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1.1 OBJECTIVES

The International Atomic Energy Agency sponsored a two-week Workshop on
“Nuclear Structure and Decay Data: Theory and Evaluation” at the Abdus Salam
International Centre for Theoretical Physics (ICTP) in Trieste from 20 February to 3
March 2006. This workshop was organised and directed by A.L. Nichols (IAEA
Nuclear Data Section), J. Tuli (NNDC, Brookhaven National Laboratory, USA) and
A. Ventura (ENEA, Bologna, Italy).

As with earlier workshops [1,3], the primary objective was to familiarize nuclear
physicists and engineers from both developed and developing countries with

0] modern nuclear models;

(i) relevant experimental techniques;

(i) statistical analyses procedures to derive recommended data sets;

(iv)  evaluation methodologies for nuclear structure and decay data;

(V) international efforts to produce the Evaluated Nuclear Structure Data File
(ENSDF).

Reliable nuclear structure and decay data are important in a wide range of nuclear
applications and basic research. Participants were introduced to both the theory and
measurement of nuclear structure data, and the use of computer codes to evaluate decay
data.

Detailed presentations were given by invited lecturers, along with computer exercises
and workshop tasks. Participants were also invited to contribute their own thoughts and
papers of direct relevance to the workshop.

1.2 PROGRAMME
The workshop programme is briefly summarised below.
1.2.1  Agenda

Monday, 20 February 2006

08:30- 9:30 Registration

10:30 - 12:30 Opening Session
Welcome (Alan Nichols (IAEA) and Jag Tuli (BNL))
Aims (Jag Tuli)
NSDD - general features (Jag Tuli)
IAEA-NDS — NSDD network and recent relevant CRPs (Alan Nichols)

12:30 - 14:00 Lunch break

14:00 - 15:30 Introduction to ICTP computer facilities (Johannes Grassberger/
Kevin McLaughlin)

15:30 - 16:00 Coffee break

16:00-17:30 Introduction (cont.)

Web capabilities + NUDAT (Tom Burrows and Alan Nichols)



Tuesday, 21 February 2006

09:00 - 10:30
10:30 - 11:00
11:00-12:30

12:30 - 14:00

14:00 - 15:30
15:30 - 16:00
16:00 - 17:30

Nuclear theory (Piet Van Isacker)
Coffee break
ENSDF format + model exercises (Jag Tuli)

Lunch break

Bibliographic databases and ENSDF programs (Tom Burrows)
Coffee break
Students’ presentations

Wednesday, 22 February 2006

09:00 -10:30
10:30 - 11:00
11:00 - 12:30

12:30 - 14:00

14:00 - 15:30
15:30 - 16:00
16:00 - 17:30

Nuclear theory (Piet VVan Isacker)
Coffee break
ENSDF - evaluation techniques (Jagdish Tuli)

Lunch break

ENSDF programs+model exercise (Tom Burrows)
Coffee break
Students’ presentations

Thursday, 23 February 2006

09:00 - 10:30
10:30 - 11:00
11:00 - 12:30

12:30 - 14:00
14:00 - 15:30

15:30 - 16:00
16:00 - 17:30

Experimental techniques (Filip Kondev)
Coffee break
ENSDF - decay (Eddie Browne)

Lunch break

ENSDF- reaction (Coral Baglin)

Coffee break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Friday, 24 February 2006

09:00 - 10:30
10:30 - 11:00
11:00 - 12:30

12:30 - 14:00

14:00 onwards

Experimental techniques (Filip Kondev)
Coffee break
Model exercise — decay (lead by Eddie Browne)

Lunch break
Free time

Monday, 27 February 2006

09:00 - 10:30
10:30 - 11:00
11:00-12:30
12:30 - 14:00

14:00 - 15:30

15:30 - 16:00
16:00-17:30

ENSDF - Theory (Yogendra Gambhir)

Coffee break

Model exercise — reaction (lead by Coral Baglin)
Lunch break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Coffee break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)



Tuesday, 28 February 2006

09:00 -10:30
10:30 - 11:00
11:00 - 12:30

12:30 - 14:00
14:00 - 15:30

15:30 - 16:00
16:00-17:30

ENSDF - Theory (Yogendra Gambhir)
Coffee break
ENSDF- adopted (Coral Baglin)

Lunch break

Model exercises- adopted (Coral Baglin)

Coffee break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Wednesday, 1 March 2006

09:00 -10:30
10:30 - 11:00
11:00 - 12:30
12:30 - 14:00
14:00 - 15:30

15:30 - 16:00
16:00-17:30

ENSDF — Experimental techniques (Tibor Kibedi)
Coffee break
Data analyses (Desmond MacMahon)

Lunch break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Coffee break

Workshop activities (JagdishTuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Thursday, 2 March 2006

09:00 - 10:30
10:30 - 11:00
11:00 - 12:30
12:30 - 14:00
14:00 - 15:30

15:30 - 16:00
16:00 - 17:30

Friday, 3 March 2006

09:00 - 10:30

10:30 - 11:00
11:00 - 12:30

12:30 - 14:00

14:00 - 15:30

15:30

ENSDF — Other data considerations (Tibor Kibedi)
Coffee break
Data analyses (Desmond MacMahon)

Lunch break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Coffee break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)
Coffee break
Review of workshop (Jagdish Tuli; Thomas Burrows; Eddie Browne;
Alan Nichols)
Lunch break

Workshop activities (Jagdish Tuli; Thomas Burrows; Coral Baglin;
Eddie Browne; Kevin McLaughlin)
Close of workshop



1.2.2  Participants

Twenty-three participants (predominantly from developing countries) with full or partial
support from the IAEA were selected to attend the workshop in February 2006.
Selection was undertaken by Nuclear Data Section staff in association with the
workshop directors and ICTP staff.

First row, seated from left to right:
Zelia Maria DA COSTA LUDWIG (Brazil), Hanane SAIFI (Algeria), Yusuf Aminu AHMED (Algeria), Alan NICHOLS

(IAEA), Lamia AISSAOU (Algeria), GAMBHIR Yogendra (India), Monica Galan (Spain), Zhaleh GHAEMI BAFGHI
(Iran), Coral M. BAGLIN (USA)

Second row, standing from left to right:

Edgardo BROWNE-MORENO (USA), Thomas W. BURROWS (USA), MERIC Niyazi (Turkey), Enkhold
SANSARBAYAR (Mongolia), Ali Asghar MOWLAVI (Iran), Srijit BHATTACHARYA (India), Tibor Kibedi
(Australia), Muhammad Obaidur RAHMAN (Bangladesh), Jagdish K. TULI (USA), Jameel-Un NABI (Pakistan), Filip
Kondev (USA)

Third row, standing from left to right:

Huibin SUN (China), Wang Jimin (China), Kevin MCLAUGHLIN (IAEA), Desmond MACMAHON (UK), Pavlo
GRYGOROV (Ukraine), Bayarbadrakn BARAMSAI (Mongolia), Fouad Attia MAJEED (Irag), Faustin Laurentiu
ROMAN (Romania), Kumar SURESH (India), Lilya ATANASOVA (Bulgaria)




LIST OF PARTICIPANTS

AHMED Yusuf Aminu

Ahmadu Bello University

Centre for Energy Research & Training
Reactor Facility Section

Zaria

NIGERIA

E-mail: cert@cyberspace.net.ng
yaahmed2@yahoo.com

AISSAOU Lamia

Laboratoire de Physique Mathematique
et Physique Subatomique

Université de Mentouri Constantine
Constantine

ALGERIA

E-mail: aissaouilamia@yahoo.fr
aissaou.lamia@caramail.com

ATANASOVA Lilya

Sofia University 'St. Kliment Ohridsky'
Faculty of Physics

James Bourchier Blv. 5

1164 Sofia

BULGARIA

E-mail: lilya@phys.uni.sofia.bg

BARAMSALI Bayarbadrakh

National University of Mongolia
Nuclear Research Centre
Ulaanbaatar

MONGOLIA

E-mail: b_badrakh@yahoo.com

BHATTACHARYA Srijit

Variable Energy Cyclotron Centre
Department of Atomic Energy
1/Af. Bidhan Nagar

700 064 Kolkata

INDIA

DA COSTA LUDWIG Zelia Maria

Universidade de Sao Paulo
Instituto de Fisica
Departamento de Fisica Geral
C.P. 66318

05315-970 Sao Paulo
BRAZIL

E-mail: zamada@if.usp.br

ESMAIL Ahmed Hamdy

Nuclear Power Plants Authority (NPPA)
4 El Nasr Avenue
Nasr City

P.0.B. 108
Abbasia

11371 Cairo
EGYPT

E-mail: nppa2@idsc.net.eq

GALAN Monica

Centro de Investigaciones Energeticas.
Medioambientales Y

Tecnologicas (Ciemat) Facet
Avenida Complutense. 22

28040 Madrid

SPAIN

E-mail: monica.galan@ciemat.es

GHAEMI BAFGHI Zhaleh

Ferdowsi University of Mashhad
School of Science

Department of Physics

P.O. Box 91775-1436
91775-1436 Mashhad

ISLAMIC REPUBLIC OF IRAN

E-mail: zhghaemi@sciencel.um.ac.ir

GRYGOROY Pavlo

Kharkov State University

Dept. of Physics & Technology
31 Kurchatova

310108 Kharkov

UKRAINE


mailto:yaahmed2@yahoo.com
mailto:aissaouilamia@yahoo.fr

E-mail: srijit@veccal.ernet.in

MA Yu Gang

Jilin University

College of Physics

119 Jiefang Road

Changchun 130023

PEOPLE'S REPUBLIC OF CHINA

E-mail: mayugang@hotmail.com

MAJEED Fouad Attia

Al-Nahrain University
Department of Physics
Al-Jaderiyah

P.O.Box 64023
BAGHDAD

IRAQ

E-mail: fouadalajeeli@yahoo.com,

MERIC Niyazi

University of Ankara

Faculty of Engineering

Department of Engineering Physics
Tandogan

06100 Ankara

TURKEY

E-mail: Meric@ankara.edu.tr

MOWLAVI Ali Asghar

Tarbiat Moallem University
School of Sciences

Physics Department

P.O. Box 51745-406

Tabriz

ISLAMIC REPUBLIC OF IRAN

E-mail: amowlavi@sttu.ac.ir

NABI Jameel-Un

GIK Institute of Engineering Sciences
and Technology

Faculty of Engineering Sciences
(Dist.Swabi - NWFP)

Topi 23460

PAKISTAN

E-mail: jameel@gqiki.edu.pk

E-mail: pavel grigorov@mail.ru

RAHMAN Muhammad Obaidur

Independent University
House n. 14, Road n. 14
Baridhara

1212 Dhaka
BANGLADESH

E-mail: mobaidur@yahoo.com

ROMAN Faustin Laurentiu

Horia Hulubei National Institute of Physics and
Nuclear Engineering (IFIN-HH)

Str. Atomistilor no. 407

P.O. Box MG-6

Magurele

76900 Bucharest

ROMANIA

E-mail: faustinroman@yahoo.com

SAIFI Hanane

Mentouri University

Laboratoire de Physique Mathematique et Physiques
Subatomiques

L.P.M.P.S.

Constantine

ALGERIA

E-mail: hanane saifi@yahoo.fr,
hanane_saifi@caramail.com

SANSARBAYAR Enkhold

National University of Mongolia
Nuclear Research Centre
Ulaanbaatar

MONGOLIA

E-mail: sansarbayar@num.edu.mn

SUN Huibin

Shenzhen University

Institute of Nuclear Technology
Shenzhen City 518060

PEOPLE'S REPUBLIC OF CHINA

E-mail: hbsun@szu.edu.cn



mailto:hanane_saifi@yahoo.fr
mailto:hanane_saifi@caramail.com

SURESH Kumar

Indian Institute of Technology Roorkee
{Former University of Roorkee}
Department of Physics

247 667 Roorkee

INDIA

E-mail: ranapdph@iitr.erent.in

WANG Jimin

China Institute of Atomic Energy (C.1LA.E.)
Chinese Nuclear Data Centre

P.O. Box 275-41

102413 Beijing

PEOPLE'S REPUBLIC OF CHINA

E-mail: jmwang@iris.ciae.ac.cn

XU Ruirui

China Institute of Atomic Energy (C.1LA.E.)
Chinese Nuclear Data Centre

P.O. Box 275 - 41

102413 Beijing

PEOPLE'S REPUBLIC OF CHINA

E-mail: xuruirui@iris.ciae.ac.cn




LIST OF LECTURERS

Ms. Coral M. BAGLIN
Nuclear Science Division
Lawrence Berkeley National Laboratory
University of California

1 Cyclotron Road

MS 88R0192

Berkeley, CA 94720

USA

Tel: +1-510-486-6152
Fax: +1-510-486-5757
E-mail: cmbaglin@Ibl.gov

Mr. Edgardo BROWNE-MORENO
Nuclear Science Division

Lawrence Berkeley National Laboratory
University of California

1 Cyclotron Road

MS 88R0192

Berkeley, CA 94720-8101

USA

Tel: +1-510-486-7647

Fax: +1-510-486-5757

E-mail: ebrowne@Ibl.gov

Mr. Thomas W. BURROWS
National Nuclear Data Center
Building 197D

Brookhaven National Laboratory
P.O. Box 5000

Upton, NY 11973-5000

USA

Tel: +1 631 344 5084

Fax: +1 631 344 2806
E-mail: burrows@bnl.gov

Mr. Yogendra GAMBHIR
Indian Institute of Technology
Department of Physics

Powai

400 076 Mumbai

INDIA

Tel:

Fax:

E-mail YOGI@NIHARIKA.PHY.IITB.ERNET.IN
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Mr. Tibor KIBEDI

Australian National University
Research School of Information Sciences &
Engineering

Department of Nuclear Physics
Canberra

ACT

AUSTRALIA

Tel: (02) 6125 2093

Fax: (02) 6125 0748

E-mail: Tibor.Kibedi@anu.edu.au

Mr. Filip G KONDEV
Permanent Institute:

Argonne National Laboratory
Nuclear Data Program
Nuclear Engineering Division
9700 South Cass Avenue

IL 60439 Argonne

UNITED STATES OF AMERICA
E-mail: kondev@anl.gov
Tel: +1-630 252 4484

Fax +1-630 252 4978

Mr. Desmond MACMAHON

Centre for Acoustics and lonising Radiation
National Physical Laboratory

Queens Road

Teddington, Middlesex TW11 OLW
UNITED KINGDOM

Tel: +44-20-8943-8573

Fax: +44-20-8943-6161

E-mail: desmond.macmahon@npl.co.uk

Mr. Jagdish K. TULI (Director)
National Nuclear Data Center
Building 197D

Brookhaven National Laboratory
P.O. Box 5000

Upton, NY 11973-5000

USA

Tel: +1-631-344-5080

Fax: +1-631-344-2806

E-mail: tuli@bnl.gov

Mr. Piet VAN ISACKER

Groupe Physique

Grand Accelerateur National d’lons Lourds (GANIL)
BP 55027

F-14076 Caen Cedex 5

FRANCE

Tel: +33-2-31 454565

Fax: +33-2-31454421

E-mail: isacker@ganil.fr


mailto:desmond.macmahon@npl.co.uk

IAEA STAFF

Mr. Alan L. NICHOLS (Director) Mr. Kevin MCLAUGHLIN (Tutor)
Nuclear Data Section Nuclear Data Section

International Atomic Energy Agency International Atomic Energy Agency
Wagramerstrasse 5 Wagramerstrasse 5

A-1400 Vienna A-1400 Vienna

Austria Austria

Tel: +43-1-2600-21709 Tel: +43-1-2600-21713

Fax: +43-1-26007 Fax: +43-1-26007

E-mail: a.nichols@iaea.org E-mail: p.mclaughlin@iaea.org

1.3 PRESENTATIONS AVAILABLE IN ELECTRONIC FORM ON CD-ROM

Presentations by Lecturers

Aims of the Workshop - General features of NSDD, J. Tuli

Nuclear Theory:

Nuclear Shell Model, P. VVan Isacker (November 2003)

Interacting Boson Model, P. VVan Isacker

Nuclear Structure: Single-particle models, P. VVan Isacker (February 2006)

Nuclear Structure: Collective models, P. Van Isacker (February 2006)

Structure of the odd-even nuclei in the interacting boson model, S. Brant (April 2005)

High spin states in the interacting boson and boson-fermion model, S. Brant (April 2005)
Structure of odd-odd nuclei in the interacting boson-fermion-fermion model, S. Brant (April 2005)
[ decay in the interacting boson-fermion model, S. Brant (April 2005)

Geometrical Symmetries in Nuclei — An Introduction, A. Jain ((November 2003)

Geometrical Symmetries in Nuclei, A. Jain (November 2003)

Lectures on Geometrical Symmetries in Nuclei, A. Jain (November 2003)
Hartree-Fock-Bogoliubov Method, D. Vretenar (November 2003)

Self-consistent Mean-field Models — Structure of Heavy Nuclei, D. Vretenar (November 2003)
Quasiparticle OR BCS method, Y. Gambhir (February 2006)

Hartree-Fock (HF) Mean Field Theory. Y. Gambhir (February 2006)

Experimental Nuclear Spectroscopy:
Introduction, P. VVon Brentano

Lecture | — Nuclear Shapes, P. Von Brentano

Lecture Il — Measurement of Lifetimes, P. Von Brentano

Lecture I — Experimental Nuclear Structure Physics, F. Kondev (April 2005)

Lecture Il — Experimental Nuclear Structure Physics at the extreme, F. Kondev (April 2005)

Lecture | — Experimental techniques to deduce J*, T. Kibedi (February 2006)
Lecture 11 — New developments in characterizing nuclei using separators, T.Kibedi (February 2006)

Statistical Analyses:
Evaluation of Discrepant Data I, D. MacMahon
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Evaluation of Discrepant Data Il, D. MacMahon

Convergence of Techniques for the Evaluation of Discrepant Data: D. MacMahon,

A. Pearce, P. Harris

Techniques for Evaluating Discrepant Data, M.U. Rajput, D. MacMahon

Possible Advantages of a Robust Evaluation of Comparisons, J.W. Muller (presented by
D. MacMahon)

ENSDF:

Evaluated Nuclear Structure Data Base, J.K. Tuli

Evaluations — A Very Informal History, J.K. Tuli

Evaluated Nuclear Structure Data File — A Manual for Preparation of Data Sets, J.K. Tuli
Guidelines for Evaluators, M.J. Martin, J.K. Tuli

Bibliographic Databases, T.W. Burrows

ENSDF Analysis and Utility Codes, T.W. Burrows:
- Their Descriptions and Uses, T.W. Burrows
- FMTCHK (Format and Syntax Checking), T.W. Burrows
- PowerPoint presentations, T.W. Burrows
- LOGFT (Calculates log ft for beta decay), T.W. Burrows
- GTOL (Gamma to Level), T.W. Burrows
HSICC (Hager-Seltzer Internal Conversion Coefficients), T.W. Burrows
ENSDF Decay Data, E. Browne
Model Exercises — Decay, E. Browne
ENSDF - Reaction Data, C. Baglin
ENSDF — Adopted Levels and Gammas, C. Baglin
ENSDF - Examples 1, 2, 3, 4 and 5, C. Baglin

Additional Material:

IAEA: NSDD Network, Recent Relevant CRPs and Other Activities (PowerPoint
presentation), A.L. Nichols

