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Abstract

A two-week Workshop on Nuclear Structure and Decay Data under the auspices of the
IAEA Nuclear Data Section was organised and administrated at the Abdus Salam
International Centre for Theoretical Physics (ICTP) in Trieste, Italy from 4 to 15 April
2005. This workshop constituted a further development of previous Nuclear Structure
and Decay Data Workshops held in 2002 and 2003. The aims and contents of this
workshop are summarized, along with the agenda, list of participants, comments and
recommendations. Most of the workshop material can be found in the INDC report of
the equivalent workshop of 17 to 28 November 2003 (INDC(NDS)-452). However,
some new material was prepared for 4 to 15 April 2005, and these new and modified
lectures are brought together in this addendum report. All of this material is freely
available on CD-ROM (all relevant PowerPoint presentations and manuals along with
appropriate computer codes):
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Summary

ICTP Trieste, Italy
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IAEA Nuclear Data Section
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Abstract

Basic aspects of a two-week Workshop on Nuclear Structure and Decay Data: Theory
and Evaluation are outlined in this short summary note for the record. The aims and
contents of this workshop are summarized, along with the agenda, list of participants,
comments and recommendations. Much was achieved and one aim will be to hold this
specific workshop at various time intervals for training purposes (with agreed changes
and regular modifications) on the advice of the International Nuclear Data Committee
(INDC) and the International Network of Nuclear Structure and Decay Data Evaluators.
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11 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 4 to 15 April
2005. 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 [1,2], 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 listed in Section 1.2.1 of this brief summary.
121  Agenda

Monday, 4 April 2005

08:30 - 10:30 Registration and coffee

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
ICTP computer facilities (Johannes Grassberger/Kevin McLaughlin)
15:30 - 16:00 Coffee break
16:00 - 17:30 Introduction (cont.)

Web capabilities (Tom Burrows and Alan Nichols)
Bibliographic databases (Tom Burrows)



Tuesday, 5 April 2005

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

ENSDF programs (Tom Burrows)

Coffee break

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

Wednesday, 6 April 2005

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
Experimental techniques (Peter von Brentano)

Lunch break

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

Thursday, 7 April 2005

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, 8 April 2005

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 (Peter von Brentano)
Coffee break
ENSDF - decay (Eddie Browne)

Lunch break

Model exercise — decay (lead by Eddie Browne)

Coffee break

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

ENSDF - evaluation (Jag Tuli)
Coffee break
ENSDF- reaction (Coral Baglin)

Lunch break

Model exercise- reaction (lead by Coral Baglin)
Coffee break
Students’ presentations

Monday, 11 April 2005

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

14:00 - 15:30

ENSDF — Theory (Slobodan Brant)
Coffee break

ENSDF- adopted (Coral Baglin)
Lunch break

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



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

Coffee break
Students’ presentations

Tuesday, 12 April 2005

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 (Slobodan Brant)
Coffee break
Model exercises- adopted (Coral Baglin)

Lunch break

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

Coffee break

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

Wednesday, 13April 2005

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 (Filip Kondev)
Coffee break
Data analyses (Desmond MacMahon)

Lunch break

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

Coffee break

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

Thursday, 14April 2005

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, 15 April 2005

09:00 - 10:30

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

12:30

ENSDF — Experimental techniques (Filip Kondev)
Coffee break
Data analyses (Desmond MacMahon)

Lunch break

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

Coffee break

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

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

Review of workshop (JagdishTuli; Thomas Burrows; Eddie Browne;

Alan Nichols)
Close of workshop



1.2.2  Participants

Twenty-seven participants (predominantly from developing countries) with full or partial
support from the IAEA were selected to attend the workshop in April 2005. Selection
was undertaken by Nuclear Data Section staff in association with the workshop directors
and ICTP staff.

First row, standing from left to right:

Coral M. BAGLIN (USA), Elie SIMO (Cameroon), Elizabeth Brancaccio (Seated, ITALY), Ghania ISHAKI BOUSHAKI
(Algeria), Caroline NESARAJA (USA), Mane MANE (Cameroon), Edgardo BROWNE-MORENO (USA), Mohamed
KOUTHER (Sudan), Jagdish K. TULI (USA), Daniel ABRIOLA (Argentina),

Second row, standing from left to right:

Mirshod ERMAMATOV (Ubekistan), Stefan LALKOVSKI (Bulgaria), Adam GARNSWORTHY (UK), Nicholas
THOMPSON (UK), Omidreza KAKUEE (Iran), Aurelian LUCA (Romania), Sami HADDAD (Syria), Marialena
AVRIGEANU (Romania), Marie Martine BE (France), Thomas W. BURROWS (USA)

Third row, standing from left to right:

