) scattering.
In conclusion this paper has presented new data, ob-
tained measuring gamma decay with high resolution and
using an isoscalar probe, on the nature of the pygmy
states in 208Pb, a nucleus which is a test bench for
theory. The E1 transitions cross sections were analyzed
for the first time using a microscopic form factor. The
isoscalar component of these states was obtained using
a very complete experimental information allowing a
consistent description of cross sections for elastic and
inelastic excitations of low-lying and high-lying states
of different electric E1 and E2 characters. As a final
remark it is found that the (17O,17O′γ) reaction at
around 20 MeV/u is a good tool for the study of the
PDR suggesting possible exploitation of loosely bound
target nuclei such as 13C with intense radioactive beams
in inverse kinematics.
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FIG. 4. Panls () and (b) : the differential inelastic scat-
tering cross section 208Pb(17O,17O′)208Pb∗ at 340 MeV for
the E1 states 4.842 MeV and 5.512 MeV, respectively. The
error bars are the statistical error. The lines show DWBA
calculations. The green dash-dotted curves are the Coulomb
excitation cross sections and the blue dashed lines are calcu-
lations with the standard phenomenological form factor (tail
of the GDR). The curves shown with full drawn lines include
the nuclear contribution calculated with the microscopic form
factor shown in the bottom panel (panel c) and derived with
the transition density shown in the inset.

DWBA calculations (with 
FRESCO) using the 

microscopic form factors 
shown before 

In Fig. 2 [panel (a)] the data for elastic scattering divided
by the Rutherford cross section are shown. The normali-
zation of the calculation to the data at 11.9° gave an overall
factor related to the beam current and target thickness.
The corresponding distorted wave Born approximation
(DWBA) predictions were obtained with the computer code
FRESCO [24]. Theopticalmodel parameters of Saxon-Woods
potentials providing the best fit to the data correspond to
V ¼ 40.0 MeV,W ¼ 42.5 MeV (withV andW the depth of
the real and imaginary potentials), rv ¼ rW ¼ 1.15 fm,
aV ¼ aW ¼ 0.767 fm (the radii and diffuseness of the real
and imaginary parts) and rC ¼ 1.20 fm (theCoulomb radius
parameter). They are in general good agreement with a
previous measurement at a similar energy [15,25].
The optical model parameters from the elastic scattering

were then used to calculate the excited states’ cross
sections. The predictions for the 3− state at 2.618 MeV
and for the 2þ state at 4.085 MeV used the known
BðE2Þ↑and BðE3Þ↑ values [23,26,27] (see Fig. 2). Pure
isoscalar excitation was assumed, implying that the ratio of
the neutron matrix element Mn and the proton matrix
elementMp is given byMn=Mp ¼ N=Z. It is clear from the
good agreement with the data on an absolute scale (no
further normalization) that the deformed potential does an
excellent job. The results for 2þ and 3− states are consistent
with a measurement at 375 MeV [25]. For the 3− state a
hindrance factor was needed when it was excited with a

beam energy of 84 MeV=u [28]. Also, the high-lying E2
state at 6.194 MeV is rather well reproduced by the
calculation with the condition Mn=Mp ¼ N=Z. In general,
this implies a dominant isoscalar character of the state,
although the work in [15] discussed the validity of this
relation in the case of the GQR. All measured cross sections
averaged over angles [the average center of mass (c.m.)
angle being 15.6°] are shown in the top panels of Fig. 3,
with the E1 transitions on the left and the E2 transitions
on the right. The shaded areas in this figure show the
sensitivity limit, deduced on the base of the background
present in the spectra. In the bottom part of Fig. 3 the
BðE1Þ↑ and BðE2Þ↑ values deduced from (γ, γ0) measure-
ments [23] are shown. Note that (p, p0) data of [4] provide,
in the region of interest here, results basically identical to
those of (γ, γ0).
In the top left panel of Fig. 3 the DWBA predictions for

the E1 transitions, corresponding to the experimental
values of the BðE1Þ↑ from (γ, γ0) [23,27] and (p, p0)
[4], are shown with dashed bars. These calculations, which
are in strong disagreement with the data, were obtained
using a standard form factor (not pure Coulomb) and are
found to be very similar to the Coulomb excitation alone.
Examining Fig. 3 one notes a rather strong reduction of the
cross section, appearing at first glance anomalous, for
the E1 states at 6.5–7.5 MeV as compared with those at
4.5–6.5 MeV. This seems to be in contrast with the known