IAEA: NSDD Network, Recent Relevant CRPs and Other Activities (draft paper),

A.L. Nichols

Nuclear Structure and Decay Data: Introduction to Relevant Web Pages (draft paper),
T.W. Burrows, P.K. McLaughlin, A.L. Nichols

Presentations by Participants

2003 Workshop

ETFFS calculations of the low-lying strength in Ca isotopes, E.Litvinova

A=193 Mass Chain evaluation: A summary, Guillermo V. Marti

Fission of %°Po and *®Hg Nuclei at Intermediate Excitation Energies, Houshyar Noshad
Neutron Cross Sections of Er Isotopes, A.K.M. Harun-Ar-Rashid

Comparison of Rotating Finite Range Model and Thomas-Fermi Fission barriers,

K. Mahata

Target/Projectile Structure Dependence In Transfer Reactions, P.K.Sahu

52Gd collective states, VV.Pronskikh

2005 Workshop
Compton Add-Back Protocols for use with the EXOGAM Array, A. Garnswothy
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Experimental determination of photon emission probabilities, A. Luca

Nuclear data activities for Astrophysics at Oak Ridge National Laboratory, C. Nesaraja
Tandar Laboratory, CNEA. Argentina, D. Abriola

Experimental approach to the dynamics of fission, G. Ishak Boushaki

Laboratoire National Henri Becquerel, M.M. Be

Nuclear structure by gamma-ray spectroscopy, a completeness perspective, N. Nica

Radioactive beam spectroscopy of 212Po and 213At with the EXOGAM array, N. Thompson
Developing 152Eu into a standard for detector efficiency calibration, R.M. Castro

2006 Workshop
Photo-Nuclear Reaction Cross Sections for Some Isotopes of Ti and Mo, E.Sansarbayar
Evolution of Massive Stars, Jameel Un Nabi

Pulsed beam method for half-life time measurements M.R. band head in Pb*®’, S. Kumar
g-factor measurement at RISING: The case of '2'Sn, Liliya Atanasova

BANDRRI, National Database at CIEMAT (SPAIN), M. Galan
An appropriate treatment of the Centre-Of-Mass motion in finite nuclei, P.Grygorov
Giant Dipole Resonances: Present & future perspectives at VECC, India, S. Bhattacharya

1.4 OTHER WORKSHOP MATERIALS ON CD-ROM

Atomic Masses
Access to NSDD Resources

NNDC Online Data Service Manual and Data Citation Guidelines

Introduction to International Nuclear Structure and Decay Data Network
Contact names and addresses

Access to ENSDF Format Summary and Examples
Nuclear Structure Manuals
1.5 ADDENDUM MANUAL

Significant quantities of written material have been prepared for the Nuclear Structure
and Decay Data workshop. Their accumulation in various forms acted as an aid to the
participants in their understanding of nuclear theory, measurement techniques, data
analysis and ENSDF mass-chain evaluations, representing an important combination
of technical information for future reference and other NSDD workshops. Therefore,
a relatively large fraction of these presentations, background papers and manuals have
been assembled for further use in the form of earlier documents [2,3] and this
Addendum report.

Our intention is to use and develop this material in the years to come, particularly for
other workshops of this type. Another aim is to ensure that such presentations are not
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lost, and can be readily at hand for new mass-chain and decay-data evaluators to assist
them in their preparation of recommended data for the ENSDF files.

1.6 RECOMMENDATIONS AND CONCLUSIONS
A number of important points can be made concerning the workshop:

1. Twenty-three participants were selected and attended a two-week workshop that
covered nuclear theory and modeling, relevant experimental techniques, statistical
analyses, and the philosophy and methodology for comprehensive mass chain
evaluations. Support materials and information were also provided on the
International Network of Nuclear Structure and Decay Data Evaluators and the most
relevant CRPs organized by the IAEA Nuclear Data Section.

2. Workshop participants were introduced to mass chain evaluations through group
and individual PC/computing activities (over 50% of the agenda of the second week)
CD-ROM and hardcopy materials were provided by IAEA staff for all
students/lecturers.

3. Administrative functions leading up to and during the course of the workshop
worked smoothly, including visa arrangements, travel and subsistence payments to
students and lecturers, additional banking transactions, and hotel/guest-house
accommodation.

4. Specific participants were identified for future involvement in NSDD and mass
chain evaluations.

5. Various important lessons were learnt by the IAEA staff and lecturers involved in
this ICTP workshop. Students were given the opportunity to review the workshop
through a written questionnaire and direct discussions (on 3 March). Their major
recommendations are as follows:

(a) provision of all lecture materials prior to the workshops — all available lecture
materials can be found on the ICTP website withing one to two weeks of the
workshop (ICTP and lecturers to note);

(b) forewarn participants that they will be asked to give a short presentation on
their own nuclear physics studies - this warning was made in the advertising
material for the workshop, but not all students were aware (ICTP to note);

(c) begin PC activities earlier in the course (although this would pose difficulties
with respect to students’ awareness of the nature of the work through the
series of eight necessary ENSDF lectures);

(d) questioned the need for the Friday afternoon break at the end of the first week
(although requested by participants at previous workshops);

(e) requested outside activities during the middle weekend (ICTP to note);

(9) introduce ENSDF format to participants prior to the workshop (through
IAEA-NDS web pages?);

14



As before, this combination of Wednesday/Thursday written questionnaire and Friday
face-to-face review session produced significant feedback. The overall opinion of the
majority of the students was that they had thoroughly enjoyed the 2-week workshop,
made useful new contacts, and learnt much about nuclear structure and decay data:
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Overview of nuclear models

» Ab initio methods: Description of nuclel
starting from the bare nn & nnn interactions.

* Nuclear shell model: Nuclear average potential
+ (residual) interaction between nucleons.

» Mean-ficld methods: Nuclear average potential
with global parametrisation (+ correlations).

» Phenomenological models: Specific nuclei or
properties with local parametrisation.

NSDD Workshop, Trieste, February 2006
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Nuclear shell model

» Many-body quantum mechanical problem:

A 2 A
H=Zf€+sz(rk=’})
=1 <11

K k<l

T o A, e ]

- ZLZI?Z + V(rk)J+ LZVZ (r..r,)- ZV(rk)J

fr=1 & = kkd =1 =
mea;lr field residual Eteractinn

 Independent-particle assumption. Choose V'
and neglect residual interaction:

A 2
PR +ﬁr}
: E‘Lmk )

NSDD Workshop, Trieste, February 2006

Independent-particle shell model
» Solution for one particle:
(2 - ]
[§—m PO E)=E4)

 Solution for many particles:

A
q)ilzz...iA (rlarz:' . '=rA) = H¢zk (rk)
=1

A
Hlpq)g'lzz...zﬂ (’i:rzr 3 '=rA)= (ZEzk]q)zlzz...zA (‘r1=r2=' C -:"A)
=1

NSDD Workshop, Trieste, February 2006
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Independent-particle shell model

+ Anti-symmetric solution for many particles
(Slater determinant):

¢.@r) ¢@r) - ¢.)
@)

1 9.r) 4.(n) - 4.
LPhiz---iA (’i’rz""’rﬂ)zﬁ ( ) ( ) .

¢,@0) 4,@) - 4,@)
» Example for A=2 particles:

¥, (n,rz)%[@ 0)0.(0)- 9, )0, @]

NSDD Workshop, Trieste, February 2006

Hartree-Fock approximation

* Vary ¢. (ie V) to minize the expectation value
of H 1n a Slater determinant:

* -~
5 _[ W o Gslsonily YR, o (BissennsTy YOIy ooy, e
: =
J LPzIz;Q...iA (rl’r2="'=rA )qu;lz'z...zA (rvrz ==== r, )drldrz e drA

 Application requires choice of H. Many global
parametrizations (Skyrme, Gogny,...) have
been developed.

NSDD Workshop, Trieste, February 2006
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Poor man’s Hartree-Fock

» Choose a simple, analytically solvable V that
approximates the microscopic HF potential:

5 < P; me® 2 z—l
H,= |2 4+7% 215, — &P
i 2m 2 J
» Contains

— Harmonic oscillator potential with constant @.
— Spin-orbit term with strength £
— Orbit-orbit term with strength x.

» Adjust @, {and « to best reproduce HF.

NSDD Workshop, Trieste, February 2006

Harmonic oscillator solution

» Energy eigenvalues of the harmonic oscillator:

1 : 1

ol el

— 3 _ 2 2 2 2

E, =N+ po-cBI+1)+h {;(Hl) i
N=2n+1[=012.... oscillator quantum number

n=0,1,2...: radial quantum number

[=N,N-2,...,lor0: orbital angular momentum
j=Ix % : total angular momentum

m,=—j,—j+L....+j: zprojection of ;

NSDD Workshop, Trieste, February 2006
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Energy levels of harmonic oscillator

N
M qjtng (16)—[184)——184
p, KL sﬂl—
—hS e anfig g L
o 2 k7 —
d— 9 i
Shi 4 —29—=< X 3d% (61—
S 29%: (10)—
— ] —
%
s Ii‘ia'z—(l.f.l—[izﬁ]—'lzs
~3p =3Pz {2i—
< 3pds (4)—
—2f e 2t (&1
Shuw 2i7 o {8)—[100]
i ¥ h¥r, -
_m._..(\
1hile (12)—[82) —82
—3s 3s'e (2)=
S o 20%2 {4)—
A TR 24d%: 16} —[64)
even P igh {B)—
~t9— |
195 {10)—[50)— 50
2pe P 15 g)_}gg}
Ihe | TP : 'l
add {—1f--—< Yz L
17, (8)—{28)— 28
2heo {—25 . 1d% (4)—[20)——20
Tl [2)—[1E]
even sl sy (B1—( 1]
—==1plz (2)—[8] —8
By P —<T_ipx (2)-[8]
i] —-1s 18l (2 —=[2}—2

» Typical parameter
values:
ho =~ 41 A7 MeV
Chr =20 A7 MeV
kh*~0.1MeV
~b~1.0A4" fm

» ‘Magic’ numbers at 2,
8,20, 28, 50, 82, 126,
184,...

NSDD Workshop, Trieste, February 2006

Why an orbit-orbit term?

FIRL Lr) A

PR (r) fm

1 2 3 5 RE n
0 v i T
rlfm)
10
0)
3 S:WO0DS -SAXON POTENTIAL
v, Vo -50MeY
sl Wir)s——"—0i R = 5.8fm
Teep(5R) 5. gesm

H: HARMONIC OSC. POTENTIAL

Vir)= FMw?rs CONSTLuen ol

fia= B.EMaV

Nst LsQ

rifm)

w n
rlfm)

* Nuclear mean field 1s
close to Woods-Saxon:

v

0

Vs ()=

0

1+ exp
a

* 2n+I[=N degeneracy 1s
liffted = E;< Epy <,
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Why a spin-orbit term?

» Relativistic origin (ie Dirac equation).
» From general immvariance principles:

Vi =605, §()=" [F¢inHO]

* Spin-orbit term 1s surface peaked =
diminishes for diffuse potentials.

NSDD Workshop, Trieste, February 2006

Evidence for shell structure

» Evidence for nuclear shell structure from
— 27 1n even-even nuclei [E,, B(E2)].
— Nucleon-separation energies & nuclear masses.
— Nuclear level densities.

— Reaction cross sections.

o Is nuclear shell structure §'“ )
modified away from the v
line of stability? % s

T usc
surface harmonic exotic nuelei \':\Ilc)'_or
neutron drip line oscillator hypernuclei [-stability

NSDD Workshop, Trieste, February 2006
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[onisation potential in atoms

t—|
=]
=
=
=
8
o
=
‘§
Na Rb S -
L ol2” 10 18 36 54Cs 86
O_10 20 30 40 50 60 70 80 soZipo
Z2p 3p 3d 4p 4&d 5p 5d 6p ©6d
1s2s3s 4s 5a 6s 4f 7z bf
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Neutron separation energies

7

3
o
-

\

N odd
SaINZ)=BINZ)-B(N-1Z) 5 0

i
S S S |

e
/“"5’
//’f/,.;_;
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Proton separation energies

N even
Sp(NZ)=BINZ}-BINZ-1) 5 44

| ‘ . . 1 . . _Z
l l 0 8 50 BL
NSDD Workshop, Trieste, February 2006
Liquid-drop mass formula
» Binding energy of an atomic nucleus:
Z(Z-1 N-Z)
L Sjus )_ ey %
S(N,Z
t @ pai 541/2 )

+ For 2149 nuclei (V,Z > 8) in AMEO3:
a,,~16, a,,~18, a.,~0.71, a ., ~23, a,,~13
= 0;,,~2.93 MeV.

rms

C.F. von Weizsacker, Z Phys 96 (1935431
H A PBethe & R.F. Bacher, Rev. Mod. Phye 8 (1936) 82

NSDD Workshop, Trieste, February 2006
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Deviations from LDM

12.1 AMEO3-LDM
=" |
126
50 — anke _: :-* I
- F oy
- 82
28 — l: ?5:|
20—l W8 so
5.05 I .
| | 28
8 20
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Modified liquid-drop formula

» Add surface, Wigner and ‘shell” corrections:

B(V,Z)=aA-a, A" —a,,” fujl) —a,, %”)
. 4T§7;; r) +a, 53{;22) —aF__+aF:

» For 2149 nuclei (N,Z = 8) in AMEO3:
~le6, a,~138, a.~0.72, a . .~32, a,.~79,

Vol » » Mysym ssym

12, a~0.14, a.~0.0049, r=2 5
= o, ~1.28 MeV.

NSDD Workshop, Trieste, February 2006
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Deviations from modified LDM

6.76 AMEO3-mLDM

NSDD Workshop, Trieste, February 2006

ATMOSPHERE

OUTER CORE

INNER CORE
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Shell structure from £ (2,)

0.5 Energy of first 2+

'
'Y
.....
cccccc

126

"TTILE
BrssEsEsEEEE

s
' 82
28 — ssanss .
20— o3iiiitE 50
- : |
0. B—i o
g 20

NSDD Workshop, Trieste, February 2006

Evidence for IP shell model

VA Isotope Observed Shell maodel

" nlj parities of nuclei:
3 °Li (3/27) 1ps2 :
5 5 3/2 Tithss jm ¢ﬂUmJ = J
7 TN 1/2 1py1 /2 .
9 2 5/2° idsss Iling, = (—)‘! =7
11 N4 5/27 1ds /2 nbjm;
13 AL 572t 1d; /2
15 I 1/21 281 /2
17 e 3/2* Lds s
19 MK 3/21 lds o
21 **Se 7/2 155
23 9Va 7/2 1f7/2
25 5\ n 7/2 1f7 /2
27 *Co 7/2 172
29 51 Cu 3/2 24/
31 *5Ga 3/2 2pa/a
33 9As (5/27) 15
35 SBr (3/27) 1 f5/2

NSDD Workshop, Trieste, February 2006

» (Ground-state spins and

="
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I M. Cavedon &f al, Phys. Rew. Lett. 49 (1932) 378

Validity of SM wave functions

» Example: Elastic
electron scattering on
206Ph and 205T1, e o v e

differing by a 3s proton.

* Measured ratio agrees
with shell-model
prediction for 3s orbit.

NSDD Workshop, Trieste, February 2006

Variable shell structure

0772 e— d
O e— 52
_m
/
(®) /
!
/
Goy —

Py — e — P17
—
fory e—

' i

normal large N/Z
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Beyond Hartree-Fock

» Hartree-Fock-Bogoliubov (HFB): Includes
pairing correlations in mean-field treatment.
» Tamm-Dancoff approximation (TDA):
— Ground state: closed-shell HF configuration

— Excited states: mixed 1p-1h configurations

* Random-phase approximation (RPA): Cor-
relations in the ground state by treating it on
the same footing as 1p-1h excitations.

NSDD Workshop, Trieste, February 2006

Nuclear shell model
» The full shell-model hamiltonian:

oAl ] Al
H= 2}3—;+V(rk)J+ZVm(rk,q)

=1 kel

» Valence nucleons: Neutrons or protons that are
in excess of the last, completely filled shell.

» Usual approximation: Consider the residual
interaction Vg, among valence nucleons only.

» Sometimes: Include selected core excitations
(‘intruder’ states).

NSDD Workshop, Trieste, February 2006
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Residual shell-model interaction

» Four approaches:

— Effective: Derive from free nn interaction taking
account of the nuclear medium.

— Empirical: Adjust matrix elements of residual
interaction to data. Examples: p, sd and pf shells.

— Effective-empirical: Effective interaction with
some adjusted (monopole) matrix elements.

— Schematic: Assume a simple spatial form and
calculate its matrix elements in a harmonic-
oscillator basis. Example: o interaction.

NSDD Workshop, Trieste, February 2006

Schematic short-range interaction

Delta interaction in harmonic-oscillator basis:
Example of 4°Sc,, (1 neutron + 1 proton):

[=]
T
(=]

4
215¢ =

[
—
T

T=0 |

Energy (MeV)
)
T

w
[

W
T
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Large-scale shell model

Inl§ T T T ! T T ¥ _I:” I.
< . D" . ’ ’ l Ba
 Large Hilbert spaces: _ M Ni(ple)
? " % 10°F :"\'\ (pl) = "
<LIJJJ'11'2...1'A ZVRI(rk”}jkI{ilig...zA> g o *Ni (1=7)]
k<l A ]
— Diagonalisation : ~10°. ;
10,95 s 2000
— Monte Carlo : ~1015. o TVear
_ . 10120 (9
DMRG : ~10120 (9), _ Fmesy  Expt
* Example : 8n + 8p in E:J _
56N ~— 10k =
pfg9/2( N1). 0F e —_ -
% [ -t gt =8 )
M — =§‘ T 5
GC:J :é*: i —i: -_
[ﬂ —
OfF =0 f—) 56Nl -

W Honma eé al., Phys. Rev. C 69 (2004) 034335
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The three faces of the shell model

shell structure
mean field

pairing deformation
Su(2) Su(3)

NSDD Workshop, Trieste, February 2006
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Racah’s SU(2) pairing model

+ Assume pairing interaction in a single-; shell:

% ~12j+1)g, J=0
<JZJMjI/pajring(rl,rz)szMJ>:{ 2(.] 0

0, J#0
» Spectrum *!°Pb:
Experiment Delta Pairing
—_— g
= — — 6 —24,44,6+,8+
:21 _g: 2+,4+,6+,8+
o —2
o
-
0]
=}
53]
0 — 0+ — 0 — 0+
Lead-210
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Solution of the pairing hamiltonian

 Analytic solution of pairing hamiltonian for
identical nucleons in a single-j shell:

<.jnw‘zm:ﬁpairing(rk’ri)

1<k</

j”u]>=—g0%(n—vx2j—n—v+ 3)

* Seniority v (number of nucleons not 1n pairs
coupled to /=0) 1s a good quantum number.

» Correlated ground-state solution (cf. BCS).

G. Racah, Phys. Rev. 63 (1943) 367
NSDD Workshop, Trieste, February 2006
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Nuclear superfluidity

» Ground states of pairing hamiltonian have the
following correlated character:
of, 8 =24,y

o) "’

— Even-even nucleus (0=0): (S'+)M2
— Odd-mass nucleus (v=1): &:«1(&)

» Nuclear superfluidity leads to

— Constant energy of first 27 in even-even nuclei.
— Odd-even staggering in masses.

— Smooth variation of two-nucleon separation
energies with nucleon number.

— Two-particle (2n or 2p) transfer enhancement.