Kyoung LEE (Korea), Xiongiun CHEN (China), Nure ABDULLAH (Bangladesh), Alan NICHOLS (IAEA),
Kevin MCLAUGHLIN (IAEA), Alexey CHEMEZOV (Russia), Alexander RODIONOV (Russia), Anwesa GHOSH
(India)

Fourth row, standing from left to right:
Ruy CASTRO (Brazil), Ninel NICA (Romania), Peter VON BRETANO (Germany), Piet VAN ISACKER (France),
Ameeya BHAGWAT (India), Sukhjeet DHINDSA (India)




LIST OF PARTICIPANTS

ABDULLAH Md. Nure Alam

Rajshahi University of Engineering & Technology
(RUET)

Department of Physics

Rajshahi 6204

BANGLADESH

E-mail mnaa03l@yahoo.com

ABRIOLA Daniel Hugo

Comision Nacional de Energia Atomica (CNEA)
Centro Atomico Constituyentes Av. del Libertador 8250
1429 Buenos Aires

ARGENTINA

AVRIGEANU (BOATA) Marilena

National R & D Institute For Physics and Nuclear
Engineering

'Horia Hulubei'

Str.. Atomistilor No.1

Magurele. Sector 5

79617 Bucharest

ROMANIA

E-mail MVRIGI@ IFIN.NIPNE.RO

BE Marie Martine

Lab. National Henri Bequerel
911911 Gif sur Yvette Cedex
FRANCE

E-mail mmbe@cea.fr

BHAGWAT Ameeya Ashok
Indian Institute of Technology
Dept. of Physics Powai
Maharashtra

400 076 Mumbai

INDIA

E-mail ameeya@phy.iitb.ac.in

CASTRO Ruy Morgado

Centro Tecnico Aerospacial (Cta)
Istituto de Estudos Avancados (leav)
D. Physica Teorica

Caixa Postal 6044

12231-970 Sao Jose Dos Campos
BRAZIL

E-mail rmcastro@ieav .cta.br

CHEMEZOQV Alexey Victor

Petersburg Nuclear Physics Institute, PNPI
Gatchina

Orlova Rosha 1

188300 St Petersburg

RUSSIAN FEDERATION

E-mail chemezov2004@mail.ru

CHEN Xiongjun

China Institute of Atomic Energy (C.I.A.E.)
Chinese Nuclear Data Centre

P.O. Box 275- 41

102413 Beijing

PEOPLE'S REPUBLIC OF CHINA

E-mail chenxj@iris.ciae.ac.cn

DHINDSA Sukhjeet Singh
Guru Nanak Dev University
Department of Physics

143005 Amritsar

INDIA

E-mail dcse-gndu@yahoo.com

EISA Mohamed Eltayeb

Sudan University of Science & Technology
College of Science

Department of Physics

P .0. Box 9024

11111 Khartoum

SUDAN

E-mail MEMEISA@YAHOO.COM

ERMAMATOV Mirshod
Uzbek Academy of Sciences
Institute of Nuclear Physics
Department Theoretical Physics
Ulugbek

702132 Tashkent
UZBEKISTAN

E-mail ermamat@inp.uz


mailto:ameeya@phy.iitb.ac.in
mailto:chemezov2004@mail.ru

GARNSWORTHY Adam Benjamin
University of Surrey

Department of Physics

GU2 7XH

Guildford

UNITED KINGDOM

E-mail a.garnsworthy@surrey.ac.uk

GHOSH Anwesha

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

247 667 Roorkee

INDIA

E-mail anwesha-tua@yahoo.co.in

HADDAD Sami

Atomic Energy Commission
Department of Physics

P .0. Box 6091

Gazaoui Street,

13 Damascus

SYRIAN ARAB REPUBLIC
E-mail shaddad@aec.org.sy

ISHAKI BOUSHAKI {MEDKOUR} Ghania
University of Sciences and Technology

Houari Boumedienne

Institute of Physics

B.P. 32 El Alia Bab

Ezzouar

Algiers

ALGERIA

E-mail gmedkour@yahoo.com

KAKUEE Omidreza

Nuclear Research Center
Karegar Ave

P.O. Box 14155-1339

Tehran

ISLAMIC REPUBIC OF IRAN
E-mail okakuee@aeoi.org.ir

KOUTHER Mohamed Elhaj

Sudan University of Science & Technology
College of Science

Department of Physics

P.O. Box 9024

11111 Khartoum

SUDAN

LALKOVSKI Stefan Peshev

University of Sofia 'St. Kliment Ohridski'
Faculty of Physics

Dept. of Atomic Physics

5 James Bourchier Blvd.

1164 Sofia

BULGARIA

E-mail stl@phys.uni-sofia.bg

LEE Kyoung

Korea Research Institute of Standards and Science
lonizing Radiation Group

P.O. Box 102

Yuseong

Daejeon 305-600

REPUBLIC OF KOREA

E-mail lee@kriss.re.kr

LUCA Aurelian

National R & D Institute For Physics and Nuclear
Engineering

'Horia Hulubei'