FIG. 2 (color online). Cross section measurements (closed
circles) and DWBA predictions (solid curves) for the
208Pbð17O;17OÞ208 and 208Pbð17O;17O0γÞ208Pb atEbeam¼340MeV
in the center of mass frame. (a) Elastic-scattering cross section
divided by the Rutherford cross section. (b),(c),(d) Cross
sections for excited states at 2.618 MeV (3− state), at
4.085 MeV (2þ state), and at 6.194 MeV (2þ state), respectively.
The error bars represent the statistical error. The green curves in
panel (d) take into account the experimental error in the BðE2Þ↑
value known from (γ, γ0) [23,27].

FIG. 3 (color online). Top panels: the measured differential
cross section at the average angle of 15.6° for E1 transitions (red
bars in the left panel) and E2 transitions (blue bars in the right
panel). The inset shows the details in the higher energy region.
The dashed bars give calculated DWBA excitation cross sections
using the BðE1Þ↑ and BðE2Þ↑ values from (γ, γ0) [23,27] and
standard form factors (see text). The shaded areas show the
sensitivity limit of the experiment. Bottom panels: electromag-
netic reduced transition strength measured with (γ, γ0) experi-
ments [23]. The statistical error of the experiment implies lower
and upper values indicated with the short horizontal bars.
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VI. THE 1− STATES

The present reaction populates very well the 1− state at
6.424 MeV, for which the γ transition to the ground state is
well identified in the γ -ray spectrum measured with AGATA.
For this state the angular distribution was obtained, as shown
in the top panel of Fig. 7. The DWBA calculation for this state,
based on the adopted B(E1)↑ = 0.018 e2 fm2 value and with
the standard form factor used for isovector dipole states (as,
for example, the GDR), is shown as a black solid line in Fig. 7.
As one can see, this calculation accounts only for a rather
small fraction of the measured yield. In this calculation the
Coulomb part is the dominant one and it is fixed by the known
B(E1)↑ value deduced from the (γ ,γ ′) data of Ref. [17].
It is clear that the nuclear part is not well described by the
standard distorted potential approach in the case of this 1−

state. Similarly to what was done in recent analyses of 1− states
in 208Pb [14] and 124Sn [15], also for the 1− state at 6.424 MeV
in 90Zr a calculation was performed using a microscopically

FIG. 7. (Color online) (Top) Inelastic scattering cross section
90Zr(17O,17O′γ )90Zr* at 340 MeV for the 1− state 6.424 MeV.
The error bars are the statistical errors. The lines show DWBA
calculations. The black solid curve represents the calculations with the
standard phenomenological form factor. The red solid line includes
the nuclear contribution calculated with the microscopic form factor
shown in the bottom panel (see text) and derived with the transition
density shown in the Fig. 8.

FIG. 8. (Color online) Transition densities for protons (red line)
and neutrons (blue line) used to derive the form factors for the
microscopic calculations for the 1− pygmy states (top panel) and
2+ states (bottom panel).