NSDD Workshop, Trieste, February 2006

Two-nucleon separation energies

» Two-nucleon separation
energies S,
(a) Shell splitting

) 44
dominates over +0h
interaction. $4-44
: . 04 99
(b) Interaction dominates ARIRL 2404
over shell splitting. S0 S s
(¢) Sy, 1n tin 1s0topes. ‘ j: . m
(@ (b) = 1% (c) i
N N 50 82
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Pairing gap in semi-magic nuclei

 Even-even nuclei:

— Ground state: v=0. W

— First-excited state: v=_2.

Energ y (MeV)

- - w0
— Pairing produces o : . , ,
constant energy gap: O ... N,
v=0

0ofF e -

E(2)=,0i+1G e

n

- Sn L 4
L 7 :—-_oﬂ—o——O—G—M—"’_‘-&—o—u-_..o_ / il

- oo 9000 o o o

I

« Example of Sn 1sotopes:

Energy (MeV)
L&)

=)

50 58 66 74 82
neutron number
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Elliott’s SU(3) model of rotation

» Harmonic oscillator mean field (no spin-orbit)
with residual interaction of quadrupole type:

R R | | 5 A
H =ZL&+5mw2rf ~£.0-0

L 2m -
A 20/ Experiment SU(3)
~ 2 ~
_6‘_
QﬂxzrkYZﬂ(rk) :
~ 15/ —_
=1 s g, At =4
+zka2ﬂ(pk) a —_, i
=1 & _3j =
5 — s Tl —dis
_2__ —2-
0f —0+ Neon-20 —o0+

I.P. Elliott, Proc. oy, Soc. A 245 (1958) 128, 562
NSDD Workshop, Trieste, February 2006
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Nuclear Structure
(IT) Collective models

P. Van Isacker, GANIL, France
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Overview of collective models

* (Rigid) rotor model

(Harmonic quadrupole) vibrator model

Liquid-drop model of vibrations and rotations

Interacting boson model

Particle-core coupling model
Nilsson model

NSDD Workshop, Trieste, February 2006

39




Evolution of £ (27)

E(2’

°
Jo

IL. Wood, private communication

NSDD Workshop, Trieste, February 2006

Quantum-mechanical symmetric top

» Energy spectrum:

hZ
E ([y=—I{+1
) 253 C+1) E(I)-E(I-2)
EA1(1+1), 1=0,24...

6t 42A

* Large deformation = 22A
large 3= low E (27). 2t 20A

e R t10: 14A
4 Energy ratio 5 -

E (4 YE,@")=3333... ¢* 0 6R

NSDD Workshop, Trieste, February 2006
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Rigid rotor model

+ Hamiltonian of quantum-mechanical rotor in
terms of ‘rotational” angular momentum R:

2 2 2 2 2 3 2
H?;[RRR}?@ZJE

2 g

=1

fard P d Pt

SRR

» Nuclei have an additional intrinsic part H._.
with ‘intrinsic’ angular momentum J.

» The total angular momentum 1s I=R+J.

NSDD Workshop, Trieste, February 2006

Rigid axially symmetric rotor

» For 3} :3’2:3’ + J; the rotor hamiltonian 1S

Z ( -7 Z—[— th i

-
H' . Coriolis intrinsic
o

» Eigenvalues of H
n

E:@— I(I—l—l) LF JJK

» Eigenvectors |KIM) of H', , satisfy:
I*KIM ) =I(I +1)KIM ),
)= MIKIM ) )=K|KM)

NSDD Workshop, Trieste, February 2006
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Ground-state band of an axial rotor

» The ground-state spin of
even-even nuclei is 7=0.
Hence K=0 for ground-
state band:

hZ
B = A0+1)

NSDD Workshop, Trieste, February 2006

The ratio R,

3232 E4)/R(2)

m

NSDD Workshop, Trieste, February 2006
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Electric (quadrupole) properties
» Partial y~ray half-life:

. ’ ju ﬂl+1 5 2441
B 2{ n AJ@a+ 1)u]2[ ] B(Eﬂ)}

» Electric quadrupole transitions:

-1

2

BEZL > I)=

\] M ‘Zekr F zﬂ(gk#’k)

IM,)

MMﬂ

» Electric quadrupole moments:

167 <
eQ(I)={IM =1 T”Zekrfym (0.0 IM=1I)
i—=1
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Magnetic (dipole) properties

 Partial y~ray half-lifc:

, a8r A+l (E)T )
Rt 2{ nafea+ )T [hc] B(M;t)}

» Magnetic dlpole transitions:

2

BMLI, > 1)= (IM, \Z(gk wt &S MM,

MMﬂ

* Magnetic dlpole moments:
A
wI)= (M =T (g1, +gis,, YIM =1)
=1

NSDD Workshop, Trieste, February 2006

43




E2 properties of rotational nuclel

o Intra-band E2 transitions:

B(E2:KI, > KI;)= % (IK 20|1K ) e’Qy (K )’

e E2 moments:

3K -I(I+1
D)= i+ 1)(2(1+ 3;

%K)

* ,(K) 1s the ‘mtrinsic’ quadrupole moment:
eQ, = _[ p(;r")rz(B(.:os2 ¢ — l)dr', O,K)= K \QO\]Q
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E2 properties of ground-state bands

» For the ground state (usually K=I):
1(21-1)

Q& =1)= (+1)2l +3)

G (K)

» For the gsb in even-even nuclel (K=0):
15 I(I-1)

BERI T2 e -y +1)° &
I
Q(])z_mgo

= k02 )= %\/1(,”-3(132;21+ —0)

NSDD Workshop, Trieste, February 2006
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Generalized intensity relations

» Mixing of K arises from
— Dependence of (J,, on I (stretching)
— Coriolis interaction
— Triaxiality

» Generalized infra- and infer-band matrix
clements (eg E2):
VBE2ZK L, > K I,)
<]iKi ZKf _Ki‘Ifo> B
with A=I(I;+1)-1,(,+1)

Mg+ MA+MA +--

NSDD Workshop, Trieste, February 2006

Inter-band E2 transitions

« Example of g ..
transitions in '°°Er: Lo

VBE21, —>1,)

(I,22-2|1,0) s
=M, +MA+MA +-- 0

A=L ([, +1)-L(,+1)

;T

.......

ow 5 s,
” &
‘ LfeE

vB(E2) /<>
o o

-40 -30 -20 -10 O i0 20 30 40
WD Kulp oz al., Phys. Rev. C 73 (2006) 014308 A=l (ly +1) = Li(l +1)
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Modes of nuclear vibration

» Nucleus is considered as a droplet of nuclear
matter with an equilibrium shape. Vibrations
arc modes of excitation around that shape.

 Character of vibrations depends on symmetry

of equilibrium shape. Two important cases in
nuclei:

— Spherical equilibrium shape

— Spheroidal equilibrium shape

NSDD Workshop, Trieste, February 2006

Vibrations about a spherical shape

» Vibrations are characterized by a multipole
quantum number A in surface parametrization:

R(0.p)= Ro{l +2, i%ﬁ’ w(@ 9")}

A p=—2A
— A=0: compression (high energy)
— A=1: translation (not an intrinsic excitation)

— A=2: quadrupole vibration

NSDD Workshop, Trieste, February 2006
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Properties of spherical vibrations

* Energy spectrum: 3 ctat3totot

E ()= (n+ ;}La), n=0,1...

* R,, energy ratio:

Ea (@ YEQ)=2 5 .
. E2btransiti0ils: 4°2°0

B(E22 - 0))=2
B(E22; 5 0])=0
BE2Zn=2->n=1)=2a"

0 ot

NSDD Workshop, Trieste, February 2006

Example of '12Cd

——

12" 39308

=
608.2

™

i

I

[T3N Biad

s
)

Y - BAND G - BAND I - BAND QUASI - y BAND
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Possible vibrational nuclei from R,

3.32 1.9 <E4)/R(2) <23
g B,
 ommm
SZE - Il
I: 126
-
B 82
2o — Tl = |
—_ 50
— "B
20 g
; e B (Y
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Vibrations about a spheroidal shape

» The vibration of a shape
with axial symmetry is
characterized by a,.

» Quadrupole oscillations

— 1v=0: along the axis of

symmetry (/)
— yv=x1: spurious rotation ¢ A

— v=22: perpendicular to
axis of symmetry (%)

NSDD Workshop, Trieste, February 2006
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Spectrum of spheroidal vibrations

6
6
5 6
2
4 4 5
2 3
4
0 2 i
0 K=2 2 L
1’1.D=2 n(=0 nb:l,ngzl K=0 nb_ ’ng_
5 nb=0 i nq=2
4
1
2 3
0 2
K=0 6 K=2
nb=l,ng=0 nb=0,nq=l
4
2
0
K=0
nb=0 ,ng=0
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Rigid triaxial rotor

» Triaxial rotor hamiltonian 3, # 3, # 3; :

2 ’iz }iz
H = IP=—1I+ T2 (Ii + 1_2)
9% 23 23, 23,

« H' .. non-diagonal in axial basis | KIM) = K
1s not a conserved quantum number

NSDD Workshop, Trieste, February 2006

Rigid triaxial rotor spectra

4+
- y=15"
y= "
gt
4

3*

6" - 6t zt
P T o
o 2t
ot ot
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Tri-partite classification of nuclei

» Empirical evidence for seniority-type,
vibrational- and rotational-like nuclei:

wv®) “ibtrational

E(4+)
o
wn

) (MeV)
—
_# T
T L
3 o L. '.

Rotational

0.5
E(2+) (MeV)

» Need for model of vibrational nuclet.

M.V, Zamfir ef al., Phys. Rev. Lett. 72 (1954) 3480
NSDD Workshop, Trieste, February 2006

Interacting boson model

» Describe the nucleus as a system of N

iteracting s and ¢ bosons. Hamiltonian:
6

6
Hpyy = Zgib:bi + Zvili2i3i4 b;b;;b;g bi4
i=1 i id, =1
» Justification from
— Shell model: s and d bosons are associated with S

and D fermion (Cooper) pairs.
— Geometric model: for large boson number the IBM
reduces to a liquid-drop hamiltonian,

NSDD Workshop, Trieste, February 2006
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Dimensions

o Assume Q2 available 1-fermion states. Number
of n-fermion states is {2} Q!

n) n!(Q = n)
» Assume Q2 available 1-boson states. Number of
n-boson states is [Q +n- 1] _(Q+n-1y
n(Q-1)
« Example: '%?Dy, with 14 neutrons ((2=44) and
16 protons (Q2=32) (**Sny, inert core).
— SM dimension: ~7-101°
— IBM dimension: 15504

b

NSDD Workshop, Trieste, February 2006

Dynamical symmetries

* Boson hamiltonian 1s of the form
6

6
~ _ A+ A A+A+ ~ ~
HIBM - Zgibi bz' + Zvi1i2i3:‘4 bil bizbi3 bi4
i=1

» In general not solvable analytically.

» Three solvable cases with SO(3) symmetry:
U(6)> U(5)> SO(5)2 SO(3)
U(6)> SU(3) > S0(3)
U(6)> SO(6) > SO(5)> SO(3)

NSDD Workshop, Trieste, February 2006
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U(5) vibrational limit: 11°Cd,,

Experiment 119Cds, . 0(5)
3F A\N B
6" Na+_ 3+ 0*1
4" F——= L~ }<3+//2+
e 6% _ 3¢
2 2} oo 2 .
S N4 0
8 4 2 ....._B( |
¥ | ——2r —o0* 2+ 2—0*
Y,
1F ]‘. ]
o+ ] ¥
7 1
of o* 0——o* ng ——L*
NSDD Workshop, Trieste, February 2006
SU(3) rotational limit: >°Gd,,
Experiment lgnggg . SuU@)
(24,00  (20,2) (16,<
. s _../+ 3 =
= 2F —12¢ 8+:§:—4:Eg"':g: ] 121—4—/" 8*_;+:3: ¥
> —2 2> —Q* 2
g — 6t __ 6: g +_- 7:
= |- S —r0 s
1 e
W g —g+—0* \2+
= 6+ —— 6+
—s 4 (A, 1)
OfF —o* — 0+ -—I-L"

NSDD Workshop, Trieste, February 2006
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SO(6) y~unstable limit: °Pt,,

Experiment 196 SO(6
5. p 78Pt118 (6) E
4
1
+ —
s By 1 2%
— 6t 3—6t
= =gt 0—o*
3 —a* gt
= o+ 3—3*
& — 3+ ] 3—o0t
Q [ T
5 4 2 — 4+
—2* 2— 2+
2% ] — 2+
o
of —o* L0 —0* v——-1*
NSDD Workshop, Trieste, February 2006
Pb 82
T 81
Hg 80
Au 79
Pt 78 ellle |
r 77 x| [X 26
Os 76 . 24
Re 75
w 7a[ ] D 118 120
Ta 73
Hi 72 T Jeafin] Pl 2 c) U(6/4)
l::b ;(1} | 112 114 116 Mt Ui6/12)
Tm 69 110 SUSY LEGEND
Er 68 | Jice
Ho 67 106
Dy 66 04
Tb 65 02
| cd &
25 SE
| Pm 61 % \§/
Nd 60 % <
Pr 59
Ce 58
la 57 %
Ba 56
Cs 5
Xe 54 i)
| 53 oo 82
Te 52 3
Sb 51 SYMMETRY TRIANGLE
Sn 50
2 &
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Classical limit of IBM

» For large boson number N the minimum of

V(B, =N ;/37/| H|N ) approaches the exact
ground-state energy:

{
Ues): 1f7
V(B,7)={SU(3): i ‘4\85@&;5)2% 83
| 1- g
LSO(6) : (1 +ﬁ2]

NSDD Workshop, Trieste, February 2006

Phase diagram of IBM

J. Jole ef ai. , Phys Rev. Lett 87 (2001) 162501

NSDD Workshop, Trieste, February 2006
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The ratio R,

3.33 SUI3i E(4)/E(2)

NSDD Workshop, Trieste, February 2006

Extensions of IBM

» Neutron and proton degrees freedom (IBM-2):
— F-spin multiplets (N ,+N =constant)
— Scissors excitations
» Fermion degrees of freedom (IBFM):
— Odd-mass nuclet
— Supersymmetry (doublets & quartets)
» Other boson degrees of freedom:
— Isospin 7=0 & T=1 pairs (IBM-3 & IBM-4)
— Higher multipole (g....) pairs

NSDD Workshop, Trieste, February 2006
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Scissors mode

» Collective displacement
modes between neutrons
and protons:

— Linear displacement

(giant dipole resonance):
R -R_=El excitation.

— Angular displacement
(scissors resonance):
L .-L_= Ml excitation. i = | TG |
E 3} —1k —h-. 1
(MeV)
p ]
| |
o  —of Th Expt

NSDD Workshop, Trieste, February 2006

Supersymmetry

« A simultaneous description of even- and odd-mass
nuclei (doublets) or of even-even, even-odd. odd-
even and odd-odd nuclei (quartets).

« Bxample of 199P1,19PL P AT & oA

196 A
4 U : .
22| Theory —+ l 9717 Experiment
g {5‘2.1f) € ‘E %_:2 (5,.2_1,2)\
3 =2 —4 E—
ori) =} P eI —3 \—2 *)
g = N (32.34) S= ¥ ‘_j{(%_)}' —i& \\ 3y
(212 =3 Rt S A Py o A — —ﬁ:
\_1  gemi—F a0 =2 =B/ @3 1)
g — 2 N7 BikGP o ERIRle=—1
(212) <=3, ‘=t (1r2,112) —— {1 -—m
LB R o
{2 ——=4% 4 > i 35 -
= A (12,12) —=1}.
B0

NSDD Workshop, Trieste, February 2006
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Bosons + fermions

e (Odd-mass nuclei are fermions.

» Describe an odd-mass nucleus as N bosons + 1
fermion mutually interacting Hamiltonian:

~

Q
HIBFM _HIBM+zgj Z Zulljllzjz A J1 ‘zajz
J=1

L5=14Jj,=1
» Algebra: kB
uEeuU@=1"" .
J1d2

» Many-body problem is solved analytically for
certain energies ¢ and interactions v.

NSDD Workshop, Trieste, February 2006

Example: 1*°Pt,,,

195 195
Expt Tl
78t b117 B 7sb b7 '
5 NS | S NS
r—— e
L — O s :_Uj,
— T e —9f2~
H — 527 — 9f27 i ! —_ 2
05 F ~ T ¥ T —apen i B8
E g —5/27 —(1/27) 9 =32
L s
{MeV) 327 3 -
L, — T/
3 ecnry
52" 1 5 —s o
g =/ = 2 s -
#—a 1 =3 2 L=
y — 5/
—_— /2 = =2
.
0 = 0 —_— 2 4 0 —

NSDD Workshop, Trieste, February 2006
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Example: 1°°Pt,,; (new data)

== - R
Q .
28 Theory : Experiment
T Ty
& a0 — —_ G =5 i
(00) —12 o /T2 00==3 (e0) —=3 e (10) —==32
50> , | ey—m ' =52\ 51
] S 1>
—a2 B 50> - P
—an — o o =538
—a {3 —w o V=
30 £—12 —an N — o
g T\ % [SB \Sug anl % —
= —n®IC= T " =7 SRS
—r 195 Pt poé ™ G
- — 12 e
— i 78 ) 117 eng” = —12
K =fion—n — =h%
| —_ —ge i S0 = —3 B
= — [6.1] b
2 =
(10) =
W= —s
0 —=5 B 1> -
n d 5
R <6,1>
<6,1> 151 U¥r=—uyp 16.1]
[6.1] o 4
P 1 p—— 0.0) —— 1]
<70 | <10
[7.0] } ]

NSDD Workshop, Trieste, February 2006

Nuclear supersymmetry

+ Up to now: separate description of even-even
and odd-mass nuclei with the algebra

A A

+

bb,
veeu@-={""
J1 T2

» Simultaneous description of even-even and
odd-mass nuclei with the supcralgebra

b'b b a.
UE/IQ)=1 47 Tu%
ah biz ah afz

NSDD Workshop, Trieste, February 2006
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U(6/12) supermultiplet

U(6/12) U¥(6) ® U¥(12) nucleus
[-H@EJII‘*I / oTp

(5] ® [17] Z 19spy

6] ® [1'] / 93Dy

0V wsnf

7% (Vo) ® 1] S

NSDD Workshop, Trieste, February 2006
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Example: 1*°Au, -

196 A
i u .
X Theory —a [ TOTHNT Experiment
g
512,112)
g (_gr)g = 5 . (512.;&)\
o —2- = —_13
g — N 1 @2 c—% —_ )\ —2 \ anan
i \—7" fai? 1O e i N
(2172 =% —f =i 3rAR)E :{235 ] = =%
=} GemE—} mnw —t Bl )
g 2 \__¢ Bee Gt =4
(AR =% ‘=1 (112,112) }2_ M
<MRARNZ <R s
o “m%’m&}ﬁrj BSH BT (12,412) —=3.
[6.0}<6,0>

NSDD Workshop, Trieste, February 2006
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Physical
Nucleon Nucleon

Observed , Mass, Charge, Size (0.8 fm)
Properties®  Spin, Mag. mom..eee

Radius = r, A3, r,=1.2 fin
A =8, R=2.4fm
A =216, R=7.2 fm
“Be & 2.50 fin
208pp > 5.45 fm
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GBE (MeV)

-8

Neon
»
* “**
. ¥ ¥
E *
* - *
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6
4 Radium
2
g ! ¥
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Ground State Properties
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5

(fm")
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20,A
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Radium »
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3o