Str.. Atomistilor No.1

Magurele. Sector 5 7

9617 Bucharest

ROMANIA

E-mail aluca@ifin.nipne.ro

MANE MANE

Ecole Nationale Superieure Polytechnique
University of Yaounde'l

Dept. of Maths and Physical Sc

Bp 8390

Yaounde

REPUBLIC OF CAMEROON

NESARAJA Caroline Delini

University of Tennessee

Departments of Materials Science! Physics and
Astronomy

218 South College

Knoxville

37996-1508 TN

UNITED STATES OF AMERICA

E-mail nesaraja@mail.phy.ornl.gov
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NICA Ninel

National R & D Institute For Physics and Nuclear

Engineering

'Horia Hulubej'

Str.. Atomistilor No.1
Magurele. Sector 5

79617 Bucharest
ROMANIA

E-mail nica@comp.tamu.edu
Until when: 1 August 2006

RODIONOV Alexander

St. Petersburg Nuclear Physics Institute
Neutron Research Department

Pnpi Gatchina Leningrad Distrct.
188350 St Petersburg

RUSSIAN FEDERATION

E-mail Oz@rambler.ru

SIMO Elie

Universite' de Yaounde' |
Faculte' des Sciences
Departement de Physique
P.O. Box 6052

Yaounde

REPUBLIC OF CAMEROON
E-mail esimoch@yahoo.fr

THIODJIO SENDJA Bridinette
Universite' de Yaounde' |
Faculte' des Sciences
Departement de Physique

P.O. Box 6052

Yaounde

REPUBLIC OF CAMEROON
E-mail tsbridinette@yahoo.fr

THOMPSON Nicholas James
University of Surrey

Department of Physics

GU2 IXH

Guildford

UNITED KINGDOM

E-mail M.Thompson@surrey.ac.uk




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. Slobodan BRANT
Permanent Institute:
University of Zagreb
Faculty of Science
Department of Physics
Bijenicka Cesta 32
P.O. Box 162

10000 Zagreb
CROATIA

E_mail Brant@phy.hr

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
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Mr. Filip G KONDEV

Permanent Institute:

Argonne National Laboratory
Nuclear Data Program

Nuclear Engineering Division
9700 South Cass Avenue

IL 60439 Argonne

Argonne IL 60439

UNITED STATES OF AMERICA

E-mail: kondev@anl.gov

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: +33-2-3145 4565

Fax: +33-2-31454421

E-mail: isacker@qganil.fr

Mr. Peter VON BRENTANO

Institut fiir Kernphysik der Universitat Koln
Zulpicher Strasse 77

D-50937 Kdln

GERMANY

Tel: +49-221-470-6960

Fax: +49-221-470-5168

E-mail: brentano@ikp.uni-koeln.de



mailto:desmond.macmahon@npl.co.uk

Mr. Alan L. NICHOLS (Director)
Nuclear Data Section

International Atomic Energy Agency
Wagramerstrasse 5

A-1400 Vienna

Austria

Tel: +43-1-2600-21709

Fax: +43-1-26007

E-mail: a.nichols@iaea.org

IAEA STAFF

Mr. Kevin MCLAUGHLIN (Tutor)
Nuclear Data Section

International Atomic Energy Agency
Wagramerstrasse 5

A-1400 Vienna

Austria

Tel: +43-1-2600-21713

Fax: +43-1-26007

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. Van Isacker (November 2003)

Interacting Boson Model, P. VVan Isacker

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)
B 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-Foch-Bogoliubov Method, D. Vretenar (November 2003)

Self-consistent Mean-field Models — Structure of Heavy Nuclei, D. Vretenar (November 2003)

Experimental Nuclear Spectroscopy:

Introduction, P. Von Brentano

Lecture I — 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)

Statistical Analyses:

Evaluation of Discrepant Data I, D. MacMahon

Evaluation of Discrepant Data I, 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)
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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 (Gammato 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

Compton Add-Back Protocols for use with the EXOGAM Array, A. Garnswothy
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 212pg and 213a¢ with the EXOGAM array, N. Thompson

Developing 152Ey into a standard for detector efficiency calibration, R.M. Castro
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1.4 OTHER WORKSHOP MATERIALS ON CD-ROM