calculated form factor. The form factor was calculated by
a double folding procedure with a M3Y nucleon-nucleon
interaction. The ground-state density and the transition density
were obtained with Hartree-Fock plus RPA calculations with
a SGII (Sagawa-Giai II, see Ref. [30]) interaction. The proton
and neutron transition densities for a 1− state are shown in
Fig. 8 (in the top panel). In the bottom panel of Fig. 8 the
proton and neutron transition densities for a 2+ state are also
displayed. These transition densities show the typical behavior
of pure isoscalar states. For the 2+ state, proton and neutron
transition densities oscillate in phase. Instead, for the 1− state
proton and neutron transition densities are characterized by an
oscillation in phase inside the nucleus and by a concentration of
only neutron strength at the surface. This is the typical behavior
of a pygmy state characterized by a concentration of neutron
strength at the surface. The corresponding form factors are
shown in the bottom panels of Figs. 6 and 7, from which one
can appreciate the different structure of the two form factors.
In particular, the one corresponding to the low-lying dipole
(PDR) state shows a positive interference, between Coulomb
and nuclear components, inside the nucleus and a negative one
at the surface. This is attributable to the presence of a node
in the isoscalar transition density of the PDR state. One can
note that for the 1− state the form factor from the microscopic
description is very different at the nuclear surface as compared
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with that based on the distorted potential. The microscopic
calculation corresponds to a fraction of 2.4% of the isoscalar
energy-weighted sum rule (EWSR) strength. By fitting the
6.424-MeV data with calculations a value of 2.17% of EWSR
strength for the isoscalar dipole was found.

The 90Zr(17O,17O∥γ )90Zr* data at Eγ > 6.5 MeV are
expected to have a dominant E1 character. This is based
on three different considerations. The first is that the (γ ,γ ∥)
data from Ref. [17] show the presence of many dipole states
with a large fraction having electric character as also deduced
from (p,p∥) data from Ref. [18]. The second consideration is
that the (17O,17O∥γ ) reaction similarly to the (α,α∥γ ) reaction
populates predominantly natural parity states such as 1− and
2+. The third is that the intensity ratio YR in two angular
intervals 125′–150′ and 100′–125′ (see Fig. 3) is consistent

FIG. 9. (Color online) (Top) The quantity σR =
σ (Ex)/σ (7 MeV) in 0.5-MeV bins as a function of excitation
energy, for the reactions (17O,17O∥γ ) (black solid circles), and
deduced from (γ ,γ ∥) data (red triangles) [17] and from (p,p∥) E1
data (blue solid squares) from Ref. [18]. The lines are to guide the
eyes and the error bars the statistical uncertainties. (Middle) The
measured differential cross section at the average angle 10.5′ for γ

transitions in 0.5-MeV bins is displayed with blue bars. The red bars
give calculated DWBA cross-section predictions assuming E1 and
using the B(E1)◦ values from (γ ,γ ∥) [17] and standard form factors
(see text). (Bottom) Electromagnetic reduced E1 transition strength
deduced from the (γ ,γ ∥) data of Ref. [17], assuming E1 transitions.

with γ transitions of dominant E1 character at Eγ > 6.5 MeV.
The states at Ex > 6.5 MeV in 90Zr are weakly populated
by the (17O,17O∥γ ) reaction and because of low statistics the
cross-section data for Eγ > 6.5 MeV were binned at 0.5 MeV.
These cross sections are shown in the middle panel of Fig. 9
with blue bars together with DWBA calculations using the
standard deformed potential form factors (red bars). These
DWBA calculations were made using for the quantity B(E1)
the experimental values deduced from the (γ ,γ ∥) experiment
of Ref. [17] and which are given in the bottom panel of Fig. 9.
Note that in all these calculations (with the standard deformed
potential form factors) the Coulomb component is dominant. It
is clear that only at around 10–11 MeV are the data somewhat
reasonably reproduced by the calculations. In this 10–11-MeV
region the calculated transition densities reported in Ref. [17]
suggest that the E1 mode is of GDR type, namely with protons
and neutrons out of phase and covering the same spatial
extension. Altogether, this comparison between the measured
and calculated cross sections shows the presence of an isoscalar
component in the cross section decreasing in strength as the
excitation energy of the nucleus increases.