NA
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Y 05|
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*
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Mass Number
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‘Nucl. Den  Atom. Vol (10383

- OO = = @ o~ 1014
Atom. Den  Nucl. Vol 1013)3
) VERY VERY DENSE MATTER
A- nu. Vol.  A.(47/3) (0.8)° 8
= — =30%

Nucl. Vol.  (da/3) (1.2 A%)3 ~ 27
Most of Nucl. Vol. is Empty

N-N int.:
V. Strong, Net Attractive
Short range, State Dep.
Non - Central
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m Nucleus: A (N+7) —

Body Problem

HYy =

Z

—h?
m;

Bl v 1 ZV

Wy = BV,

Can Not be Solved:

Difficulties:

e Mathematical

e Two-Body Interaction

(in the Nucleus)

Approximate Methods:

Models Developed:

Many Models Exists
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Phenomonology Microscopic

—

Model

Model

Mean Field Concept:

He T Th
- 5[0+ (550l

i>k

Hg h‘I
ZHE} + ht = Ho + Iy
i
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Advantage

| N
Freedom to Choose O;

‘Choose (O; = hy_Zero (Minimum) \
Mean Field Helps to reduce
A-Body Problem — One Body Problem

Phenomenological (Shell Model....)
Microscopic (BBHF)

Phenomenological

e H.O.+1Ls

1 9 i 43
U; = §mw"-r2 + apl-$

Ynijm; = Ry (r) [Y} ® X1/2]

jm
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Plan

® Mean Field Concept

® Shell Model

® Magic Nuclei : TDA - RPA
® Open Shell Nuclei

a. Configuration Mixing

b. Truncations: Seniority, BPA ....
¢. BCS — Quasiparticle Method

d. HF, HFB, PHF, PHFB

Plan

NO CORE

e ab intio Shell Model

® DDHF — Skvrme Type Interaction

® RMF — Rel. Mean Field
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Schrodinger Equation

_h -
Hi), = Zzn Vit YVl = B9

>k

Bound State Problem

Basis Expansion Method

Basis Expansion Method

HY s = B0, : H = Hg + V

— Z x! B9
I

Hod$ = ;0 |

S lerdi + (BEVIBE) — Eudrglal = 0
1

Hix = erdix + (P%|V|PT)
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1
(I)Q-J",:‘\[>

Wagrnr) = ZXEJ’WM(I)
I

H |V gma) = Eagenr (Yoieu)

Step I: Choice of Basis (Mean Field)

Step II: Construction of @, - A Nucleons

Unperturbed Energies g;

Step III: Setting of Hamiltonian Matrix +

Step IV: Diagonalization of ~
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2f 712
th,,

%‘l_vz

1/2
1hyy)
2d 52
1g9,2

Lgy,

126
[126] -
263
zllabb 3"1«2
[82] Thet
lh‘)ﬂ
285
¢4 146G
82
3%, (82] 2dy,
- l‘hmzl
gy (64) ;"m
[50] 872
P~ I““Sﬂ 2(|5;2
(38) Sr 50]
———————— +_-_-___‘_‘—-—+ 5
B — — 1,
- 2p
28) ‘“‘h\:‘ S
\ —————— ZP:V:
_ 20 48 (28)
iy 17,
Ca [20] (.
2812
(8] \ 1d,,
16
(2] Q 15} Ip
1/2
15,
2
L 15y
PROTONS NEUTRONS

Step I: Choose Core, Valence Level, s.p. Energy &;

grs Expt., Calculated or Parameters
ho =41A-173

Step II: Orthonormal Basis Set @,
Group Theoretical Method

Step I1I: Setting up Hamiltonian Matrix

Requires Two —Body Matrix Elements
Realistic, Phenomenological, Empirical
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Step 1V: Diagonalization of H-Matrix
Repeat for each J”

Hamiltonian:

1 L s
> €aClCa + 7 3 (0BIV]16) CLCKCiC,y
Q 0‘5'}'6
(@BIV|y8) = —(BalVo)
= —{af|V]oy)
= (BalV]dy)

C1(C): Particle Creation (destruction) Operator

Vacuum Obeys Cql0) = 0

CT(C) obey anti commutation relations

{Qfﬁ C.0l 4010, = g,
K@%}E{Qﬂﬂzo
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Application to Closed Shell Nuclei

2p
B2

R,
1y,

L f?f 2

Valance

2_\”, Levels

Core
152

n P

Hole Levels : h;,h,h,,....
Particle Levels :  py, Py Pss -

* 1p - 1h : Lowest Energy — Excitation

+ Higher Order (Energy) Excitations
2p - 2h, 3p-3h,.....
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Equation of Motion Method

Operator Q! Obeys:

aQ},

"o

_ [H.QI,] = E.Qt.

HQL[W) = (Ea +E)QLIY)

Ql (QQ) acts as step up down Operator

Vacuum (g.s.) is defined by Qalto) = 0.

if Set of Operators|a! (i= 1, 2, 3, ..., N)|Obey

[H,al] = 3 Mijal

Step up operator: | Qf = >~ ;r__‘;-‘a.j.
J

IA_-' s » 'la — / ‘SQ
9
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We require [H,C,Ech] and its HC

It Contains Two Terms:

> €a [CLCa, CICH]

x

> (eBlVId) [clchcsc,, cicn
aﬁ“yd

Use

[A,BC] = —[BC,A] = [A,B]C+ BJA,C
= {A,B}C — B{A,C}

and Cpl0) = Cfl0) = 0

Where 1{A,B} = AB + BA

82




Notice

C1Ca, CJCL| = 80pCLCh — 6anCCa

x
cich.cicn] = (1 - Plas p)CiClos

Define P =1 - P

[H,c;gc,,] = (e — en)ClCh

1 =
s Z(ahthé)Cl C}tcac'}

avy
1
+ 52 (aBVIpd)CLahCsCn
a3
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cicicsc, = :Clcicse, :

+(CICl) : C5C, : +(C5C,) : CLCY - +(C1C,) : CICs :
+(C3Cs) : cle, : —(cicy) : Clcs . —(ClCs) : Clicy :
+(clchcsc,) + (Clcs)(cic,) - (Clcs)clc,)

[H. C’;Ch] = Z (epc)'pp' - Z(p’hﬂ/‘phl}) (’;,C‘h
P

;’?[

h! h 1

= Z (‘:—hdhh’ -I—Z{’?IIIVIZIIII:)) C';Ch_l

i ({I?p’ll/'iph’}(“;, G-t (h.h."|V|pp’}C';E,C'pr)
o'

-~

e
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B(p'h . ph)

[H C;Ch] = Z ((gp — €h )53332’611}1’
!ht
+ (hp'|V|ph')) p,(“’h: + > (hH[V|pp’ YOO
Z (A(p’h".’ph)(-";{rchf -+ B(p’h’.,ph) ,-?;;Cpr
p'h!
The Matrices
A(P'R ,ph) = (€, — €,)0ppOpn + (hp'|V|ph')

(hh'|V|pp)

In Coupled Representation: J!' T

(i) = (5 20 (3)

where

QJMITA-IT (pi,hi) =
(= 1)/ =MAT=MrQ v nay (pis i)

m
Fiigs

i,
B~

(€pi — ghi)épfpjé‘l)ihj + F(pfh'ipjhj‘]nT)
(—1)’" +J"J‘+J+TF(p,-h.ihjij”T) :
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Hole Particle Matrix Element

F(acdbJ™T) =

! ¢ Doy ANTX7f e 2 2 ! r 1 1 1 1 !
Y @1+ 1)@ + D)W (Gajjeda; S IW (5555, T'T
=i 2222

X (—1)%atatictid (b J'T'|V|de]' T

W is Racah Coefficient

Step Up Operator

Qf = xaf — vQ

X, Y are Eigen Vectors of the Matrix
A B
—-B -A
With Norm

X -Y* =1
Both X and Y can be large
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Ilustration %0

e Step I:

Hole levels (h):  1ps/2. 1py/2

21.8, 15.65 (for neutrons)
(€) (MeV):
18.44, 12.11 (for protons)

Particle levels (p):  1ds 2, 2512, 1d3/2

-4.5, -3.27, 0.93 (for neutrons)
(€) (MeV):
-0.59, -0.08, 4.65 (for protons)

e Step II: Construction of h-p Basis

For JEr=0" T=1and T =0

(143/211)5/5)0—- (231/211)1—/12)0—

For JE=1" T=1andT =0

(1d5/21P55)1-» (1ds/o1p3)1-, (2812105 j5)1-

(2812 11)1_/1-2)1—  (1d3j21p7))1-
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For 0~ State

-1
3/2

2.= 2819 lpl_/12, 4.= hc of 2;

1.= 1dz/» 1p 3.= hc of 1;

T E(MeV) 1 2 | 3 4

TDA 11.2 0.001 1.000
RPA 11.2 0.001 1.000 | -0.002 -0.002
TDA 23.1 1.000  -0.001
RPA 23.0 1.000 -0.001 | -0.034 -0.002

TDA 13.7 -0.045  0.999
RPA 13.7 -0.048 0.999 | -0.012 -0.012
TDA 25.7 0.999  0.055

RPA 25.6 1.000  0.053 | -0.040 -0.015

Step III: Two — Body Interaction

M=W=0.15, H=0.4 and B=0.3
Gaussian Shape, Strength = - 40 MeV

Step IV: Diagonalization

Results for J™ = ()~
Bothfor ' =1 and 7T = 0

Similar Results for Other States
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Open Shell Nuclei

Ilustration 3Ni

Step I: Mean Field

Core: | 59Ni (Z=N=28)

Valence Levels: [ 2ps3 o, 1f5/0, 2Py /9

s. p. Energies : | 10.0,0.78 and 1.08 MeV

Step II: Orthonormal Basis Set

2 Valence Neutrons

-

)
(11)3/2)Jrr=0+ o+ (21)3/2 1f‘3/2)ﬂ=1+.2+.3+.4+ :‘

(29522015 ] '
/ 1/ Jr=1+ 2+ ; (If");’z)t;?r___o+.2+__4+ :

5 _ _ 2
(1f3f2 2p1f2) JT=0+ 3+ ? (2])1/2) meou
No of Basis States are:
0% (3), 1*+(2), 2+(5), 3+(2), 41(2),
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Step III: Kuo — Brown Inte. MLE.

Step IV: Diagonalization.

Results for *Ni, 9Ni, 2Ni and %*Ni.

| J7 07 0F ot 2+ af 4t
58Ni | EMS 0.0 2.56 1.41 2.86 2.30
EXPT. | 0.0 1.45 278 246
ONi | EMS 0.0 230 150 220 218
EXPT. | 0.0 229 133 216 250
%2Ni | EMS 0.0 211 156 229 215
EXPT. | 0.0 205 1.17 230 234
| J* | 127 V27 3/27 3/27 5/27 5/2;
Ni | EMS 024 1.10 0.0 082 021 147

EXPT. | 047 1.32 0.0 0.89  0.34
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Is Nuclear problem solved? NO
Reason : Huge number of Basis ®@:

For 2Sn: 12 neutrons in five s.p. states
(2ds579, 19772, 38172, 2d372, 1hy1 )
The Number of States ® are for

J™ = 07 is 55,907,

Solution: Truncation Schemes:
Seniority Truncation Scheme
Seniority (v): No. of Nucleons Left
After all Pairs Coupled to J =0 are
Removed.

Even — Even: v=0, 2,4 are OK

Odd-Even : v=1,3,5 are OK
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Seniority Decomposition (in %) °Ni

State J” Energy

Theo. Expt. | v=1 v=3 v=5
1/2; 0.02 028 | 969 29 0.2
110 102 — | 241 745 14
3/27 0.0 00 |924 70 0.6
3/2; 1.03 0.66 31.2 65.7 3.1
5/2f | 012 007 | 971 27 0.2
5/2, 0.93 0.91 243 713 04
T/2; 0.92 1.02 — 949 5.1
9/27 100 — | — 903 07

Seniority Decomposition (in %) 2Ni

State J” Energy

Theo. Expt. | v=0 v=2 v=4 v=6
0f 0.0 00 |997 — 03 —
0F 211 205 | 873 — 127 —
1} 3.57 — | 247 7.0 53
2} 1.56  1.17 9.4 05 0.1
2 220  2.30 80.1 10.7 0.2
37 2.84 — 406 593 0.1
4 215 234 929 70 0.1
ds 2.76 — 416 583 0.1
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Still Problem is Not Solved:
For 112Sn the v=0 States are 110
While v=2 States Approach Thousand

Solution:
Quasiparticle (BCS) Theory
Broken Pair Approximation (BPA)

Quasiparticle OR BCS Method

This Takes Into Account the Strong Pairing Part
of the Effective Two-Body Interaction.

The Idea is to Go From Particle Picture to
Quasiparticle Picture (New Mean Field) Through
Bogoliubov or Quasiparticle (qp)
Transformation. This Leads in the Lowest
Approximation to Independent Quasiparticle
Picture - Incorporates the Pairing Interaction.
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Quasiparticle OR BCS Method

This Takes Into Account the Strong Pairing Part
of the Effective Two-Body Interaction.

The Idea is to Go From Particle Picture to
Quasiparticle Picture (New Mean Field) Through
Bogoliubov or Quasiparticle (qp)
Transformation. This Leads in the Lowest
Approximation to Independent Quasiparticle
Picture - Incorporates the Pairing Interaction.

The Quasiparticle/BCS Transformation :

ol = 0.0 - a8 38 = UG + VOl

b
The Inverse Transformation Is:

Cl = Uaal + Vaba| |Ca = Ualta — Vaa},
Here:
éa — -S'O.C-'_Q . &'a — ‘900‘—Q
9
With:
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The qp (New) Operators (],L (a,)
also Obey Fermion Commutation Rules.
This Requires

U2 -+ Vaz = 1 Va:V—aan:U—a

o -

The New or gqp (Particle) Vacuum |gp >
(/0 >) is Defined Through

anlgp > = 0, and
Gl > =

The qp or BCS State can be Expressed as

Bes) = [] (UQ + vasacgc*_a) 0)
a>0

The qp (BCS) Transformation Does Not
Conserve the Nucleon Number. A
Therefore Introduce Lagrange Multiplier
and Use the Hamiltonian H’

H' — H — AN|,where, N = Y ClC,
Cx

H’' Can be Written as:
H' = H—-)AN

1 7 ] W ¥ i v ¥
= zﬂ:(ea - N)ClC, + 7 > (aBlVyd)cleicsc,

x 53"'!' 6
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Various Ways to Derive qp Equations:

We Follow Here the Conventional Procedure.
Step I: Use Wick’s Theorem to Write the One
Body and Two Body Particle Operators of the
Hamiltonian in Terms of Normal Products and
Expectation Values / Contractions.

Step 1I: Express All These in Terms of qp
Operators using qp Transformation. Evaluate
the Expectation Values wrt qp Vacuum.

The Transformed Hamiltonian Contains Three
Terms:

eH, a Constant without any qp Operators

e Terms With Two qp Operators. This
Contains Two Parts. The First H;; Contains

Field) While the Second H,,(H,,) Involves the

be Equated to Zero

Only ata Terms ( Required For New Mean

Terms at aT (a a). This Dangerous Term has to

eTerms Involving Four qp Operators (Hint)
Arising from :CTCTCC:, The Residual qp
Interaction Needed While Going Beyond
Mean Field
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The Resulting qp Hamiltonian is:

H = H - AN
= Ho+ H11 + Hao + Ho2 + Hint
Where
Hy = ), ( — At %Z 1/;2<m-;vm}) s

PR ‘ o
t5 2 UaVe (5 Y (a —alV]y - '}}.S'Q.Sn',tc[;c)

Y

: 1
DM (CERNAEETNAA

¥

Hy =3 (6= Na (U2 - V2) +280UaVa) ol

Hy=Y (( o NV e, (U2 - Vf)) Saalal,

H,,= Hoz+

Ea=&,—A+],
I :%Z<aﬂ|V|cxﬂ >V,
ap
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I' is Self Energy Contribution to New Mean
Field. Itis Usually Small and is Ignored

1
A, =—52<a —alV|B-B>8,S,V,U,
B

Step III: We Need to Retain Hy + Hy;.
Equate H,, = H02‘|' to Zero. This gives

— A
(e, - AUV, = 2“ U2 -v?

Put V =8in8 , U, =Cos$,
Use Uj + Va2 =] To Get
A

Tan(29 )= —"—
" D

£, —A
U2-V?2=Cos(29.) = EE—

24

E, =((e,- A" +A)"
Vaz =l(1— (a—4)
2 E

[24

)
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We Get (Gap Eq.)

1
A, :—EZ<Q—Q|V|ﬂ—ﬂ >S,8,V,U,
£

[ 2j, +1 ]1,2 A,

--Iy<row 0
4 - 2j. +1 " E

[4

The Lagrange Multiplier 2 is Obtained
Through the Requirement That

Ylclc.y = Y V=N

x

N is the Nucleon Number (Number Eq.)

These qp or BCS (Gap and Number)
are Coupled Highly Non-linear Set
of Egs. 2 Are to be Solved
Self-Consistently
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Interpretation Of )\,I
The Expression (C1C3) = 8a5V2

2> VE2U2=1-V?)

Occupation (Non-Occupation) Probability

AS £ Approaches A_! Va2 Deviates From Unity (zero)

£, <\ V2>0.5;

§2AL”<0 and
G=AV2=05.
S
This Gives |£
Q% 1.0
S 0
E;
Energy
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Interpretation of A

Inserting the Values of Vs (Us), H,, becomes

— (\} ':u‘;_a = (\} AII [::ﬂ _J‘\J

(€a :
Hu = 2 [ Ee T (- RE)
=" Eadlaa
Neglect H, , 2 H =Ho+ Hu

Zero_ qp or |BCS> State Satisfies

a4|BCS) = 0

Even — Even Nuclei =2 0,2, 4 ... qp
Odd-A Nuclei 21,3,5...qp

qp Energy Eq = \',-'f({én -\ +42) > A,

Take 2 to be independent of o

For 7,22 A > E;=A

The 2qp State Will be at least 2A above g.s.

For e— e Nuclei 2 gap 2/ Between g.s &
first Exc. State > Agree With Expt.
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For Odd-A Nuclei: The g.s. 2 1qp State Nearest to )\
Energy E, ~ A | As €, ~ A
There Exist Other 1 qp Levels With Energy

Epta = \/(56 —A)2+ A?

(£, — A) Being Small, So several 1 qp States
Will Lie Close to Each Other 2 No Gap
Between the g.s. and First Excited State.

Rough estimate of A

For N Valence Nucleons, The Energy of
|IBCS> or g.s. is:

Ex = (H) = (H) + (V) = Hy(V) + AN

The g.s Energy for Nuclei With N+(-) one
Nucleons:

Exi= (H') + A(N) =~ Hoy(N) + AV +1) + A
Ey. = H,+/\<’\> Ho(N) + AN —1)+ A
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Thus Eny1+En_1—2ENy =2A

So, For a Given N the Gap /A Can be
Obtained From Odd-Even Mass Difference
Its Approximate Value is:

1.5 MeV for Ni isotopes and N =50 isotones
1.2 MeV for Sn isotopes and N=82 isotones
0.9 MeV for Pb isotopes.

INustration: Ni - Isotopes

Core: °Ni > Z=28, N=28

Valence Levels: 1p3/2. 0f5/2 and 1py /o

E . ::3’,“2 — 53/2 = 0.0, &:‘5’,!2 = 55/2 = 0.78
nergies. ~ -
SIS 2y = €19 = 1.08 MeV

Interaction: Empirical and Pairing
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Table = Results For °Ni
( ) = Results With Pairing Int.