Atomic Masses

Access to ENSDF Codes and Tools
Isotope Explorer

PCNuDat

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 were prepared for the 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 an earlier document [2] 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
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-seven 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 (50% of the agenda of the second week)
CD-ROM and hardcopy materials were provided by IAEA staff for all
students/lecturers.
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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. Further lessons were learnt by the IAEA staff and lecturers involved in this ICTP
workshop, and much experience was gained in ensuring future success in the
organization of such events. This particular workshop ran extremely smoothly, and
all participants were able to attend (i.e., 100% success with visas). Students were
given the opportunity to review the workshop through a written questionnaire and
direct discussions (on 15 April). Their major recommendations are as follows:

(@) 1% hour lectures should be broken down further to 2 x 40 min plus 10 min
break;

(b) provision of sample questions and answers prior to the workshops (answers
also to be worked out during the course of individual lectures — ICTP to note);

(c) forewarn participants that they will be asked to give a short presentation on
their own nuclear physics studies (ICTP to note);

(d) every participant/student to operate their own individual PC, rather than share
(ICTP to note);

(e) outside activities during the middle weekend (ICTP to note);
() further development of nuclear theory lectures beyond just IBM;

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

(h) additional presentations of the details of XUNDL and NSR databases;
(i) allow an afternoon off from the intensive training (first Friday afternoon?).

As before, this combination of Wednesday/Thursday written questionnaire and Friday
face-to-face review session produced constructive feedback. The overall opinion of
all of the students was that they had thoroughly enjoyed the 2-week workshop, made
useful new contacts with lecturers, IAEA-NDS staff and other students, and learnt
much about nuclear structure and decay data; all of the primary objectives of the
workshop were successfully achieved.
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Notes on IBM-1 programmes

These notes contain a short and practical introduction on how to do numerical
caleulations with an IBM-1 code. Only the simplest version of the model is
explained which corresponds to N identical s and d bosons. Numerical codes are
available for several extensions of this approach, such as IBM-2 and [BM-3 or
IBFM, and they function along similar principles.

1. Getting started

To run the IBM-1 programmes (energies and transitions), you should have
the following files:

e cfp20.for: PFortran source of the programme that constructs a data file
with the coefficients of fractional parentage (cfp’s). This programme is
selfeontained: no library is required with which to link it and ne input file
is required to run it. It produces two output files:

— write(4): output file to be saved containing the cfp’s (suggested
name: cfp20.dat);
write(6): large output file that can be consulted should problems

arise but can be discarded otherwise.

The programme is currently set for producing a data file so that a caleula-
tion up to 20 s and d bosons can be performed.

e ibml.for: Fortran source of the programme that diagonalises an IBM-1
hamiltonian (i.e., determines its eigenspectrum) with wave functions that
are stored for subsequent use with ibmit. The basis and the hamiltonian
are described in section 2. 1t should be linked with ibml and eig500. Input
and output files are:

— read(3): input data file containing cfp’s, usnally named ¢fp20.dat;
read(5): input data file ibmla.inp or ibmib.inp;

write(1): cutput file containing the wave functions in unformatted
form to be used by ibmit;

write(8): output file summarising the results of the calculation.

e ibml.for: Fortran source of library routines to be linked with ibml and
ibmlt.

¢ ¢igb00.for: Fortran source of the diagonalisation routine to be linked with
ibml. The maximum dimension  the matrix that can be diagonalised is
set to HOO.
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ibmit.for: Fortran source of the programme that calculates HE0 and E2
transition matrix elements and probabilities. The fransition operators are
described in section 3. It should be linked with ibml. Input and output
files are:
read(3): input data file containing ¢fp’s, usually named cfp20.dat;
read(5): input data file ibmlt.inp;
— write(6): output file summarising the results of the calculation,

ibmla.inp: Input file for ibml with the two-body hamiltonian in multipole
expansion.

ibmib.inp: Input file for ibml with the two-body hamiltonian in “stan-
dard” representation.

ibmit.inp: Input file for ibmit.

2. Running ibm1

The first 20 characters on each input line are for description purposes: they
contain the name(s) of the variable(s) that is (are) read on that line. Integer
variables (NMIN, NMAX, LMIN, LMAX, MVMAX, I1, 12, I3, I4) are in 12, logical vari-
ables (MULT, CUB, DEF) are in L1 (%.¢., T for .TRUE. and F for .FALSE.) and real
variables (all others) are in F9.6.

The integer and logical variables are defined as follows:

NMIN, NMAX: minimum and maximum values of the number of bosons N;
LMIN, LMAX: minimum and maximum values of the angular momentum L;
LVMAX: number of levels calculated for each angular momentum;

11, 12, I3, I4: print control parameters with

all four zero: minimal output with relative energies;
— I1 = 1: absolute energies;

— 12 = 1: probability distribution in N;

— I2 = 2: probability distribution in N and in ny;

I3 = 1: wave [unctions in a vibrational basis;

I4 = 1: hamiltonian matrix.
MULT: whether the hamiltonian is in multipole or standard representation;

CUB: whether three-body interactions are included or not;
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¢ DEF: whether the deformation parameter v is calculated or not.