It is interesting to compare for this nucleus the relative
behavior of the cross sections measured at Ex > 6.5 MeV
with the (17O,17O∥γ ), the (γ ,γ ∥), and the (p,p∥) reactions.
For this purpose, the quantity σR = σ (Ex)/σ (7 MeV), where
σ (Ex) is the cross section at excitation energy Ex , has been
evaluated for these three reactions. This quantity (equal to 1
at 7 MeV and in all cases given in bins 0.5 MeV wide) is
shown in the top panel of Fig. 9 for the three reactions. The
error bars in the cases of the (γ ,γ ∥) and (p,p∥) data are smaller
than the symbols and for (17O,17O∥γ ) data reflect the statistical
uncertainties. A strong increase of these relative cross sections
in the excitation energy interval 6.5 to 11 MeV is observed for
the (γ ,γ ∥) and (p,p∥) data, while a strong decrease is evident in
the (17O,17O∥γ ) data. More data with higher statistics, smaller
energy binning and obtained with other types of reactions are
needed to get a better insight into the nature of 1− states,
particularly in the energy region where a transition between
pygmy states and GDR type states occurs.

VII. SUMMARY

The present experiment has studied the (17O,17O∥γ ) in-
elastic scattering reaction at 340 MeV on the 90Zr nucleus.
The measured cross section for the elastic scattering, for the
first two 2+ states and for the 3− state are well reproduced
by the DWBA approach using the deformed collective form
factor and for the ratio of the neutron and proton transition
matrix elements the expression Mn/Mp = N/Z (i.e., pure
isoscalar). For the 2+ state at 3.842 MeV some evidence is
found for a different shape of the transition density at the
nuclear surface as compared with the other two 2+ states. For
the 2+ state at 4.681 MeV the γ transition to the ground state
and the one populating the state at 3.842 MeV are seen for
the first time. The strong E1 transition from the 6.424-MeV
1− state was analyzed using the standard collective model
form factor and a microscopic form factor, only the latter
reproducing the data. From this analysis it was found that the
1− state at 6.424 MeV has a dominant isoscalar component
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FIG. 5. Cross-section measurements (filled circles) and DWBA
predictions (solid curves) for the 140Ce(17O ,17O)140Ce and
140Ce(17O ,17O −)140Ce at Ebeam = 340 MeV in the center-of-mass
frame. (a) Elastic-scattering cross section divided by the Rutherford
cross section. Other panels show cross sections for the excited states
at 2.464 MeV (3′ state), 3.118 MeV (2+ state), and 3.643 MeV
(1′ state). The error bars represent the statistical error.

was used for the further analysis of inelastic excitations.
The following optical model parameters of the Woods-Saxon
potentials that best fitted the elastic scattering data were
employed: for the depth of the real and imaginary potentials,
we used V = 48.1 MeV and W = 34.1 MeV, and for the
radii and the diffusenesses of the real and imaginary parts we
used rv = rw = 1.15 fm and av = aw = 0.69 fm, respectively.
The Coulomb radius parameter was rc = 1.2 fm. The same
optical model parameters from the elastic scattering were then
used to calculate the excited-state differential cross sections.
The predictions for the 2+ states at 1.596 and 3.118 MeV
and the 3′ state at 2.464 MeV (see Fig. 5) were calculated
using the known B(E2)≈ and B(E3)≈ values [32] and,
moreover, pure isoscalar excitation was assumed, implying
that the ratio of the neutron matrix element Mn and the proton
matrix element Mp is given by Mn/Mp = N/Z. For the 3′

state the yield was the sum of the ground-state decay plus the
branching to the 2+ state. The data are reproduced very well
and this supports the fact that these states have a collective
nature. In particular also the state of the 2+ ◦ 3′ character at
3643 keV is rather well reproduced with this approach [see
Fig. 5(d)].