A A E v

Ipsjz  0.064 1.352 1.353  0.724
(0.008) (1.444) (1.444) (0.708)

0fs /2 1.249 1440 0501
(1.444) (1.637) (0.597)

1p1/2 1.352 1.691  0.447
(1.444)  (1.798) (0.578)

Excited States: qp Configuration Mixing 2 H,,

Even — Even Nuclei 2 0, 2 4 qp

Odd—- A Nuclei 2> 1,3maybe Sqp

Advantages: Up to v =4 (5) Space

Drawback: Non-conservation of N

=> Spurious States

Remedy = Number Projection
Broken Pair approximation (BPA)
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BROKEN PAIR APPROXIMATION (BPA)

The SM gs State for 2 Identical Nucleons

s10)=>" %xaAO*O (aa)|0)

a=(2j,+1)"

A (ab)=|C:®C; |,

gs - O, P Pairs of Identical Nucleons

@, = (s7)'|0)= [Z%xa/lgo(aa)] |0)

a
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The gs Parameters x (v or u) are obtained by:

5(<q)0 | H | (D0>/<(D0 |(D0>): 0

D, :
Special Seniority 0 State
> 98% of ESM gs

2P — Particle Component of BCS State
If v/u = v/u of BCS

Excited States: BPA Basis States

7" —> A, (ab)

1 BPA Basis:

D, (ab)) = A4, (ab)rl | 0)

Special Seniority 2 State

Diagonalise 2 Eigenvalues, Eigenvectors
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GONi

J*= | Expt. ESM v=2 1bp BCS2qp
0 0 (99.8) 0 0 0
0+ 2.29 2.323 (95.8) 2.414 2.455 1.933
3.268 (86.7) 3.415 3.645 2.977
1.33 1.421 (99.8) 1.418 1.421 0.946
2t 2.16 2.171 (76.6) 2.425 2.533 2.068
2.578 2.866 3.481 2.994
3 2.758 (55.5) 3.439 3.506 2.991
3.370 (30.0) 3.872 3.976 3.509
" 2.50 2.205 (91.9) 2.296 2.299 1.863
2.798 (23.9) 3.497 3.565 3.205
04N}
J= | Expt. ESM v<2 1bp BCS2qp
0 0 (99.8) 0 0 0
0 | 227 2.156 (98.8) 2.180 2.188 1.720
3.559 (81.2) 3.659 3.768 3.417
1.34 1.560 (99.7) 1.556 1.559 1.110
2" | 2.89 2.371(78.7) 2.479 2.492 2.084
2.597 (64.9) 3.277 3.308 2.753
- 3.069 (36.6) 3.445 3.454 2.946
3.477(72.7) 3.766 3.804 3.340
o 2.61 2.257 (96.3) 2.292 2.307 1.835
2.725 (34.1) 3.352 3.39% 2.861
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BE(2) Transition and Quadrupole Moments of Ni Isotopes

B(E2,0; —»2)); * fin’ Q2 ;e fm”

ESM | 1bp |BCS2qp| ESM | 1bp |BCS2qp
sNi | 233 | 233 183 14 14 8
SONj 386 390 303 2 -5 -3
S2INj 458 474 383 +2 +1 +1
“Ni | 410 | 431 | 343 +6 48 +5

1 (2) BPA: Good Approximation to
Seniority 2 (4) Shell Model
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Hartree Fock (HF) Mean Field Theory

We have

H| \IJJ}:EJ“I;J'}.
|y =JJ+1)|¥;) .

HF Does not deal directly with | ¥, > instead determines by
minimizing E; In independent particle picture,

Many Body HF Wave Function ¢ is

A A .
e=A[Jéi. H— Hep=> h(i), h| éi) =ei| &)

¢ Is obtained through &(®|H |®)=0.

The HF s.p. states ¢; is expanded in terms of s.p.
basis states | a >=| nljmry >

| 9; >=|i >= 21; | a >,

a3

The Real Expansion Coeff. 2! =< o | i > are
Variational Parameters
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These Orthonormal Sets of s.p. States Satisfy:

o Ul = PRRFY
<i|i >=y = E el o
x

<a|B>=6bqa8 = Z T s
i

One Uses
S[(®|H | D) - ey apgzy] =0
i o

Where £; are Lagrange Multipliers

The Expectation Value

0oCC occC
(®| H | ®) Z<1|r|:>+ S <ii |v il >
"w‘
oce occC
ZZCQ rhat )ZZI" rh* < af|v |y > ziay
= W afy

€« is Eigen Energy of | a >

‘occ’ Stands for Sum Over Lowest A Occupied
States
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occ

. dlw 4
With péﬁ — Z _1}3 '16
!

And Manipulation of Summation Indices . One Gets

k 2 1o | s ko k
enhy + Y < pB|v| s > psgat = gl

B

Define One Body HF Potential

Tuy =) <puB|v|Y6> pss
34

The HF Equation Now Becomes

z[(fﬁ- — €k )0uy + I‘m;‘rf; =0

-~
.

This is an Eigen Value Equation With One Body
HF Hamiltonian hHF

<p|har|y>=edpy+ < p|T |y >

The Diagonalization of this HF Matrix Yields HF
s.p. Energies £ and Wave Functions (Through
Vectors X) Defining @
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The HF Matrix Requires [ Which in
Turn Requires p

It has to be Solved Iteratively. One starts
With Initial Guess p'*) (of Nilsson
Hamiltonian) and calculates New p!f),
Which Forms the New Input.

This Procedure is Continued Until the
Desired Convergence is Achieved.

HF Total Energy
occ IOC‘C
i !
| o
= Z[E;—3<'|F|f>.
: 2
i

JF is Positive for Attractive Potential. Thus
HF Overestimates the Total Energy.

For Spherical Nuclei the Summation in the
Expansion is Over Nodal Quantum Number n
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HF Wave function |® > is not an Eigen State of
Total Angular Momentum J2 . The State with

Good J and Projection M (on the Lab. Fixed z-
axis is written as

7
Win >=n3Pyp | )

ny 18 normalization and Projector P is

20J + 1
Pitk = =g [ 49D{ic(@R(@)

D is the Well Known Rotation Matrix

The Energy becomes (Choose M=K)

Ejx = < JK|H|JK > /< JK|JK >
< WPl H P >
< P| M\PM\ D >
< <I>|HPI\-K|<I> >
< O|Pi,.|® >
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Ilustration: W Isotopes (Z = 74)

Step 1: Core: Z=40, N=70
Valance Levels: 2/® , Both forp & n

Step 2: HF Basis States

Step 3: Interaction — Pairing + Q.Q

Step 4: Diagonalisation of HF Matrices

L | I L | I | [ L l L | I L | L | | ] l | '
d- 8

182 4

W /S

E(J) MeV

" (R (ST
' T T T 0
0 100 200 300 40 500 . 08 :‘“ , Qs
J(J+1) (hw) MeV”
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Backbending

h2
E =—I+1)
25,
hz _ aEI EI _E1—2
23, o(I(I +1)) 2021 -1)

3,0, =hJ(I(I +1)) =hl ;

th _ aE;I s EI _El‘l—z
ol (2__ )
21

Hartree-Fock-Bogoliubov (HFB) Theory

The Quasi-particle Operators b are Defined in
terms of the Basis Space Operators c

bl = 3 (AwiAl + Baica)

Q

b = Y (Baich + Anica)

x

The Inverse Transformation Reads

el = Y (ALb! + Baibi)

Ca = I (BLD! + Aqibi)
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The HFB g.s. is Defined Through
b;| HFB)=0 |HFB >=TI;40 >

0> Being the Real Vacuum

[HFB > is not an Eigen Function of the Particle
Number Operator

N = Z CJ; Cox
=

This can be Rectified by Introducing Lagrange
Multiplier and Working with the New
Hamiltonian

H = H-MN

Z €a —)\c Ca+= Z < apflv|yd > ¢ C‘}CO(A
& 03-‘6

In the Independent Quasiparticle Picture, we
have

[H',b]] = E3b)]
[H’,bi] — —E,'bi
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Evaluating These Commutators

[H',b]] =

Z{[((ea = ’\)60‘1: + Loy )A“.(i + Ac\'} Bﬁ,‘g]CL

oy

~[((€a = My + Tr) Byi + AL, Ayilea}

HF Potential TI' and Pairing Potential A
are:

I Z < aflv|yd > pss
36

1 i
Dag = 5D < aBlv|yd > ks,
= '4‘6

One Body HF Density p and Pairing Matrix K
are;

pss = < HFB|ches|HFB >
= (B'B)ss
ksy = < HFB|cscy|HFB >
= (ABJF)E'E'}' )
Here B Stands for Transpose of B
The Commutator Should be Equated To
Ei Za(Aa-icl + Bcu'.ca)

For Each Value of ¢y
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This Equality Leads To HFB Equations:

(5 3)(8)-#(2)

With:  Toy = (€a — A)day + Cay

The Total HFB Energy can be Calculated as:

Eprp =
1 1 -
Z(EOOO‘?‘ . & §raﬁa)p‘ya -+ 5 Z Aa;ﬂﬁjja
ary a3

m HFB Equations Have to be Solved Iteratively.

m Initial Guess for Bogoliubov Transformation
Coefficients A and B 2>

m Through Hartree — Nilsson OR Nilsson — BCS
Calculations Such That

Aax’ :x;Uz- and Baj — x;V'

I

Where x are the HF Expansion Coeff. and V, U
are the Standard BCS5 Occupation Parameters.
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Density Dependent Hartree-Fock (DDHF)

The 3-body Zero-range Density Dependent
Skyrme Int.

Vsi | = to(l + z0F5)d(r¢ —ry)

+ 3t1(1 + 21 P ){pi20(r — ry) + 8(r¢ — r5)pia}
+ta(1 + sza)Pl?. - O(r¢ — ry)p12

+ gta(1+ z3F5)p" (F)d(r¢ — ry)

+iWo (o) + o3) - p12 x 8(ry — ry)p12

P12 = pi — pj 1s the relative momentum

] o8 = Spin Exchange Operator O:i — Oj

|U' > Spin Pauli Matrices

=15

t3 > 3 - Body Contact Interaction Term

W, > Spin — Orbit Term

Advantage: Expectation value of E wrt Slater
Determinant (Mean Field) WF
—> In Analytical Form
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The Total Energy Functional E = Skyrme, Coulomk
Pairing Parts + Spurious CM Motion

E = E.S‘k + EC-'oul <+ EPair - Ee.m.

Spherical Nuclei = s.p. WF

Rs(7) ., .
9953(1‘) — #J’jﬁl{g?n‘g(a‘ @)

and

ngf_sm,e (_= [ }3 XX 1_/2];1',3??1-_3)

Are Spinor Spherical Harmonics

Z

4?:‘/(?1‘;‘2{ ;n’r - %1‘.0(1 — %_-1‘.0),02 - %to(% +:1'.0)Zq:p§
+%[tl(1 i %;1?1) +io(1+ %JfQ)JpT
—1t1(3 +21) —t2(3 +22)] ) p7q
q
+1e[Bt1(1+ F21) + to(1+ $22)] Y pVp,
q

_%[?’tl(1 + %-‘1'1) —to(1 + %;Bg)]pv'zp

—3WolpV - T+ pgV - I}
q
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V2=8f+%3, ’ 8:' -> %

The Spherical Densities and Currents are

25 +1 [ Rg\?
Pq('?') = Z ﬂg. A7 ( P )

ngjigla

ngigls "
) 2
VJQ(-J') = (dr.+;).]q(-r)
) = 3 GG+ 1) ata+ ) - 2

ngjigla

-~

28 +1 (. Rg\? I(l+1) (Rs\*
T(r) = > nd= [(dr-T) t 3 (—)]

The Occupation Probabilities n% -
Independent of 7723 . 4 Runs over n and p

pP=pptpn T=Tp+Tn
VJ=VJP+V-}?1
The Variation of E wrt R3 2 HF Equations

heRs = €gRg

The Mean Field Hamiltonian

hg = O0:By0r +Uq+ U lo
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h
B, =g + 5[t (1 + 321) +t2(1 + %:rg)]p

2

— §[t1(3 + z1) — t2(3 + 2)]pg

Uts,q = %H olp + pqg) + %(tl —t2)Jq
— %(:l?ltl — ;7:21‘.-2)]
U, = to(l1+ %.’L’o)p — to(% + 20)pq

+15t30%[(2 4+ @) (1 + 23)p
p5 + P2

— 2(% + 1?3)Pq - Of(% — 1173) ]
+%[t1(1 + %11?1) - tz(l AL %3:2)]1_
1t +21) — 23 + 22)]r,
~13ta(1 + da1) — to(1 + $22)) V2
T %[3?51(% +z1) + tz(% & 37‘2)]V2pq
_%H/O(V cJ =N .Jq) + 5q1/2 Ui
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Ucour > Direct + Exchange Terms.
Direct Term is Trivial, Exchange Term is
Taken As

1/3
U.oui(€xchange) = ( ) / dnz 1/3

o _ (P
c.m. QA_R[
For H.O. s.p. Basis| £, ,,= %hw

BCS Type Occupation Probabilities are obtained
through Gap and Number Equatlons Then

Epgir = Z Gq |:Z \/ (1-n3) :l

ch

Illustration:

Skyvrme Int. Parameters

t, = -1057, t; = 235.9, to = -100, t3 = 14463.5

W, = 120, z, = 0.56 s 1 = 22=0.0, 23 = 1.0

a=1

Gap Parameter:
A, =112MeV/VA| A=A, + A,

re = ,/;-;2) + 0.64 5 Z[(Zr; -I—Nr;f )/(Z-l—N) ]1/2
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0 | #Ca | $Ca | Bzr | 2P
BE/A | -822 | -864 | -893 | -881 | -7.89
(-7.98) | (-8.55) | (-8.67) | (-8.71) | (-7.87)

re 268 | 3.41 3.46 | 4.22 5.44
(2.73) | (3.49) | (3.48) | (4.27) | (5.50)

rm 2.55 3.29 3.43 4.17 5.45

Calculations Reproduce Expt. Well.

Relativistic Mean Field (RMF) Approach

Non-Relativistic Analysis Indicates That

U ~ 50 MeV < me? (~ 1000 MeV),

Question: Why Relativistic Formulation?

Reasons::

** Nuclear Ls. splitting is 30 times larger than
that of the Atomic Case and is of Opposite
Sign.
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** Convential Optical Model (OPM) Fails to
Describe Spin Observables in the Intermediate
Energy Polarized Proton — Nucleus (p-A)
Scattering,

Dirac Phenomenology: Use of Dirac Eq. With
Lorentz Scalar and Vector Potentials in Place
of Schrodinger Eq. Remarkably Successful.
Scalar Pot. U and Vector Pot. V are of the
Order of -400 and 350 MeV — Their Diff.
Yields Required 50 MeV. This Success
Triggered the Application of RMF to Nuclear
Structure.

RMF-Formulation:

Nucleon Interacts With the

Meson (o, and p) and e.m. (y) Fields.
The Lagrangian : Free Baryon (Ly),
Mesons (L) and the INT. (Lg,) Terms.

LB = {25 (Lﬁf'“ 8;1 - M ) W
| .
Ly= 3 #o d0 — U(o)
1 . 1 .
—1 Q" Q,, + E mi whw,,
1 ) ) 1 p 1 SRy T
g R Ry +5mg p* py 75" Fw
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Lyg= %° Viy; 0
— G ViV i wy
—gp VY TVi Py
i 14 T3
—e 'i.i-’i’:f'“( 5 )'3.."’5 A,
) g 1 5 5 | Ly
With |Ul(o) = 5”100 + §9‘20 + 15’30
The Field Tensors

Q.UV — é)‘l LJ.»'V - va,u

R = o' — &7 — g, (7 % )
F[.Il’l p— 3‘1‘41/ o alpr

The Classical Variation Principle
Gives the Eqs. Of Motion. Replacing
the Fields By Their Expectation
Values =

Dirac Eq. With Pot. Terms for
Nucleons and KG Type Egs. With
Sources For Meson and the Photon
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Non Linear Walecka Model
Relativistic Mean Field: RMF

Ann. Phys. 198 (1990) 132
Gambhir, Ring and Thimet

Nucleons Interact With
Meson Fields
O, ®, Ppand Y

Masses: M, m_.m_,
‘Lagrangian . oMo Mp
Couplings:9, .9, ,Qp

Classical Variation
iL Principle 93 '93

’Equations of Motion‘

Approx: Field :\U? & — b
Operators

Dirac Equation: Nucleons
K. G. Equation: Mesons & Photon

Static + Charge + Time

For:
— | Case Conserv Reversal

- Scalar + Time like vector
Dirac Egn:c:p*
M=M+09;:0, FA

K. G. Eqn:4— Sources: Baryon

Densities and Currents

Closed Set of Equations
(RMF Equations)

é To be solved
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The Dirac Eq.:

(—La V+3(M + g,0)+ g.w’-

1 + 7 |
+ gpT3ps + 6—3:‘10) Vi = € Y.

2
The KG Egs.:
{—V'2 + m-f,}ff = —gops — G20° — g30°
{—Vz - mi}wo .
{—VQ = 771?)}])5 = GppP3
—V324° = ep,

Mo (9o ) M (gu), Mmp (g,) are Meson
Masses (Coupling Constants)

g2 (g3) : Coupling Constants of Cubic
(Quartic) Non-Linear Terms

Currents and Densities are:
o = D mitivs
i
po = Y My
H

Pz = an";rga.-'r.-
.

Z n) (1 ha r;) Uy
— T 2 o

Pe

136




Pairing: I
Important

e | Constant Gap Approx.
A, (A,) Fixed =
Simple BCS Type

e | Self Consistent:

Bogoliubov Transform =

Relativistic Hartree
Bogoliubov (RHB) Equations

|RHB Equations: I
ho—XA A U
—A* 3 v,
( : )
V
k

hp: Dirac Hamiltonian
A: Pairing Field
Ug,Vr : Dirac Super-Spinors
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Dirac Hamiltonian:

hp = —w-V + (M + g,0)

1—’;'"3
A°
2

+ 9w’ + gpT3p3 t+ €

/.(Ugka + VkTka) = Opp!

Kernel of Pairing Field A is:
Z abcd ﬁ;Cd (I‘ r )

k : Pairing Tensor —

fieq (T, 1) Z U% (r) Vg (')
E>0

VPP Interaction in pp channel

138




n,= vi = 5 |1

|Constant Gap Approximation: I

A Diagonal

RHB — RMF with FROZEN
GAP:

Occupancies: given by BCS
equation:

1 Ek—)\

2 Vi — 2® + A2

A — Lagrange Multiplier
A — Pairing Gap
e — Single Particle Energies

Input:

RMF / RHB Calculations

Lagrangian Parameter Set (NL3)
A [ Pairing Interaction

A: Odd - Even Mass Difference

Determine so as to Reproduce

RHB Proton / Neutron Pairing Energies
With Gogny D1S Interaction
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RMF / RHB Calculations

Output:

Dirac Spinors / Mesonic Fields
Single Particle Energies
Binding Energies

Densities

Radii

NL3 Parameter Set

Masses m 939 m, 508.194
(MeV) m, 782.501 || m, 763.0
Coupling go 10.217 guw 12.868
Constants | g, 4.474 g2 -10.431
gz  -28.885 (fm™1)
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eZero Range Density Dependent:

V(ri,ra) = iVOcS(rl —r2)
(1 — 0‘10’2) (1 — p('}"))

Po

po =0.152 fm™3
V, ~-T00 MeV-fm™3

VPP (r,r'):Non Relativistic:
eGogny D1S:

V(ri,ra) = Z g {12/} (Wi+B:P?