The real variables are explained below as well as in the source code ibml.for.

With the ibml programme one can perform “normal” calculations; these are
described in section 2.1. Some extensions that are possible with ibml are sum-
marised in section 2.2.

2.1. Standard IBM1 calculations

The following choice of parameters corresponds to a standard IBM-1 caleula-
tion:

e NIMIN = NMAX: the total number of bosons N;

e CUB = .FALSE.: no three-body interactions;

e DEF = FALSE.: no calculation of the deformation parameter .

It this case all lines after 06 (in ibmla.inp) or U0 (in ibmib.inp) are ignored.

The basis is the usual one in IBM-1, which consists of N s or d bosons.
The hamiltonian can be specified in multipole form (if MULT = .TRUE.) or in
terms of single-boson energies and two-body boson interaction matrix elements
{(in “standard” representation, if MULT = FALSE.). The hamiltonian in multipole
expansion is of the form

H = EPS#y + A(O)P'P + A1) L - L+ A(2)Q - Qy + ATy - Ts + A(4)Ty - T,

where « denotes a scalar product, ’ff\ . ’]:\ =Y ! :\ﬁf:\ih and where the following

Jfl.
multipole operators appear:
e d-boson number operator fiy = d! -d = /5 [d! % d)©;
o pairing operator P! = L(slst — 064! . dl);

angular momentum operator L = /10[d" x d]);

quadrupole operator @y = [s' x d + d! x 5]® 4 CHI[d! x d]®;
e octupole operator Ty = [df x d|¥;
o hexadecapole operator Ty = [df x d|¥.

The hamiltonian in standard representation is of the form

H = C(1)N + C(2)itg+ C(3)3([d" x dl]? x [d x d|@]©
+C(4)\/€%[[d| % d@ x [d x d|\?]©)
+C(5}ii[dr X dl](“) X [rj X &](“)](“)
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+C(6)[[st x '@ x [d x d|'? + [d' x dI|@ x [§ xd]®]|©
HO(7)[[st x 8@ x [d x d]@ + [[d! x dt]D x [5 x 3@
+C(8)v5[[s" x dt)® x [5 x d]®@

+¢(9)([st ¢ s x [5 x 5]@]©).

All parameters have units of energy, except CHI and 06 which are dimensionless.

2.2. Extensions
There are a number of options which allow the definition of a more general
IBM-1 hamiltonian.

o Multi-particle-hole excitations. If NMIN # NMAX, the total boson number
N is not a constant but can take the values N = NMIN, NMIN + 2, ...,
NMAX. The different N values correspond to Op-0Oh, 2p-2h, ..., 2np-2nh
excitations, and each configuration is specified by its IBM-1 hamiltonian.
Configurations differing by two bosons (e.g., N and N + 2) are mixed by
the following hamiltonian

ALPHA(s'st + §3) + BETA(d! - df +d - d),
and, furthermore, configurations are separated by an offset DELTA.

e Three-boson interactions. "T'he most general IBM-1 hamiltonian which con-
tains all three-boson interactions can be considered if CUB = .TRUE.. The
three-boson interactions can be defined through matrix elements between
normalised three-boson states in a vibrational or in an SU(3) basis. Defi-
nitions of these interactions are given in the source code ibmi.for. [There
are two possible definitions of SU(3) basis, corresponding to 8U3 = —1
(standard) or 8U3 = +1.| Finally, with CUB = DEF = .TRUE,, it is possible
to add a Q° term \ i X

VRAR[Qy x @y x @],

with a quadrupole operator of the form
Qx = 8" xd +d' x 3@ + cuIqld! % 4@,

Note that all contributions to the hamiltonian are additive, which can thus
be of one- + two- + three-body nature. However, if CUB = FALSE., the
three-body interactions are ignored; if either CUB = .FALSE. or DEF =
FALSE., the @* term is ignored.

o Deformation parameter . For DEF = .TRUE. the programme calculates the
deformation parameter v in each eigenstate from the following expectation
values in that state:

= :
A S B ! S o B 2 58 e
(@= Q" =58  (@x@xQR) = —J;ﬁ 3.
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The programme ibmi also prints the classical limit (the potential in 3 and v)
of the one- and two-body part of the hamiltonian.