The first step analysis of 1′ states was also made using
this approach. The corresponding calculations are shown in
Fig. 6 with the long-dashed and short-dashed lines. The data
shown in Fig. 6 correspond to the cross section of one state
at 5.660 MeV [Fig. 6(b)] and to the sum of the cross sections
for all the states in the regions: 4–6.2 MeV [Fig. 6(c)] and
6.2–7.8 MeV [Fig. 6(d)] representing the low- and high-energy
parts of the PDR states, respectively. The cross sections for the

FIG. 6. Experimental cross sections for the PDR γ transition at
(b) 5660 keV, and the integrated regions (c) below and (d) above
6.2 MeV of 140Ce measured in the (17O, 17O −γ ) experiment. The
dotted purple line represents the Coulomb cross section calculated
with the DWBA while the dashed green line is the total cross
section using the standard collective form factor. The solid blue line
represents the total cross section using the microscopic nuclear form
factors of (a).

excitation of discrete states and levels, which correspond to
the integrated regions, were obtained from our measurement
and compared with the DWBA results. For the calculations,
values of 0.061 and 0.121 W.u. for the sum of B(E1)≈
strength in the low- and high-energy regions, respectively,
were used as known from the NRF experiment of Ref. [9].
The standard collective form factor of IVGDR type [29] was
used in order to account for the nuclear part of the interaction.
It is clearly seen that such DWBA calculations account only
for a small fraction of measured cross sections (12% and
42% for the low- and high-energy regions, respectively),
which may suggest that the main contribution comes from
the nuclear part and that a proper form factor is needed. This
is also an indication for a predominantly isoscalar character
of the PDR states, especially in the low-energy region. To
check this assumption, we performed DWBA calculations
using a microscopically calculated form factor based on
transition densities for the pygmy states [see Fig. 6(a)].
The proton and neutron transition densities, obtained using
the fully consistent relativistic quasiparticle random phase
approximation (RQRPA) model [12] for a state at 8.39 MeV
are shown in the Fig. 6(a) inset. It shows typical features of
the PDR states: neutron and proton transition densities are in
phase in the interior and there is a strong surface contribution
due only to neutrons.

The form factor obtained with the double folding method
using the M3Y nucleon-nucleon interaction [18,19] is also
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Eα=136 MeV

This effect has been examined by microscopic calcula-
tions. The (!, !0) cross sections can be directly compared
to calculated nuclear response to the electromagnetic di-
pole operator r Y1. The calculation of the (", "0) cross
sections involves the Coulomb and nucleon-nucleon terms
of the "-particle interaction with the target nucleus. We
have checked that the former term plays a marginal role
(less than 10%) under conditions of the present experi-
ment. Then, accounting for a small q value of the reaction
which is about 0:33 fm!1, the (", "0) cross section is
proportional with a good accuracy to the response to the
isoscalar dipole operator r3 Y1. The spurious center-of-
mass motion has been removed (see, e.g., [33] for details).

The nuclear structure part of these calculations has
been performed within the QPM [34] and the relativistic

quasiparticle time-blocking approximation (RQTBA) [35],
the most representative combination of the microscopic
nuclear structure models beyond quasiparticle random-
phase approximation (QRPA). The QPM wave functions
of nuclear excited states are composed from one-, two-
and three-phonon components. The phonon spectrum is cal-
culated within the QRPA on top of the Woods-Saxon mean
field with single-particle energies corrected to reproduce the
experimentally known single-particle levels in neighboring
odd-mass nuclei. The details of calculations are similar to
the ones in Refs. [3,14,17]. The results are presented in
Fig. 2. Figure 2(d) shows that the electromagnetic strength
is strongly fragmented with two pronounced peaks at about
6.3 and 7.5 MeV, in good agreement with the measured
(!, !0) data. The isoscalar response in Fig. 2(c) reveals the
suppression of the strength in the higher energy part of the
spectrum, in good qualitative agreement with the data.
The RQTBA is based on the covariant energy-density

functional and employs a fully consistent parameter-free
technique (for details seeRef. [35]) to account for nucleonic
configurations beyond the simplest two-quasiparticle
ones. The RQTBA excited states are built of the two-
quasiparticle-phonon (2q " phonon) configurations, so that
themodel space is constructedwith the quasiparticles of the
relativistic mean field and the phonons computed within the
self-consistent relativistic QRPA. Phonons of multipolar-
ities 2þ, 3!, 4þ, 5!, 6þ with energies below 10 MeV are
included in themodel space. The result of these calculations
is shown in Figs. 2(e) and 2(f). Compared to the experi-
mental and to the QPM spectra, the structural features are
shifted by about 600 keV towards higher energies for theE1
electromagnetic strength and even more for the isoscalar
dipole strength. Furthermore, the obtained fragmentation is
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20