=12
—H;P"— M;P°P")

D1S Parameters:

Parameter =1 1 =2
fhi 0.7 1.2
Wi -1720.30 | 103.64
B; 1300.00 | -163.48
H; -1813.53 | 162.81
M; 1397.60 | -223.93
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12
6
Neon
8 4 Radium
2
= 4 = 0
b w S
= * *% : -2
2 0 s
- o
.
-6
-4 * P
Sl BT
8 * g
15 21 23 25 27 2 31 204 200 214 219 224 220 23
T, Mass Number
0.5 0.4
Neon Radium
0.6 0.3 F
0.4 02k wg,ﬁ
*
= 0l *
*xy ke
0 ."'}k
-0.1
. - A = A . 0.2 i L i 4 f
17 19 21 23 B 271 29 M 204 209 214 219 224 229 234

Mass Number Mass Number
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Ground State Properties

1.0
0.8} Neon

0.6}
o 04f

£
#:-_, 0.2 -i -
= 0.0 #*

# RMF
0.6 oo Expt.

-0.8|

-1°016 18 20 22 24 26 28 30

Mass Number

5]
(]

Radium »
s *
o
g 1.5
&£ # RMF
- o—® Expt.
=+ L
; 1
A
o
Lo
X 0.5
0
*
| | \ | | | |

) 204 208 212 216 220 224 228 232 236
Mass Number
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Ground State Properties

* Binding Energies: Well Reproduced
~ 0.25% of Expt. (On Average)

* }: Reasonable: Consistent with
Moller - Nix Systematics

» Charge Radii: Upto 274 Decimal

» Isotopic Shifts: Reproduced

Nuclear Landscape

1 less than 300 stable

o

proton number Z

82 \
terra incognita

known nuclei

-
2 8 neutron number N
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CHART OF THE NUCLIDES 118 b

117]
16|
115
" 114]
)
113
112
i
ma 0000 /S O —
(111 a7 38
i lin
f By
5 :
B
ari
i
b
i
0
I
! 12285 EC
34s
9,16 i
SF
eutro he

Yu. Ts. Oganessian et al., JINR Preprint E7-2004-160

Production:
(Cold Fusion)

Decay:

(« Emission)

http:/ /ie.lbl.gov/education/glossary/glossaryf.htm
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(620117,
70, 208 7 1 (606111, — | 5o e
Zn+  Pb——> 112+ 0 ey —— [“Hyae— N
i t
‘b.‘(‘ﬂrl, |
(6137
[so6j11” 273
[P06]1 3 ——— Ds
0
[728)1¢ g
‘a.'m:': 269
L E —
[606] 11— Hs
(22
:.-:SFL 265
$20]1 -
sy’ = Sa
15 4
supl—— |56
e20)1 —————
15|11 RI
- lt:\
P
201 257
15 '
:::IF; T— No
o,
62257 ——
7349, — 12853
6159 ——
wapyT —— | Fmy
S. Hofmann et al, Z. Phys. A 354 (1996) 229,

Superheavy Nuclei
(Half Lives)

Calculation:

Ground State Properties: RMF
-- Well Reproduced (BE, j3, etc.)

Half Lives: WKB Approximation
-- Requires: Q Values + Potentials

- o - Daughter Interaction Potentials
(Double Folding Model)

146




-1800

-1850

-1900

-1950

BE (MeV)

-2000

I

-2050

-2100 ‘

*i13

# RMF
@ Audil3

I | | I 1 |

249 253 257 261 265 269 273 277 281

Mass Number

0.15+

43
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i3
b

&

# RMF
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| | | ] | |

0.1 '
249 253

-t

257 261 265 269 273 277 281
Mass Number
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14
277
112
121
4 @
> 10
-
i
= B R
o 8 o
# RMF
6 o—e Expt.
4 | | | | | |
253 257 261 265 269 273 277 281
Mass Number
6
277
112
41 s
o] L
= o}
™
2
=
# RMF
A Qumf\\‘l{l:
4+ oo Expt.
A
-6 | | | | | |
253 257 261 265 269 273 277 281
Mass Number
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Summary & Conclusions

* Q Values: Well Reproduced

« Experimental Q values + WKB -

Reproduces half lives well 2
Double Folding Potential Reliable

» Half Lives Depend Sensitively on
Q values

RMF 5 SUCCESSFUL

=
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Recent Developments:

Large Shell-Model Calculations:

Large Dimensions
Effective Interaction

ANTOINE (E.Courier, Strasburg, France)

OXBASH (B.A.Brown; Michigan, USA)

DUSM (Vallieres + Novoselsky, Phil., USA)

sd — shell (1°0 Core) 2 Good

pf — shell (**Ca Core) 2
Yet to be Achieved Fully

Limits: 107 — 108 Basis States

How Much Dependence on Effective Interaction?

What can we learn from Eigenvectors with
Billions of Components?
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Exotic Nuclei: Asymptotics is Important
Continuum Shell Model

Ab — Initio : No Core Shell Model (NCSM)
With nn, nnn Interaction

e Hyperspherical harmonic variational:
e Green’s function Monte Carlo: A<7
* No-core shell model: A</2

Benchmark calculation for A=4

e Test calculation with realistic interaction: all

methods agree. e
i) olr—n)¥)

</
Method (7) (V) E, 0
FY 102.39%(5) —128.33(10) —25.94(5) 1.485(3) e
CRCGV 10230 —128.20 —2590 1482 TE
SVM 102.35 -12827 -2592 1486 =
HH 102.44 —12834 —=2590(1) 1483 =
GFMC 102.3(1.0) —128.25(1.0) =-2593(2) 1. 490(5) v
NCSM 103.35 =12945 —=25.80(20) 1485
EIHH 100.8(9) ~126.7(9) ~25944(10) 1486

r [fm]
* ButE, ,=-28.296 MeV => need for three-

nucleon interaction.

H. Kamada et al., Phys. Rev. C 63 (2001) 034006
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16Q) Calculations
in
2010!

binding energy difference (MeV)

G.Audiand A. H. W apstra, Nu ¢l P hys. A585 (1985) 408 !
— S LiranandN. Z eides, At. DataNucl. Data Tables 17 (1976) 431 /
———T.Tachibanaetal., At Data Nucl .Det a Tab les 39(1968) 251 f
A ——v_Aboussir etal. ,Nucl.Phys . AS4S (1892)1355
- P. Moelle r ﬁd.,At.DﬂaMl.NhTabthQﬂM)ﬁS
———W, D. Myers: and W. J. Swiatecki, Nuci. Phys. ABO1 (1996) 141

H.VonGroote ets. , At.DataNuc|.Da la Tables 17 (1976) 418
. Dufio and A_Zuker private communication, 1996.
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Experimental Nuclear Structure Physics:
Experimental Techniques
T. Kibédi
Australian National University, Australia

E-mail: Tibor.Kibedi@anu.edu.au
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Experimental techniques to deduce J*

T. Kibedi
,‘ Dept. of Nuclear Physics, Australian National University,
Canberra, Australia

Workshop on
“Nuclear Structure and Decay Data:
Theory and Evaluation”
Trieste, Italy, 2006

T. Kibédi, NSDD Workshop, Trteste 2006

Qutline:

Lecture l: Experimental techniques to deduce J* from
= Angular distributions and correlations

= Directional Correlations from Oriented nuclei (DCO)

» Gamma-ray linear polarizations

= [nfernal conversion coefficients

Lecture ll: New developments in characterizing nuclei
using separators

T. Kibédi, NSDD Workshop, Trieste 2000
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Electromagnetic Decay and Nuclear Structure

Energetics of y-decay:

T
Ej Ji E=E+E+T,
E, L, Az 0=Pr+Py
where Ty = (pgJ4/2M; usually T/E ~10%
Angular momentum and parity selection
E: i rules & multipolarities
Mi-Jf SLE|J;+Jd LZD
y y AT = no M1, E2, M3, E4, ...
Multipolarity known
AT = yes E1, M2, E3, M4, ...

AJ may not be unique

Mi-JJSLE | +d] L#O

Am unique
Ax = unknown D,Q O H,..
Ji = Jf L = D
Ax = no; EO

T. Kibédi, NSDD Workshop, Trteste 2006

More on EM transitions

E . Mixed multipolarity & Mixing ratio
E, 3(n'L'inL) = L{x'L") 1 L{xnL)
Lt by = by(nL) + ly(z’L’)
- Or in terms of transition probability

Ef gy Ay = ) + AfL)

Total transition probability

A= hythg + Ay + Ay +
A — conversion electrons, K,L1,L2.. shells

A, — electron-positron pair production; E, > 2 m_c?

R.W — 2 photon emission; very rare (107%)

T. Kibédi, NSDD Workshop, Trieste 2000
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Determining transition mmltipolarity

Angular distribution with spins oriented
Angular correlations

Polarization effects

Electron conversion coefficients

EO (L=0) transitions

Pair conversion coefficients

» Gamma rays

» Conversion electrons

» Electron positron pairs

Q @ T. Kibédi, NSDD Workshop, Trteste 2006

Angular Distributions of Gamma Rays

\\e
LU Rone W(9)=1+A22132(GOS 9)"‘-’444104(005‘9)
12 2~ 2I transi{ion,
. mixed, L"=1, L=2
0.4 /}r

AZM e |

Max :
04 By [
J
0.8 [
Mixing ratio s L/xL) = 1(w"L) / | (xL)
i ! | | | | |
: 2-1I:ll:l -80 -60 -40 -20 1] 20 40 60 80 100
o
Q ﬁ T. Kibédi, NSDD Workshop, Trieste 2000
(i .
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Angular Distributions of Gamma Rays

" W(0)=1+ A,P,(cos )+ A, P,(cos 0)

heam

1.2 T T
| 2 — 1 transition,
| mixed, L'=1, L=2
0.8 ;
AM™ |
0.4 M
f
/
0.0 -
Azlﬁ!x § I
04 -
i
-0.8 ,;
Mixing ratio s(x'L/xL) =1 GrL) 7 1(xL)
| | | I | I
1.2-100 -80 -60 -40 -20 0 20 40 60 80 100
o]
Q J Qi T. Kibédi, NSDD Workshop, Trteste 2006

o .y

Angular Distributions of Gamma Rays

W(@)=1+A4,P (cos )+ A, P,(cos )
Attenuation due to relaxation of nuclear orientation
0< A4, <A™, J,,Lyk=24..

x{f‘“(.fl,Jf,L)=F‘:(LL]f]3)+25XEC(LL+1Lj’;)+5Z xF(L+1L+1T J)

For F{LL J) see E. Der Mateosian and A.W. Sunyar, ADNDT 13 (1974) 407

4, = B;C(J;)XAkm“(JansL)

Nuclear orientation can be achieved

< by interaction of external fields (E,B) with the static
moments of the nuclei at low temperatures

< by nuclear reaction

y Q%@ T. Kibédi, NSDD Workshop, Trieste 2000
.:.\-w “ = wRy)
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Attenuation of Angular Distributions

Detector finite size (AB):
solid angle attenuation

Beam defines aﬁ@metry axis
W(0) =1+Z%,,.0, xB,(J ) x 4™ (J..J ;. L, 5)

where B, (J) is the statistical tensor

+1

B(J)= 31 @k 1T, + Dx

m==J;

[.}: .IJ:]X Exp(—m’ 1 207)
%

TmmO) S pom? 126°%)
mi=—1

L -

Approximation wit?{Gaussian distribution

T. Kibédi, NSDD Workshop, Trteste 2006

Angular Distributions of Gamma Rays
(n,n') reaction on °2Zr

Sample (41 gr)

Gas Cell
Hi{p,n) @ ED =49 MeV &
E,=3.9 MeV N\

C.Fransen, etal., PRC C 71, 054304 (2005) , at Univ. of Kentucky ?S\o
= 'Y 1.Kidi NSDD Workshop, Triests 2006 Figure courtesy of S.W. Yales

-

Ry AR
e
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Angular Distributions of Gamma Rays

82Zr(n,n’) reaction

Transition 3057.5 =21

Ey=2123.0 keV

12 angles and

N

12 hours f angle

y-spectrometer at 1.4 m

0.8

Intensity (arb. units)

-0.5 =025 0 0.25 05 0.75
Fit to data Sgn('e_gon‘)) COS‘?' (e)

C. Fransen, et al., PRC C 71, 054304 (2005), at Univ. of Kentucky

W (0) = Ay + A, P,(co8 0) + A, Py(cos 0)

Deduced A, =A,.IA,
Ay = Alh,

T. Kibédi, NSDD Workshop, Trteste 2006

Angular Distributions - mixing ratio

C Fransen, et al., PRC C 71, 054304 (2005) | at Univ. of Kentucky

100/

10

o
=~

Mixing ratio, 3 deduced from 2 of |
W, ()
Wcaic (6)

as a function of 6

ERar e e
s e s s i

| 1 1 |

0.1 £, o
But no information on
Electric or Magnetic character -1000 ~] 0 1 1000

E1+M2 or M1+E2 Multipole mixing ratio 6

5= 0.69(16) (D+Q)

T. Kibédi, NSDD Workshop, Trieste 2000
2t AR

P e
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Directional Correlations from
Oriented nuclei (DCQO)

Zy
Jq
Ly L3, rlk
Ja
L2 L2‘ 82 /

ForadJ, — J, — J; cascade (see A E. Stuchbety, Nucl. Phys. A723 (2003) 69)

k kk
W(0.0,0,8)= 2P, D" (2 + 12K, +1)[_ ; 2}

kgka .3 ql q qz

x A (59»12LL]2]1)Q;¢(E?12)D§S(@= 6.0)
= Akz(gyzsLﬁjst)ka (E;v23 ngS(qu, 4,,0)

Q%@ T. Kibédi, NSDD Workshop, Trteste 2006
T ety ;;'r_:)._‘.‘ R

Directional Correlations from
Oriented nuclei (DCO) - example

184pt from "aGd + 2Si @ 145
MeV CAESAR array (ANU)

M.P. Robinson et al., Phys. Leff B530
{2002) 74

10*
Beam Line
6 + 72 ( o )
4 T 72 ( b )
@]
2 12 ( ) [J HPGe Detectors
g . BGO Suppressors

0+
y Q%@_ T. Kibédi, NSDD Workshop, Trieste 2000
'-ﬁ'.’f}_a;;,h e
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Directional Correlations from
Oriented nuclei (DCQO)

- example

LM Garcia-Raffi, et al. NIMAIFT (1937) 461

184pt from nGd + 2Si @ 145 e e e e T e
MeV CAESAR array (ANU) 0,=0° 0= +48°
M.P. Robinson et al., Phys. Left B530 1.5 - 9
(2002) 74
10* L0
-]
o s
S 0.5
9 - L5
4+ 72 (.)
i
0.5 | | | I LI | | 1 |
0 S0 1800 S0 180
0+ o (+]
62 62
g Qgi T. Kibédi, NSDD Workshop, Trteste 2006
Gamma-ray linear polarization
M —
| Niie=0 |(@R) [ Nz ge00
Magnetic dipole BE : E LT ¢ }/ ;{Vé
| r/_m/’&(@.
‘\' A
E
LN
Electric dipole E, p > 8
- i b5l iy
g Polarized y1a oy
. ,/ L scatterer
' Reaction plane
4 1 ) E
% 08 poli;f,:?t or B ; ] Compton-scattering E,= m with a= = ; =
g 0.8 - = ! Experimen .
” o :off; w.; e R B 7 E—g B 2sin’ fcos’ @
0.4 a 2 Ey E"r E?’
0.2 ~ Folarization P=A/Q
e T e v v S 1 Asymimetiy A=(NJ.'N||)J(NJ.+N||)
Erite) £, (M) Polarization sensitivity Q

&gi T. Kibédi, NSDD Workshop, Trieste 2000
T ot ey
P
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Gamma-ray linear polarization - example

Tiz=4.9min Q= -6.65 MV

1285
s @/« .0 /,\
= S
| 4 _\" {é\/ 28 ﬂ\"‘a- Lo 1833
!4—; = 1799
6~ ?‘5@/\ T R 1407
IR 9984 1
2
X & 1321 659-284 keV,0,— 2, — 0, ‘
7 &
0y | @h %43
2 Y Y i @4\5 884 1wk = (M2EZ) (E2,E2) u
& B 763
_ o5k
e 5
" ! ANPRE: s 659.284
1 E 00
a ¥ 0 E
e 1%
I 1283, = 3 s
o
ok w (M2M2) (E2M2) =
'l 1 1 1
-1.0 -0.8 aa 05 1.0

P (first transition)

A Wolf, et al. Phys. Rev. C 86, 024323 (2002)

T. Kibédi, NSDD Workshop, Trteste 2006

Conversion electrons (CE)

Radial distribiution of EWF

Electron conversion

@ bound state electron qo}' free particle electron

Energetics of CE-decay (i=K, L, M,....)
E =E+ Ec + Egg + Ky

y-and CE-decays are independent; transition probability (A ~ Intensity)

7"r=7‘-y+7"CE=7‘~y+7LK"’7"L+7"M ......
Conversion coefficient
a; = 7"013,1 / 7‘«/

ce,i

T. Kibédi, NSDD Workshop, Trieste 2000

165



Sensitivity to multipolarity

103

gl T :I [ IC\II T 1T Ia
E PB (z=82) = 9
- ! o I o. depends on
102 L M3 ST g
= W & 6 _ o |transition energy (Ey),
C M4 L) £ F: S
1L Mt g = | atomic number (Z)and
10~ = 898
2 o o @ imultipolarity (o)
= M 4 S |
o 10%E g of —;
= i 8 &
5 FE 7 oNOT |
= 107l L E3Y | | SELECTIVE

=
<DI
L)

T T T T

1074 |E$§|I Ll
1100 1000

—
@%

T. Kibédi, NSDD Workshop, Trteste 2006

The physics of conversion coefficients

a2 ‘2 dp ’
/ly e = 5 IM# dr; . Fermi’s golden rule

Density of final electron state
{continuum)

m, =y @] F, v @

d N3 X

Nuclear V N Electron

Multipolar source

/ @’ bound state electron

Same for yand CE

P;  free particle electron

T. Kibédi, NSDD Workshop, Trieste 2000
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Theoretical Conversion Coefficients
Current tabulations:

* Hager and Seltzer (1968)
Relativistic Hartree-Fock-Slater, WITH Hole, NO dynamic effect
Z=30-103; K, L, M only; limited energy range

» Résel-Fries-Paul (1978)
Relativistic Hartree-Fock-Slater, NO Hole, NO dynamic effect
Z=30-104; All shells; wider energy range

« Band-Trzhaskovskaya (1978)
Relativistic Hartree-Fock-Slater, WITH Hole, WITH dynamic effect
Z=10-104; K, L, M; wider energy range

* Band-Trzhaskovskaya-Nestor-Tikkanen-Raman (2002)
Relativistic Dirac-Fock, NO Hole, WITH dynamic effect
Z=10-126; ALL shells; wider energy range

* Bricc (2005)
Relativistic Dirac-Fock, With Hole, WITH dynhamic effect
Z=10-95; ALL shells; improved accuracy