3. Running ibm1t

The first 20 characters on each input line are for description purposes: they
contain the name(s) of the variable(s) that is (are) read on that line. The first
line specifies NMIN and NMAX; their values should be consistent with those used in
ibml. The next two lines specify the boson EO transition operator

T(E0) = E0(1)A, + EO(2)fg,

where E0 (1) and E0(2) are in units of efm. This operator can also be used for the
calculation of nuclear radii. The next two lines specily the boson E2 transition
aperator

T(E2) = E2(1) ([s! x d + d' x 5@ + B2(2)[d" x d|@),

where E2(1) is a boson effective charge which has the units of efm® and E2(2) is
dimensionless. For E2(2) = CHI we obtain the so-called consistent-@) formalism.
All subsequent input lines contain 7 integers (in I3) Ly nyy nya Lo nay ng A with
the following meaning:

e [y and Lg: angular momenta of initial and final states;
e 71 and ng: for angular momentum L;, consider states from ny to ng;

e )\: multipolarity of the transition (only A = 0,2 is implemented). If A is
negative, reduced matrix elements are computed, otherwise B{E2) values
are given.
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Fermion degrees of freedom
in the interacting boson model
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Structure of odd-even nuclei
in the interacting boson-fermion model

2 High spin states in the interacting boson
and interacting boson-fermion model

Structure of odd-odd nuclei
in the interacting boson-fermion-fermion model

4. B decay in the interacting boson-fermion model
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Structure of odd-even nuclei
in the interacting boson
fermion model

Shell model — matrix elements of the effective interaction between identical
nucleons are strongly attractive when the two nucleons are in a J = 0 state and
remain attractive when the two nucleons are in a J = 2 state. They become
repulsive for J = 4.

Nucleons tend to form pairs with angular momentum J=0o0r J =2

———— EXPERIMENTAL P P MATHIX ELEMENT |MaV] ==
'
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Generalized seniority scheme: generalization of the seniority scheme to several
non-degenerate orbits. The number of active nucleons is counted in respect to
the nearest closed shell (valence nucleons). Contributions from orbitals outside
the valence shell can be neglected since they lie at a too high energy.

A collective J = () pair is generated by the operator

§t=23"a;8]
3
il o= <
5: = 5'\#’2} +1 (c}cj)m)

State with generalized seniority w = 0 and n = 2N particles

[y F =T wi=8)= (5" |0)

An excited 2% state is generated by the operator that creates a collective state
with J =2 and w = 2

1
%1 s (e @
Dl = E 233-3-: 1+4d,, (cje;)

aa
State with generalized seniority w = 2, J = 2 and n = 2N particles

In, J =2, w=2) = DI(SH¥~" |0}

The structure coefficients a; and ,Hj ;¢ can be obtained by diagonalizing the shell
model interaction in the space of all w = 0, 2 states.
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Instead of having to use the full shell model space, it is sufficient to consider
the much smaller (S, D) subspace.

e Low-lying collective states can be deseribed very well
e Non collective states can not be described

e The matrix elements of the fermion operators in the (S, ) subspace can
be cumbersome

e The space built on § and D fermion pairs is mapped onto a corresponding
space built on s and d boson degrees of freedom

e For states containing more than one D fermion pair, we have to map the
components of the state which is orthogonal to all the states containing
fewer D fermion pairs.

SN, L =0) — 8% E=10)
[Dpg¥-t L=2 — [ds¥t, L=2
|Dm SN_m'. L} orth — Idm 3N_m~ L}

SD space IBM

il

e By equating matrix elements in (S, D) and (s, d) spaces, the operators in
the (s, d) space are obtained.

e Since the S and D fermion pairs are always pairs of like nucleons (two
protons or two neutrons), one has proton (s,,d,) and neutron (s,.d,)
bosons. The model is called TBM-2.
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Hg = e€i(fa, +fa) +5(QF-Q2)+ Myr + Vi + Vir

Qf = dj;gu o Slf::iu + X [dj; u]tz}
Qf = d':;r\—Sﬁ' P 3;&1 + Xx [d:rdm ](
My = sE((dlsh ~disl) (oo —desi)
— Y e ((dhdt] O - [d,di] )
H=1.3
Voo = 5 3 e (dhal)® - 4,4,

Lﬂ; {[d;di]“’) : [Jwéw](m)

e The major part of the interaction between like particles is contained in
the boson energies and a smaller in the V., and V. terms.

e The Qf £ ? interaction is the boson image of the neutron-proton quadrupole-

quadrupole interaction.

e M, (Majorana term) shifts up all states that are not totally symmetric in

the neutron-proton degree of freedom. It is a consequence of the truncation
of the basis to s and d bosons only.

Introducing the concept of F spin, the IBM-1 Hamiltonian can be obtained by
projecting out the part that acts only on the maximal F spin subspace (on
states that are totally symimetric in the neutron-proton degree of freedom).