16

12

8

4

B
(E

1)
[1

0-3
e2 fm

2 ]

3 4 5 6 7 8

Energy [MeV]

124Sn( , ’)

0.0

0.2

0.4

0.6

0.8
d

/d
[m

b/
sr

] 124Sn( , ’ )

0

500

1000

1500

2000

B
is
(E

1)
[e

2 fm
6 ] IS-E1 QPM

40

30

20

10

B
em

(E
1)

[1
0-3

e2 fm
2 ]

3 4 5 6 7 8

Energy [MeV]

EM-E1 QPM

400

300

200

100

4 5 6 7 8 9 10

Energy [MeV]

EM-E1 RQTBA

0

1000

2000

3000

IS-E1 RQTBA

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2 (color online). (a) Singles cross section for the excitation of the J# ¼ 1! states in 124Sn obtained in the (", "0!) coincidence
experiment. The solid line shows the energy-dependent experimental sensitivity limit. (b) BðE1Þ " strength distribution measured with
the (!, !0) reaction. The middle column shows the QPM transition probabilities in 124Sn for the isoscalar (c) and electromagnetic
(d) dipole operators. The RQTBA strength functions in 124Sn for the isoscalar and electromagnetic dipole operators are shown in
(e) and (f), respectively.
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Fig. 4. The cross section measured with proton inelastic scattering at 80 MeV (in-
tegrated over a bin 0.5 MeV wide and in mb/sr) is shown with orange bars and 
the corresponding prediction, including as strength that determined by the (α, α′γ ) 
data, is shown with blue bars. Panel (a) is for the 90Zr nucleus and panel (b) for the 
94Zr nucleus. The predictions are based, as described in the text, on DWBA calcu-
lations using values of the E1 EWSR strengths that were deduced from fitting of α
scattering data of this work.

ferent structures and thus different isoscalar components probed 
by the two types of projectiles.

In the case of the 94Zr the general trend of the data is described 
by these calculations in a rather satisfactory way with the exclu-
sion of the points at 5 and 6.5 MeV for which discrepancies outside 
the error bars are found. For both nuclei the found discrepancies 
might be due to the fact that the assumption of a form factor to 
be the same over the entire excitation-energy region, which is con-
sidered here, is not fully appropriate. Moreover, the differences in 
between the (p,p’γ ) data and the calculation using the ISEWSR ex-
tracted from the (α, α’γ ) data are probably reflecting the mixed 
character of the (p,p’γ ) excitation. One can generally deduce that 
both reactions give a consistent picture of the 1− states distri-
bution as being a mixture of isoscalar and isovector type with a 
strong neutron contribution at the nuclear surface. It is also inter-
esting to note that in the case of 94Zr an increase of the B(E1) is 
found in the (γ , γ ′) data at around the neutron binding energy, 
while in contrast the nuclear excitation decreases in that region. 
This could be interpreted as due to a transition from isoscalar to 
isovector type for these states. In addition, it is found that the to-
tal isoscalar strength up to 12 MeV in 90Zr is 20 ± 2.5% of the 
ISEWSR while that in 94Zr is 9 ± 1.1%, albeit up to 8.5 MeV only. 
This seems to be in contrast to expectations since the 94Zr nucleus 
is more neutron rich. This finding, although referring to a differ-
ent excitation energy region, could be due to a smaller collectivity 
of these states. However one cannot exclude that the M1 contribu-
tion in 90Zr is larger than that estimated and subtracted.
In summary the low-lying dipole strength in the two isotopes 
90,94Zr was measured using inelastic scattering of protons at 80 
MeV and α particles at 130 MeV incident energies. For both proton 
and α scattering, the nuclear part is dominant for the excitation of 
the low-energy part of the pygmy dipole resonance. The size of 
the excitation cross section is overall satisfactorily reproduced us-
ing microscopic form factors corresponding to transition densities 
with a neutron contribution at the surface. These transition densi-