T. Kibédi, NSDD Workshap, Trieste 2006
. ﬁgi |

P S

Higher order and atomic effects

(ce) <1 keV

Atomic many body correlations: factor ~2 for E
(Brlcc single particle approximation)

kin

+ Partially filled valence shell: non-spherical atomic field
+ Shake effect: increases ICC

(ce) = BE

+ Binding energy unc.: <0.5% for E, (ce) > 10 keV

+ Chemical effects: <<1%

+« Resonance internal conversion: E

kin

+ Penetration:
n s1/2 shells (K, L1, M1,..); M1, M2, M3.. multipolarities
For M1 transition:
0.01% (Z2=10)
~15% (Z=112)

y &gi T. Kibédi, NSDD Workshop, Trieste 2000
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Mixed multipolarity and E0O transitions

2
L= M MY ER @n +0 &,
1,(M1) s
In some cases the mixing ratio can be deduced
52 = % —a®™®
exp
(74 — &g,

EO transitions - pure penetration effect; no y rays (1,=0)

E=—=wm
.
* Pure EO transition: 0* — 0* or 0- — 0~
= J — J (J#0) transitions can be mixed EO+E2+MA1
- LBl (BN T A
IV(EZ) +I?,(M1)

Q%@ T. Kibédi, NSDD Workshon, Trieste 2006
T Ry - ey
P J

More on conversion coefficients

1055 1 I (N N | 1 ] (T | I I Tl ded T I II\II@
4 J J
10 | Mi-shel |z=30(zm)E2 | 1
10° £ 4
g L1-shell 3
107 £ : 4
hoe 5
10° ¢ — —
E = El
B 1otk Electron- 5 e
5 : : il L3
F positron pair s
1072 g production 3 ‘?:‘
8 3 @
107 4 <
3 Conversion coefficient E o
162 i < c
o = Ay, /A E o
105 | Total conversion coefficient E ©
3 L]
B b Oy = O+ ot Fog, F oo ; E
3l |/ o
10_77 | | S O 5 5 | | 0 [ 5 [ | | I [ [ | | N T I‘I g
1 10 100 1000 o
Energy (keV)
f Q ; ’i T. Kibédi, NSDD Workshop, Trieste 2000
(i .
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Measuring conversion coefficients -
methods

~ NPG: normalization of relative CE (I ;) and y (L) intensities via
intensities of one {or more) transition with known o

I... 4

CE *

& =¥

i ¥ -

3 ENOWN

*

# CEL: Coulomb excitation and lifetime measurement

2.829%10" x . (kel)
(44
X B(EZ)T(ezbz)x T . (ns)

= XPG: intensity ratio of K X-rays to y rays with K-fluorescent yield, o,

o= le, 1
I, o

And many more, see Hamilton s book

3 s T. Kibédi, NSDD Workshop, Trteste 2006
S

Internal Conversion Process — The P|oneers

Ew ,
T.R. Gerholm

: J.H. Hamllton

T. Kibédi, NSDD Workshop, Trieste 2000

S )

169




Direct ICC measurements

Electron Detector

Nuclear reactions & g :
\ecﬁo“ Radioactive source
e
P}o ay }ﬂ.ra
target %L d bea ¥5
beam Scatter® &
B-rays
e Yrayg o
F; o5
&ys P
Cop 430%™
Yer, Ky} 5
0, 3
e/, <0
6'(‘{2.
OIIS
« Typical CE intensity <10-60f the total Typical CE intensity ~10% of the total
{scattered beam exciuded)

*Thin source, better energy resolution;
«Energy resolution affected by absorption in FWHM for a Si{Li): 1.6-2.5 keV

target; FWHM for a Si{Li): 3-5 keV o e
9 -No/attenuated angular distribution

-Anguar distribution of conversion electrons — :

usually neglected(?) *Typical Aafu~5-10%

*Typical Aafa -10-20%

T. Kibédi, NSDD Workshop, Trteste 2006

Basic electron transporters

SML S Superconducting solenoid
N U Broad-range mode — 100 keV up to a few MeV

o By U Lens mode — finite transmitted mementum bandwidth|

(Ap/p~15-25%) — high peak-to-total ratio

SC coil —_—

AL LR LT 285 £ 0 501

Mini-orange (looks like a peeled orange)

O transmission = 20%

— = | C— O small size and portability, but
" = poorer quality
larget
e* :
$ MAGNES

absorbers — |

antipesitron
bailfle

SifLiy—

: FORRAS

e ) em ET ' TARGET

T. Kibédi, NSDD Workshop, Trieste 2000
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ANU Superconducting Solenoid Spectrometer

envelope of
accepted trajectories
absorher

axi al diaphragm

paddle wheel
haffle

source

detector

teflon

T. Kibédi, NSDD Workshop, Trteste 2006

Super-e Lens (ANU)

194P{(12C,4n)22Po @ 76 MeV

Pulsed beams (~1 ns) with 1.7 ps separation

60644

Naseo. s

T. Kibédi, NSDD Workshop, Trieste 2000

proye
203, ; gammas|
3 delayed (35 - 550 ns)
800 B
x102 o
=
[+
©
w
I~
w
I, .
; 7—;‘“ x T xa
400 ] CE Jxvonw
::' o
P :
[=:]
g —;.\—.-—-J\-J\' Un_._ ,Jx JLM - L A |
E 0 i f T T t T
8 442 7€2 electrons
!
571.2e2
o 676 8E2
[ n
E3
2000 912 1
L
.
0 Ve !’L..L,mJ ......LJ’IA__

00 800
transition energy (K) in Po [keV]

1000
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Super—-e Honey (ANU)

liguid heliom -
R e Mo Electrons from atomic
feedthrough | ! = collisions are the major

difficulty in low energy
CE spectroscopy using
ion induced reactions

eey coincidences

T. Kibédi, NSDD Workshop, Trteste 2006

— ————— - ANU
GareonALLCE | Super-e Honey ( )
3200 |- : 3
eey coincidences
_— 9 x || 2°Pb(p,n)?°°Bi @ 5 MeV
. - 5 & H. Meier et al. (to be published)
g wo bR g Sa -
- S = i E~=63.1 keV transition not
| & i 7" || wvisible in gamma spectra.
2ld o8 o ;
) e = % No K comversion, BE=90.5 keV
000 —— TN Y s St AL Lo
B3.1 ¥ g(M1)=7 3 ‘ Gate on ALL gammas |
| i ¥ i
wr TR | | A
ol e EE XH\ ; | | JJQ;JL\‘ -.‘ \J\ : .
. /EL,_‘:\,;H"’” I AL E I
E al VP [ s \ \llﬁ?”ﬁalaez;\ ] &
8 T L[V U bt F
L0 4§ e i i VAT
2000 | AN L Do | gt | (1] 98
wf [, "0 a0 %6 | 431\‘. (TREN BT
Ird ; [ [0 oo O W
g T gy ] a0y 910 ’ 06 93“' o
/ / @M \\ N W E
o ‘ - s s l b J
il

ann 400 600

Energy [kev]

i T. Kibédi, NSDD Workshop, Trieste 2000
T,

P Lr‘_.-"’
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100

Tays

Fi X%

40 |

625 1753

B1.6

Gate on 63 LM CE |

569.9

5382

Super-e Honey (ANU)
eey coincidences

205pb(p,n)?%Bi @ 9 MeV
H. Meier et al. (to be published)

Sample coincidence gates

Gate on 538 2 keV gammas |

G231 v cegBd1= 7.3

gt E
R | i e il
73 11 o] U L I dgq \ . T
W o | 33‘| \ # 1
1 1
J \ L\m'm s«m|an°|sﬂr 0 m | Voat 0 !i i &L ]g“ﬁm w0
] 1209 g [ '4°° \ \]*3 il 1319627 \ ] 5 I‘lf{'-" | 814 | |
EALEIR R A i +Jo | 15
R — {0 i s i ) AR N IR ol tiy
i L) 'I ! | | 9% | 3 T
T ”"]V: s}s( \ / 40 4;“ h 431\‘. “; i : 1t | e’ |1y
cIA o 4] i Lt t iyl I I
103 g™ | ] o057 [ g W] | %
85 { | 93,/ 7 2
/ / uI}S’U \ &l b SH]
" Lh, - & ! 1 — | | lII r
200 400 [ Rk . L L
Erergy [eeil]

T. Kibédi, NSDD Workshop, Trteste 2006

ICC from total intensity balances — example 1

In out-of-beam {or decay) coincidence data

tot __ oty — gtot _ tot
L, = Iym xQ+e,)=1, =1, x(1+a,
tot
=, /1, )x(1+a5)-1
a2 (4785, M1) = 0.166
a7 (183.7)=0.2%5) E1:0.103 M1:215 E2:0.674 M2:107
N\
%
\ 1=t 1262
N\ ‘Em
E1(+M2) 377.0
ut ' — 885 27 n=
153.7 in
bl TOL e
624
S Baver, et al, Nucl Phys AG50, 5 (1989) ' 0.5 ot
9- 223 267 ms
1= 0 453 ms
212
Bz
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iICC from total intensity balances — when to use

1014
1013
1012
1011
1020
3

T
Total ICC (E=73)

b

* Be careful near energies close to shell binding
10
108
107
108
10°
10t
103
102
10!
109

1071

1072

1073 . .

-4 S S i I S IO O o IR O A | T e
LY 10 100 1000

Logl0 (BEgarmra)

* Accuracy of gamma-ray intensity
measurements controls the range of its use

m3 foi

\\ =, /I, )x(1+am) 1

ICC{total)

Bl ~10% |

P

T. Kibédi, NSDD Workshop, Trteste 2006

ICC from total intensity balances — example 2

In-beam: only when gating from “above”

|
tor tor tof  __ tor
I'=1 x(+a)=I" =1, x(1+al, i
16+ 4

tot __ gyicE —
Iyout - I?m + Isf

611
1% -
' i LT oua 577/611 o oLl
, T : i
_ | u ]
A o, L { ada | b . A A A - I

1
‘t[‘ “70.3 n o ‘(_'['f” e ' L
| g 2071311 o T
| s i
t "z [ |
sslg ;:lz ) l“ { | o | 4+ h
) \_aned w‘Lf A | 207

. o\

200 400 2030 800 1000 IEEE__ 9 I
T. Kibédi, NSDD Workshop, Trieste 2006 Figure courtesy of F.G. Kondev (ANL)
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ICC from intensity ratio

of K X-rays to yrays - P"Ir

T,,=105 d 112 80.2 —
=1 i
——
1050
80.22 M4
IKp
3Pz ¥ 0.0 Taky
193“-
£ 10
N, & 1
_ Vkx y |
&y = X X .
TmkK, sl
N, & oy A
10 FE, oW
s iy
Looks simple but....
* source preparation (purity) 5 55 6 6 70 75 80 8
Energy(keV)
L]
efﬂCIency (8) calibration N. Nica, et al, Phys Rev. C 70, 054305 (2004)
» coincidence summing
. B Determined: o, = 103.8(8)
Note: o= 21333(373
T
T. Kibédi, NSDD Workshop, Trteste 2006
Raman et al. (2002) Tosday T T s | [costag ] e srs
Ti-46 5 L e EZ1120.6 Ne-Meg g 3409
113 2 Co-Sdarg s ot E2534.0 As-Thay e E33m9
How good are the internal |55z G- sool |ies  —F &2
& Pt re:ﬂaq: ——t E28108 an-lum:cz et W8
MNi-80 &g —— E21173.3 — Rh—104 cp £3775
conversion coefﬁczents s —— 23 | g —He— B
Ni8D oy —f—— £21332.5 Ag-t09 o et £388.0
,, M- 60 crr e Sisia E213325 Ag-109 ay ey - E3880
now? i e ez | |oeisay e s
. Sm-182ey - E21218 Er-SSay —— M43MD
= 100 experimental ICC Siner a e | |oEr e oA
= Deviation of ICC ik S T =eoet I b T o
| Guriseer L Bes | |maoie I SR
“1SBa; =t E170.5 In-113eg 5 R M4 3917
AICC (Exp :Theory) = Gu-kivay G | | . iz |
s e Bme | | o + a2
o i wanl 2 86, In - @y = M43
[{ec(Exp) — Icc(Theory)] 100 it s o el - L A s e
2 Fe oo 7 Sn-1iTay o M4 1560
Icc(Theo ) % ;y--!.f:‘:: P g:: :n-: tua; MaEST -—-'-—‘l
& —— i o MAGRS
?y :-::a: e 23: T —— T:—lziugm‘:lmj
Er-168 ay —t— #2708 Te-125a; g M4 193
e T s | |vosa  o—e—  wams
Hager-Seltzer: -3.01(24)% et BRI R I B2
'r::]ﬂa:: —— F2821 nrll!a: Pt 42682
Hi-1TE e, —eg E2e32 Ba-135ay —— B4 2602
- - E2933 1570 - 856616
Rossel et al: -2.71(24)% it e St | | ot : =p
s | [ G
BTNTR NO Hole +0.19(26)% o g Lo B | |hme T Mises
Po- 207y —g— EZ5697 He-197ay - MEI650
x Th-2Mbety o e £2532 Hg - 197 ay et A 1650
RNIT(1) With Hole | -0.94(24)% V1 el AR B 8
—— U.238 op £2452 Ma Ulu: - E426).1
" 0 Pu-238ey -'—.:'_- E244 m"j"l " '—tﬁ EL1903
RNIT(2) With Hole | -1.18(24)% o - == P

T. Kibédi, NSDD Workshaop, Trieste 2000

20 -5 W -5

[1] 5 10 15

0 -20 -IS -l -3

A _ (exp.:BTNTR)

icc
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Can we ignore the atomic vacancies?

1.000E-13 -

W—'_ ——
vacuum
) ) @ —->
1.000E-14 - Half-Life of an
» atomic vacancy on
[
the K-shell s =
JL Cambell and T. Papp, TR RN i
1.000E-15 - \ ADﬁJrBTEWaF?DUU ﬁpp ‘}{'L:’i-:\‘-‘?s 1\‘;.2-‘-'-__::&:35"‘:

“

Time [s]
/

1.000E-16 -
L ]
. Electron escape time
* s R(atom) ~ 1.4 A
1.IJIJIJE—1?-______________:!._ _______ 1keV
—————————————————— B mimiiniion W NN
________________________ 40 keV
1.000E-18 T T T T T |
20 40 60 80 100 120

Atomic Number, Z

T. Kibédi, NSDD Workshop, Trieste 2000

How good are the internal conversion coefficients now?

Exp. vs. BTNTR(NoHole)

20 [ N T L S —c
T K L E/L IMilt. ALL
15 = A DR E2 b
80.2 K (M4) : PEdg
* 10 H ."'3Ir '_'} L e le B
4 _ = i Sl £5
=l i E i1/ N
5 o ] 154 L gl +0.82 (27) %
4 f ” i
g sl } | .’
<]
,10 = =
15 +0.19(26) %
Average ATCC (Exgo:BTNTR)= +0.82(27) %; ALL Icc; 145 data points Raman et al. (2002)
o0 Lol L1l N R R L]
1 10 100

Log10 Frran 7 Frinding!

T. Kibédi, NSDD Workshop, Trieste 2000
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How good are the internal conversion coefficients now?

Exp. vs. RNIT(2)(with Hole

20 T T T T i 1 41 SR i |
T K L E/L IMilt. ALL
15 + « = & ¥ EZ b
- M3
80.2 K (M4) & koW E3
193 e
10 It -

-0.82 (17) %

ATIC (Exgo:RNIT(2)) in %
o n
T
ey

|
o
T
—
——
——
=12
——
et
—i—
|

_lO — —
-15 | -1.18(24) %
Average ATCC(Exp:RNIT(2) )= -0.82(17) %; ALL Tcc; 145 data points| Ramanretal (2002
_ Lo [ R R A [ N N B A L]
20 1 10 100
Log0EBrran 7 Boinding!
Q : i T. Kibédi NSDD Workshop, Trieste zoob
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Experimental Nuclear Structure Physics:
Other Data Considerations
T. Kibedi
Australian National University, Australia
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New developments in characterizing nuclei using
separators

T. Kibedi
Dept. of Nuclear Physics, Australian National University,
Canberra, Australia

Workshop on
“Nuclear Structure and Decay Data:
Theory and Evaluation”
Trieste, Italy, 2006

T. Kibédi, NSDD Workshop, Trteste 2006

Qutline:

Lecture |ll: New developments in characterizing nuclei using separators
* TRIUMF-ISAC
» Heavy Element Spectroscopy at JYFL
* New compact recoil separator at the ANU

* Future - radioactive beam facilities

T. Kibédi, NSDD Workshop, Trieste 2000
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ISAC at TRIUMF

Isotope Feparator and ACcelerator

P, G. Bricautt, et al., : or™
Mucl. Instrum. Methods Phys. Res. B1z6, 231 (1997)

T. Kibédi NSDD Workshop, Trieste 2006 Courfesy of P.E Garreff

Gamma-Ray Spectroscopy at TRIUMEF-ISAC

The 8= Collaboration

*A. Andreyev, G.C. Ball, R. Churchman, G. Hackman, R.8. Chakrawarthy, C. Morton, C.J. Pearson, M.E.
Smith, TRIUMF

+P.E. Garrett, C.E. Svensson, C. Andreoiu, D. Bandyopadhyay, G.F. Grinyer, B. Hyland, E. llles, M.
Schumaker, A. Phillips, J.J. Valiente-Dobon, J. Wong, University of Gueiph

+ J.C. Waddington, L.M. Watters, McMaster University

* R.A.E. Austin, St Mary’s University

» 8. Ashley, P. Regan, S.C. Williams, P.M. Walker, University of Surrey
+ J.A Becker, C.Y. Wu, Lawrence Livermore National Laboratory

* W.D. Kulp, J.L. Wood, Georgia Tech.