" 1 _—
Hg = N + - ([deT](g)[SS]m) + h..C.)

[ 3]

()

(0}

L V2L +1 (lﬂ’-TdT]tm[ffffJ(m)

. 7

+ T () ([CET[.':T (2}, LE.S (g} + h.c )
L
2

(0}
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LIMITS

Ue) > UB)D>0B)DA3)D0(2) wvibrational limit
v > SU(3) D0O(3)>0(2) rotational limit
UG) o O6)>20(5)D0(3)D0(2) v — soft limit

The Lie algebra U(6) admits:
e Schwinger boson realization in terms of 6 bosons s, d,,

¢ Holstein-Primakoft boson realization in terms of 5 bosons b,

d;ﬂ LI b;jt

al — E'N—Zbgy_bgﬂ
12

i is introduced in addition to the S

e In the IBFM, an odd-nucleon operator a
and d boson operators

# The states in the IBFM model space can be related to the shell model
basis by using the generalized seniority scheme.

» The odd-nucleon operator al should not be regarded as a nucleon creation
operator (in the shell model sense) but as a generalized seniority raising
operator.

i
J

(a}d) |s¥71) = |G s¥ ) e In=2N+ 1 Jw=3)

N}

il ES = [JSN‘;I — En:ZANr—f—l‘J:J,uP:l}

s The operator n'j operating on an N boson state with ny d -bosons creates
a state which corresponds to a shell model state with » = 2N 4+ 1 and

w=2ng+ 1.

# For the shell model single-nucleon operator c}

T lw =2 = alw = Bl = :
¢} lw=2)=alw=1)+ Blw =3}

e lior the odd-nucleon operator u,}

a; lw=2) = |w=23}
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A microscopic theory for a system that includes both fermionic and
bosonic degrees of freedom is complicated.

The dominant interaction in the coupling of the odd-particle to the
bosons is the proton-neutron quadrupole interaction — construction
of the IBFM image of the shell model quadrupole operator.

There are several methods for obtaining the IBFM image of the shell model
quadrupole operator. One of them is to introduce the pseudo particle operator
(‘;r (Scholten).

Condition:

The matrix elements of (:;r. in the IBFM space are equal to the matrix elements

of c} in the shel model space.

For w <1 (o are the coefficients which enter in the definition of the S pair
operator):

s 2 | T 2o
. = o ) _CimCim = ) ;i
q Tr 3

(s¥ | al8") = aN

Effective degeneracy
Q. = Y iy
i

Here the spherical shell model OCCUPATION PROBABILITIES L_? are intro-
duced
(u? + 1!_? =ik,

vi=n;/(2j+1)
ng = (8N

fj |5V ~ zN.:x';:gi

2 ol 2 T
v; = a; N/,
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(SN5 Il et | s"*":n:—}uj@jr :uj<s”j I al || >
(S¥ |l e} | S¥-15") = Jusbyy M sta)@ || sV VYN

For T < 3, similar expressions can be obtained. Finally, the IBFM image of the
shell model single-nucleon creation operator is

. v 10 i . .
4 = =T et @)
ji

Vi (ots0) : t= ()
m(.&. i) +§u3 % +1;3} J(Kg) Y(dTay)
K5 = Zﬁ?’i

iF

The coefficients 3+ ; define the microscopic structure of the d-boson.

The matrix elements of the quadrupole operator ZJ Q” (c &)@ in the
fermion space are replaced by the matrix elements of the pqeudn pdl‘tl(‘ll’-‘ oper-
ator Lj acting in the boson space giving the quadrupole operator expressed in
terms of boson and odd-particle operators.

2y _ (2) (2)
Q( . s QB +Q;;'
2 = [std+d'8)® + x[dT@]®
2)
Ep = ZQH-J (ujuy —vjv; /) (a a ,)('2)

10 o 0 ! s e
= VT X Qg +vuy )y l(dla,) P (5l )@ (K g) !
jj’j”

The boson-fermion interaction can be generated by the interaction between like
particles or by the proton-neutron quadrupole interaction. The structure of the

interactions is identical. The product of Qg) and Q%z) contributes to the boson-

fermion interaction. By mapping the basis from IBM-2 onto IBM-1 and taking terms
up to second order in d-boson operators, the standard form of the boson-fermion
interaction is obtained.
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The IBFM-1 Hamiltonian for an odd-even nucleus

H=Hg+ Hp+ Vg

Hpg is the boson Hamiltonian of IBM-1 describing a system of N interacting
bosons (correlated S and D pairs) that approximate the valence nucleon pairs:

" 1 ” .
Hﬂ = sz N -+ 5 i ([di x d’T]{l]] b4 [S x S](n} + h—.l’_!.)(m

1 1 -
+ vy ([db x d'igy % [d % 89y + hec.