ties are characterised by protons and neutrons oscillating in phase 
in the inner region while at the nuclear surface the isovector and 
the isoscalar parts are of the same strength. The fraction of the 
isoscalar electric dipole EWSR strength was deduced by fitting the 
α scattering data with DWBA calculations and these deduced val-
ues were then used to calculate the proton cross section without 
any further normalisation. This coupled analysis of the two reac-
tion data gives an overall acceptable description of the 90Zr data 
and a more satisfactory description for 94Zr data. It shows, from 
the found discrepancies, that the mixing of isoscalar and isovector 
components is not the same for all 1− states below the parti-
cle binding energy. In addition, the (γ , γ ′) data show that there 
is an increase of the Bem(E1) strength around the neutron bind-
ing energy for the more neutron-rich isotope. In contrast, for the 
present case, the total isoscalar strength is found to decrease by 
going from 90Zr to the more neutron rich 94Zr. However, for the 
present measurements the energy region of 1− states in 90Zr ex-
tends to a larger interval (up to 12 MeV) as compared to that of 
94Zr, (up to 8.5 MeV) and thus one cannot exclude the presence 
of E1 transitions in 94Zr at energies larger than 8.5 MeV, which 
are not here visible because of the high competition with neutron 
emission. By noting that the measured ISEWSR for 90Zr is the sum 
of 8 ± 1% (for 5.5-8.5 MeV) with 12 ± 1.5 % (for 8.5-12 MeV), and 
that for 94Zr up to 8.5 MeV a value 9 ± 1.1% was found, a simple 
extrapolation for 94Zr at 8.5-12 MeV gives ≈ 14%. This expectation 
has to be taken with great caution, being very crude, and it has 
to be verified with data having statistics approximately 50 times 
larger than this one.

The present work provides a new surprising and interesting 
result that needs to be checked also in other nuclei and with 
additional improved modelling. It also indicates that the intrinsic 
underlying structure of the 1− states plays a role.
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The 90,94Zr nuclei investigated via (p, p′γ) at 80 MeV and (α, α′γ) at 
130 MeV. At RCNP, with the magnetic spectrometer Grand Raiden for the 
scattered particles and the array CAGRA with HPGe detectors for the γ-
decay. 
The E1 ISEWSR strengths of the states were extracted from the data by 
DWBA calculations performed for the (α, α′γ) reaction.
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Under the assumption that the information 
extracted with the (α, α′γ) can be extended to 
the (p, p’) reactions, the calculations for the 
cross section for the reaction (p, p′γ) have been 
done with the values of the ISEWSR obtained 
from the α reaction.

The general trend have been reproduced 
except for few states for the 90Zr case. It is 
worthwhile to apply this analysis - improving 
the modelling - to other nuclei, to try to 
understand better the intrinsic structure of 
these low-lying dipole states. 
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Abstract. An overview of relevant results on the study of 1− states focusing on their excitation with nuclear
probes is given. Results obtained for the 90Zr, 124Sn, and 208Pb nuclei using the (17O, 17O′γ) reaction are
compared with available data obtained with the (γ, γ′), (p, p′), and (α, α′γ) reactions. These comparisons
allow to learn on the nature of the populated states, particularly the E1 states, whose isospin character
is presently poorly known. The DWBA description of the data is discussed in terms of different form
factors, standard collective form factor and form factors obtained by folding microscopically calculated
transition densities. The relevant aspects related to the used theoretical approach are also presented. The
main objective of the analyses is the extraction of the values of the fraction of the energy weighted sum
rule strength for the isoscalar dipole excitation. For completeness, in all cases, the DWBA analysis was
made also for the excitations of 2+ and 3− states.