« E. Zganjar, Louisiana State

+ J. Schwarzenberg, University of Vienna

« F. Sarazin, C. Matoon, Coforado School of Mines

» J.J. Ressler, Simon Fraser University

* J.R. Leslie, Queens University,

T. Kibédi, NSDD Workshop, Trieste 2006 Couresy of P.E Garreff
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The 8xr spectrometer — a versatile tool for nuclear physics

8n Spectrometer at ISAC
20 Compton-Suppresscd HPGe detectors

and 10 BaF2 dctectors for y-ray detection

20 plastic scintillators for B detection

S Si{Li) detectors for conversion clectron spectroscopy

Fast, m-vacuum tapc transport systcm

I I HPGe
Tapc

e Deam from ISAC
Ir‘mxporl

27 (or 4n) array of positron counters

Trigger rate of ~30 kHz; data transfer 5 MB/&

The 8x spectrometer is a unique device for these types of studies. Simultaneous
collection of y-singles, vy coincidences, p tagging, conversion electrons, and lifetime
measurements

T. Kibédi NSDD Workshop, Trieste 2006 Courfesy of P.E Garreff

Moving tape collector for transport of activity

* Beam implanted onto a moving tape

+ Allows for movement of long-lived activity out of
focus of spectrometer

* Beam collection time variable {down to ~ 10 ms)

* Tape speeds, dwell times, etc., variable

Tape
Cassette

Built by
E. Zganjar, LSU

—— - - L
i

\ A ; g - - i = )
\ o - Lead ﬁm_
T . L= = MEIET Sheilding

T, Kibédi, NSDD Workshap, Trieste 2006 Courfesy of F E Garretf
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P decay half-life measurements at a new level
T e e
F Best Fil Parameters 1
Gas Counter N 2% ) & ]
a= I Nay ={2.578 £ 0.002) x 10 cfs

1H 2 =
ay =T, "Naj = 1LOT16 £0.0007 « f
=36cm N 4= I0™AN= o0t 0 s 100 s ]
_ 10 AL = 63449 5 (Tixed) 3
@ E F a, =BG =89 & 1% ofs 1
Implantation Site o] r g I
1o? E 2 =106 E
- g :
1 g 5
[ Contaminant ~0.3% e
ancuiruuiun L ]

ol L N ANV RO
High Yacuum 4] 2 10 15 200 25

E Atmosphere Fime ()
Tape Spools
Ty, (*SNa) = 1.07128 + 0.00013 £ 0.00021 s
{Statistical} {Systematic}
G.F. Grinyer et al., Phys. Rev, C T, 044300 2003)

T, Kibédi, NSDD Workshop, Trieste 2006 Courtesy of F.E. Garrett

Sensitivity to f branches at 10° level: ?Na — Mg
R S s 28Na beam: 109 571 for 12 hours, trigger rate 24 kHz

ke Singlesy i 4

E g 7 x|

g, G 2; = 0; 8n HPGe array
wE P ! 1.54 X 108 counts B —7¥ coincidences
: i 3 i L.Flo

L & g
“Tididhed |
10° 3
” I G F. Grinyver et al, Phys. Rev, C 71, 044300 (2005)
1

b I L I L T T

. o E
s P — ¥ coincidences

; % 7369.8 (#Mg)
10’ 3
o4 2,-0;

3 w b L.=3.5(8)x10°" ]
1* — 6744.6
o' E -
3 Y T U U S O R i . ) M"Wlﬂlhll} ] W
2000 2500 3000 3500 400 4500 00 5500 6000 6500 7000 7500 150 = = 00 00
A E, (ke¥)
T, Kibédi, NSDD Workshop, Tricste 2006 Courtesy of P E. Garreff
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32Na - Mg decay - “Island of inversion”

32Na (Z=11, N=21) extra 9 neutrons

N=20 magic number may disappear
around Z=11

» Large B(E2; 2* — 0%)
* Large quadrupole moments

« Competition of normal and intruder
configurations (excitations across the N =
20 shell gap)

= Call for detailed spectroscopy (T4,
multipolarity, branching ratio)

BN e
l4rms 5 . N
Ot 74208 Y 2n emission
\\ Pyp=8.382.1
Ton E, J®
] eVl
e 2 ——— R
1n emission |
S gt 7820.4mer Bin=23926 8 |l ss | P
lin Ex J pggezn
[} 5] (L]
375 ms
2. m— | 39033
13— WS
15 L IES
12.8 Sy,
5,251 105 Mev A auc%‘
e 0 =5
log ft Ex Vg an
e V) g
5.7 L6 — &820 250 s
216 L7 _—-l\’- 307
K- 5.1 —————rt—t— 2058
6.0 54 et 266 |
58 s T i G, Klotz, et al.,
18 58 T n
! Phys. Rev, C47 2502 (1993)
ﬂ ]
A e
J-—L 9 JTs0"
¥ .
!W 120

T. Kibédi, NSDD Workshop, Trteste 2006

Courtesy of F.E. Garrett

Preliminary experiment

» 3Na decay investigated as a means to
study the excited nuclear states of >*Mg
(Z~12, N=20).

* Investigate the breakdown of shell
closures far from stability.

* B-y coincidences measured with 8§z and
SCEPTAR.

* Reduce background and allow weak
32Na decay spectrum to be measured.
(**Na beam rate at ~2 ions/s).

* Beam production with Ta target
insufficient for detailed study, but expect
hoost of 2-3 orders of magnitude with
actinide target

Tapc

transport

to examine J°Na decay

=
8

r ~1460.8 keV peak Singles
r W~ WAy {without
A SCEPTAR)
8l
il
Ll HE
Z 400
2614.5 keV peak
200 2T _ 2Py
0 [ X ¢ wﬂ‘ Ll i
0 500

| L
1000 00

Emar]:svm kaV 2000 26500 3000
300
B ) By
2501-585.5 keV peak Coincidences
| ¥Na-3Mg {with SCEPTAR)
0200 — R
=
§ L
w
5 150
O’ L
=
100 — 3 )
L 2151.3 ke peak e e
o= 32Na - 2Mg
0 sk bk i i
0 500 1000 Emr};"iroﬁ. ey 2000 2500 3000

Courfesy of F E Garretf

185




Preliminary experiment on 1°°Er

% 1%Tm decay: 8pi + PACES _ Ge

1081 851

614 656
611

669 685

Data are for 1/3 of the
sample, 1 detector

Part of study of N=90
isotopes examining
shape transition

Goal is to search for vital EQ
transitions

7d run collected 1 TB of data

with 8n, SCEPTAR, and
PACES

Courtesy of F.E. Garrett

Enhanced E0 transitions observed
E0 transitions: mixing between coexisting shapes
of different deformation
BB ™
0w © 3t 1674
- I~
- +
= © 0 2" 1418
~ 4% 1257
I~ 0 5
o 3+ 1043
6% 070 o' 2+ o089 c:::oom A 4
Bo ot 806 S 2 8204V
4+ 527 |
2r 192 Ivv¥ ¥
ot 0 ¥ L 4
158
Er
Must await lifetime measurements for p2(E0)
T, Kibédi, NSDD Workshap, Trieste 2006 Courfesy of F E Garretf
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Heavy Element Spectroscopy at JYFL

RITU Next predicted closed shells
NilssonWoods Saxon:

Z=...50, 82, 114

N=... 30, 82, 126, 784

Skyrme-Hartree-Fock:
Z=.. 50, 82, 126
N=... 50, 82, 126, 784

Relativistic mean-field:
Z=... 50, 82, 120
N=...50, 82, 126, 172

- .

- g
4 Not :
_ | accessible |
Superheavy Elements yet /./
255 T R
Lr
oo "% o wall
25206 s 254N g :
b New spectroscopic data can be
2490 o 250p o oy dicti
) 4" used to improve predictions
L] Femnium _ | jquid Drop Limit
] Califrnium
. H ., Cutium
. ‘[ }I hmkmm d
Therium
Q Q T. Kibédi NSDD Workshop, Trieste 2006 Courtesy of F. Greenlees

L) ¥ L Ll T L} L) L] T 1 L} L} L] L] 1 L 1] Ll L} T
0° In_Reactions - 4n Reactions
= 0 me, 9g; [ ] Mu‘ O gy
107 ¢ 2py Qg Wecp
_‘ x Mm@ WcE
10 W ozepg
g 10-! - -
AL I Berk GS1 |
~ : Se Bkr 1984}
i =] 10‘"_ I -
. ¢ BSs |
ISHIP i8rq E
“]-ﬁ - -
7 I Dubna-Liv.
5 £2000)
07 a] N8z =3 L ] b) N-2wr2 =1 0 and 1 .
10'“ L] T L) L) T T | MR I | T 1 T T T v T | IS | 1 F ey T ) T k) T
102 04 108 108 110 M2 W4 WE 18 120 102 W& 106 108 110 %2 14 U8 1B 120
Element number
S Hofmann/ Prog. Parl. Nucl. Phys 46 (2001) 285
f Q ; @_ T. Kibédi, NSDD Workshop, Trieste 2006
P

187



RITU + JUROGAM + GREAT

wpedm

— ‘5 ] ":“-“ ‘:\ ]
S 577 LN )ﬂ_{,\.'g
== = _.m_‘f ey , /’- f/// _": I'“.;Q\\ A ;i:‘/ ff

M. Leina et al., Mucl Instr. and Meth, 599 (1995) 653,

T. Kibédi, NSDD Workshop, Trteste 2006

Recoil Decay Tagging (RDT)

©

Time of flight Decay time T,
0 O9us 10us<T<5Typ
o

i

Target array

I Separator ,’ @.

delayed coincidence f

Gt

P e

R-1) Herzherg, J. Phys, (3 30 (2004) R123.
Q ﬁ T. Kibédi NSDD Workshop, Tricste 2006
—RNRY)
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o

7
T
i

5

43 Phase | and GASP-type detectors —
Ex. EUROBALL and UK-France loan
pool

Efficiency ~ 4.2% @ 1.3 MeV

TDR data acquisition system — Data rate
~5MB/s @ 10 kHz

Software BGO suppression

Auto fill system built by University of
York, part of GREAT Project

Online/Offline Sorting — Grain developed
by P. Rahkila

T, Kibédi NSDD Workshap, Trieste 2006 Courtesy of F. Greenlees

The SACRED Electron Spectrometer

Beam In

V<

== C0ld Finger

235 Element
Annular St
Detector

THE UNIVERSITY
of LIVERPOOL

Carbon He

Containment Windows /@

Target Chamber -
UNIVERSITY OF J\‘\‘.-"\‘:K‘('l_-'i

H. Kankaanpaa, et al, Nucl. Instrum. Meth. Phys. Res AB34 (2004) 503

see aiso P.A. Buller, et ai, Nucl instrum. Meth. Phys. Res. A38T (1956) 433

Q%Q T Kibédi, NSDD Workshop, Trieste 2006 Courfesy of P Greenlaes
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The GREAT Spectrometer

a-detection

High energy y-ray detection

Planar germanium strip detector

120 mm X 60 mm ¥ 15 mm

Double-sided Si strip detector

2 x 60 mm x 40 mm

CE-detection

Si PIN diode array
28 x 28 mm x 28 mm

T. Kibédi, NSDD Workshop, Trteste 2006

£
g

e

X- and y-ray detection

Clover detector

Total Data Readout (TDR) Acquisiton System

R, Page, et al.,
Nuel, Instrum, Meth. Flyvs Res. B 204 (2003) 634,

The SACRED - example
(Liverpool-JYFL)

300

200 -

g=102

counts/ keV

BE,=145.2 keV 100 4

Lowest transitions fully converted

0 -
EptkeV] | olE2) | w(EZ) | orET) 0
2+ 0°F) 44(1) Mg | 1100 1540
4+ — (%) 102(1) MIA 206 288
Bt — 4+ 158.5(2) 0108 274 393
g — 6" 214.1(1) 0122 | 0772 1.20
-
" i . 9 50
(*) transition not seen; from extrapolation using =
the Harris formulae W
=
3
o 25
Figure caurtesy aof F. Greenlees
0

X-rays 208Pp(48Ca,2n) *No
S. Eeckhaudt, et al.,
Eur. Phys. J. A25, 605 (20035)
86

108

100
gamma energy (keV)

200 300 400 500

4 52

LMg - 4
Fem
N

8 ->6
LM

P10 58

P.A. Butler, et al.,
Phys.Rev.Lett. 89, 202501 (2002)

Sacred + RITU

recoil tagged
CE

T. Kibédi, NSDD Workskop, Trieste:

T T
100 200

300
electron energy (keV)

400 500
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Collective nuclear properties

Dynamic Moments of Inertia
4Kt 140
gtz
E(N-E(-2) *e—o™Fm
o—o *pm
]
*+—+"No
120 1 e a™No
e,
250Fm -
Experiment: J.E. Bastin et al., % .
Phys. Rev. C73 (2006) 024308 = A
BET(R22" >0"=17.5(23) &b NE 100 '
B, = 0.25(2) o
= ;
Raman, et al., & iy
Atomic Data and Nuclear Data Tables 78, 1-128 {2001) - I/ »
GLOBAL FIT to data: 80 ,-é &
BT (B2 —07)=147(31) & !4; 2

60
0.05 0.1 0.15 02 025 03
Rotational Frequency

Courfesy of P. Gregnlees

T. Kibédi, NSDD Workshop, Trteste 2006

2°0rm Dynamic Moment of Inertia J(%

"™ Theory:

M. Bender et al.,
= NPA 723 (2003) 354

{mean-field)

Courfesy of P Greenlaes

T. Kibédi, NSDD Workshop, Trieste 2000
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ROTATIONAL BAND OF THE *'Md NUCLEUS

o .
: “b*- [514] % e~ 0.7 Mainly E2 = : =
[ ::3:“1{
80 — . [633]F %13 Mainly ML —D> — _If'

counts

|| Rotational band

v energy (keV)

T, Kibédi NSDD Workshap, Trieste 2006 Courtesy of F. Greenlees

Future Developments

= SAGE

* Combined In-beam electron and gamma spectroscopy

+ Electron Efficiency ~ 10%, Gamma Efficiency ~ 4%
+ Liverpool/Daresbury/JYFL Collaboration
+ Digital Electronics

+ New Vacuum Separator

T, Kibédi, NSDD Workshap, Trieste 2006 Courfesy of P Greenlaes
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RITU + JUROCGAM + GREAT Collaborators

University of Liverpool, UK
DAPNIA/SPhN CEA Saclay, France

GS| Darmstadt, Germany

IReS Strasbourg, France

ANL Argonne, USA

University of Helsinki, Finland

University of Oslo, Norway

Ludwig Maximilians Universitat, Germany
Niels Bohr Institute, Denmark

Q @ T. Kibédi, NSDD Workshop, Trteste 2006

New compact recoil separator at the ANU

Australian Research Council, Discovery Grant (Dracoulis, Lane, Kibédi)
ANU Major Equipment Grant (Lane, Kibédi, Dracoulis)

P. Nieminen, 6.J. Lane, 6.D. Dracoulis, T. Kibédi, D.J. Hinde and N. Dasgupta

Q%@ T. Kibédi, NSDD Workshop, Trieste 2000
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System design

Gas-filled, _ Gas window in front
superconducting of target
6.5 Tesla
Remove built-up Solencid StopperAew

activities Stopper B

Moving catcher tape 2, V,cos(el ub)

9B,

: average charge
state in gas

Target f =

Scattered heam 9

Resldues
Low implantation depth
—> good electron

Si(L) array resolution
Conversion electrons

Measure y-y, X-y and y-e coincidences

Energy degrader

Comtton Suppressed
Ge / LEPS detecto iy

vy and X rays ¢

* No recoil detector in use during experiments, possibly a removable array
of solar cell detectors for image size measurements during setup

Q%@ T. Kibédi, NSDD Workshop, Trteste 2006
iR
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i
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A compact separator:
properties of short-lived isomeric states...

Short flight path to focal plane compared to other separators:

Device Length | tgigns v/c ~ 2% | tgjghe vic ~ 4%
RITV 4.8m 800 ns 400 ns
(Jyviskyld)
FMA (Argonne) | 8.2 m 1370 ns 685 ns
SOLITAIRE 17m 280 ns 140 ns

Sample reactions for #°Pb

164Epn(225i 4n) @ 140 MeV ; v/c
100Mo(*1Zr, 2n) @ 350 MeV ; v/c

* Symmetric reactions and high v/c using heavy beams from the
combined tandem + LINAC system; beams being developed

1.5 %, Tﬂighf ~ 380 ns
4.3 %, 'rflighf ~ 130 ns

...and longer-lived states

* Very flexible pulsing of high-quality tandem (+LINAC) beams

* Time correlation techniques
Q ; Q_ T. Kibédi, NSDD Workskop, Trieste 2000
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Setup with one unsuppressed Ge detector (May 2005)

Calculated

Measured

570 ug/crnz 10949 foil: 58Ni + 19%Ag > “7Re

Low energy CE detection — minimize implantation depth by
using energy degrader foil

Q%@ T. Kibédi, NSDD Workshop, Trieste 2000
g, aERy)

-
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Transport Efficiency
Beam Pulsing and Observation of Gamma Rays at the Focal Plane

170ER(295i,5n)1%Pb @ 145 MeV: Beam ~0.1 gs on / ~1.6 us off

(a) Delayed (150-850 ns) y rays: **Pb transitions
(b) Time spectrum gated by 847-keV transition in *Fe (beam-related)
(c) Summed time spectrum gated by transitions in 1*Pb
Region A: flight time (390 ns) & accumulation during beam-on period (107 ns)

Region B: de-excitation of 565-ns (meanlife) 12* isomer in *Pb

€ aa7kev (“Fe) | 100

p—
=

ounts / ns

£=tn
==
C

L2 120
[=-N=]

[
(===}

100 300 500 700 900

Energy (keV)
Q%@ T. Kibédi, NSDD Workshop, Trteste 2006

Time (ns)

The present chart of nuclei - exploring Super Heavy nuclei

I stable

/" decay
B decay
o decay

p decay
spontaneous fission

= 126
120 |
SR

184

Current themes in nuclear physics
- Explaining complex nuclei from basic constituents
- The size of the nucleus: halos and skins
; - Isospin dependence of the nuclear force
2 8 —— N Measuring and predicting the limits of nuclear existence
Around 3000 of the expected 6000 - Doubly-magic nuclei and shell stricture far from stability
- The end of Mendeleev’s table: superheavies
- Understanding the origin of elements
- Testing the Standard Model
- Applications in materials and life sciences

nuclei have been observed

Q 9 T. Kibédi, NSDD Workshop, Trieste 2000
it
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Radiocactive beam production:
Two complementary methods

Projectile Fragmentation

GANIL/SISSI, GSL,
RIKEN, NSCL/MSU

Fragment separator

Thin production
target

High energy, large variety of species,
Poor optical qualities

Ruqioacliw.- ion beam

GANIL/SPIRAL, REX/ISOLDE,
ISAAC/TRIUMF R

accelerator \

Isotope / isol:
separator

. Thick, hot targe
Production beam

Postaccelerator

Low energy, chemistry is difficult,
good beam qualities

ioactive ion beam

First generation Radiocactive Beam Projects

Location . Start | Driver Post- Upgrade
accelerator planned

CRC, Louvain-la- 1989 | cyclotron | cyclotrons

Neuve, Belgium p, 30 MeV, 200pA K =44 and 110

SPIRAL, 2001 | 2 cyclotrons | cyclotron " new

GANIL, Caen, heavy ions up te 95 MeV/u K=26b driver

France 6 kW 2 - 25 MeV/u

REX-ISOLDE, 2001 | PS booster | linac | energy

CERN, Geneva, p, 1.4 GeV, 2 pA 08-2.2 upgrade

Switzerland MeV/u 4.3

MeV/u
HRIBF, Oak 1998 | cyclotron | 25 MV tandem
Ridge, USA p,d, o, 50 -100 MeVY
| . 10 - 20 pA .

ISAC, TRIUMF, 2000 synchrotron linac enerqy

Vancouver, p, 500 MeV, 100 pnA 15 MeV/u upgrade

Canada 6.5

MeV/u

T. Kibédi, NSDD Workshop, Trieste 2006
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Selected themes in nuclear physics

» How are complex systems built from a few, simple ingredients?
- Our Universe seems quite complex yet it is constructed from a
small number of objects

- These objects obey simple physical laws and interact via a
handful of forces
o The study of nuclear structure plays a central role here.

- A two-fluid (neutrons and protons), finite N system interacting
via strong, short-range forces

* The Goal
- A comprehensive understanding of nuclear structure over all the
relevant parameters [Temp., Ang. momentum, N/Z ratio, etc.|
» The Opportunity
- If we can generate high quality beams of radioactive ions we will
have the ability to focus on specific nuclei from the whole of the
Nuclear Chart in order to isolate specific aspects of the system

Q : i T. Kibédi NSDD Workshop, Trieste zoob
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Nuclear Data Section e-mail: services@iaeand.iaea.org

International Atomic Energy Agency fax: (43-1) 26007
P.O. Box 100 cable: INATOM VIENNA
A-1400 Vienna telex: 1-12645
Austria telephone: (43-1) 2600-21710

Web: http://www-nds.iaea.org
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