1 Introduction

A powerful method to study the properties of a physi-
cal system is to subject it to external perturbations and
examine its response. For the atomic nucleus subjected
to the absorption of photons, the response of electric
dipole type is characterized in the energy region between
10 and 30MeV by a broad bump, the Isovector Giant
Dipole Resonance (IVGDR). This resonance corresponds
to a dipole-type oscillation of protons against neutrons
and its spectral distribution is in general well described
by a Lorentzian function. Although the general properties
of the IVGDR have been extensively studied during the
years, there is presently particular attention to the electric
dipole response in the region around the particle binding
energy (< 10MeV). In that region an additional concen-
tration of E1 strength exceeding the Lorentzian shape was
identified in many nuclei, particularly the neutron-rich
ones. This E1 strength is denoted as Pygmy Dipole Res-
onance (PDR) and within the hydro dynamical model is
described as due to oscillations of neutrons forming a skin
outside a core made out of the other neutrons and protons
occupying the same nuclear orbitals. Since 1969, year in
which the notation pygmy strength started to be used and
its influence on neutron capture was established, many
experimental and theoretical works were made (see [1]).
Very detailed investigations have been carried out in dif-
ferent mass regions for several stable nuclei and for few

a e-mail: Angela.Bracco@mi.infn.it

nuclei far from the stability valley by using radioactive
beams. In the case of light nuclei, as for example for the
exotic 11Li nucleus [2], the pygmy, or E1 soft excitation,
is characterized by a strength which does not have a reso-
nant character and it is solely related to the single-particle
structure of the loosely bound nucleons. For heavier nuclei,
experimental information on pygmy states comes from ex-
periments using real and virtual photons. Virtual photons
from Coulomb excitation processes at high bombarding
energy were exploited for the radioactive beams 132Sn [3],
68Ni [4,5] and 26Ne [6]. In the case of stable nuclei exper-
iments using virtual photons from polarized protons at
295MeV (see, e.g., [7]) were made at RNCP and several
real photon scattering experiments (γ, γ′) were performed
for many nuclei (see [8] for a review).

Investigations employing (α,α′γ) and (17O, 17O′γ) re-
actions were also made. In contrast with the photon probe,
for which the long-range electromagnetic field is sampling
the nucleus as a whole, nuclear probes with their short-
range interactions are sampling mainly the nuclear surface
when their bombarding energy is less than approximately
100MeV/u. These will be discussed in particular in this
paper.

There are two important physical aspects related with
the position and strength of the PDR in nuclei. One
is its influence on reaction rates in the astrophysical r-
process [9–11] which synthesizes approximately 50% of the
abundance of the elements heavier that iron. Indeed the
low-lying strength affects the synthesis of nuclei in ex-
plosive stellar burning phases, the photo-disintegration of
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a b s t r a c t

This review paper concerns the research devoted to the study of the properties of dipole
excitations in nuclei. The main focus is on questions related to isospin effects in these
types of excitations. Particular attention is given to the experimental and theoretical
efforts made to understand the nature and the specific structure of the low-lying dipole
states known as the Pygmy Dipole Resonance (PDR). The main experimental methods
employed in the study of the PDR are reviewed as well as the most interesting theoretical
aspects. The main features of the experiments and of theoretical models are reported
with special emphasis on the reaction cross sections populating the dipole states. Results
are organized for nuclei according to different mass regions. The knowledge of the
isovector dipole response as well as its low energy part is important in order to deduce
the nuclear polarizability as accurate as possible. This issue is discussed in this paper
together with the connection with the neutron skin and the nuclear equation of state.
The important role played by the dipole response to deduce other physical quantities
of general interest is discussed in the last two chapters. One concerns the level density
and the other the isospin mixing in nuclei at finite temperature and its relation with
beta decay.
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