7 ([ lizy % [d x ]y c )(D}

- .

+ Y 3G VALHT ([df xdlpy x [d x d](“)(m

L=0,2,4

ns =N —ny

Hp is the fermion Hamiltonian containing quasiparticle energies of odd protons
or neutrons. The quasiparticle energies and occupation probabilities contained
in the fermion Hamiltonian, and other terms, are obtained in a BCS calculation
with some standard set of single fermion energies.

Hp = Y soala
i

Vipp is the IBFM-1 boson-fermion interaction containing the dynamical, ex-
change and monopole term.

e The dynamical interaction Vpy n represents the direct component of the
quadrupole interaction between the odd particle and the bosons.

e The exchange interaction Vexe is due to the two-particle nature of the
bosons, bringing the Pauli exclusion principle into play.

e The monopole interaction Vyyoxy can result from a variety of causes, in
particular from the blocking of certain degrees of freedom by the odd
particle.
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Ver = Vovn +Vexe + Vuow
V5 : ) (la! x@.1@ x @)
Voyn = faz 5 (ujug, — v, v5) (h || Ya | Ja) ([ﬂ‘jl x @;,]'" x Qp )
Sz

ng is the standard boson quadrupole operator

Q) =[s" x d+df x §@ + x[d! x d|¥

5]
VEXC = -"i*{! Z {_2) e a4 a3 (uﬂv.?'a +vj uja) (ujn'vja +t’j2ujs)
J1jzja Zis +1

; N— . i oo s _ NG
Gs 1| Ya Il ga) 4ds I Ya Il da) = (laf, x d sy x [ x d' )y)

Vion = fngv{E_) (25 +1) ([a} x ]'% x [dF x J]w})(m
i

(), (b), (c) exchange terms
. (e). () direct terms
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The structure coeflicients:

e The coefficients v; are related to the structure coefficients of the fermion 5-
pair state, which is the microscopic equivalent of the s boson. In practice,
they are the occupation probabilities of the single-particle orbits, as follows
from a spherical BCS calculation.

o The coefficients 8;,4, = (u;,v5 + 5

5altsy) (Ja || Y2 || Jo) ave the structure
coefficients of the d boson.

The electromagnetic operators have the form:

M(E2) = Mp(E2)+ Mp(E2)
Mp(E2) = - RE V0 ([ST x d+d x 5@ + x[d! d]m)

R2=0.0144 A3 barn

3
Mp(E2) = :Rjer Y
Common notation:
3 2  Vig
E RU [ = E€p
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M(M1) = Mpg(M1)+ Mp(M1)

- 3 piy
ﬂ]’f,»{ﬂirl:l = I‘JE \/]__f_;fg_ [(jT xd]f-l)

- 3 —
Mp(M1) = — @l + 3.8+ g0 (Yo x §)h ]
4w
Common notations:
E2 _
e 9r = 4B

IBFM (and its extensions) provide a consistent
description of nuclear structure phenomena in:

# spherical nuclei

#¥ deformed nuclei

# transitional nuclei
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Spherical nuclei
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Scholten

Scholten
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Deformed nuclei

J= 9/2 Iachello, PRL 43

3
E (M)

41

The levels are arranged
into bands denoted by the
lowest value of the angular
momentum K contained in
the band.

This quantum number is
only approximately
equivalent to the quantum
number K in the Nilsson
model.

In the inset, the

corresponding situation in
the Nilsson model is shown.
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The IBFM generates bands that are analogous
to the bands which can be constructed in the
Nilsson model. In addition it generates bands
that could be called 3 and y bands. While they
arise automatically here, in the Nilsson model
they must be either placed ad hoc or calculated
by use of other methods.
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IBFA-caleulated excitation energics for negative-parity states in the odd Re isotopes d with
data. States are Iabeled with 2J.




IBFA-calculated excitation energies for positive-parity states in the odd-mass Re isotopes
compared with experimental data. States are labeled with 2J

IBFA-calculated excitation energies for positive-parity states in the odd-mass Os isotopes
compared with experimental data. States are labeled with 2J
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The IBFM states
for odd-A Re
and Os nuclei

are obtained in

multi-j calculations.

IBFA-calculated excitation energies for negative-parity states in the odd-mass
Os isotopes compared with experimental data. States are labeled with 2J

The choice of the model space has a strong influence on the model parameters.
Even if there is a large separation between shells, the mixing due to the strong
core-particle quadrupole interaction does not allow for restricting the model
space to a single j shell. For example: Levels based on the gg» particle. Here
the d5;» particle from the next major shell has to be included due to the large
non-spinflip matrix element (ds;2 || Y2 || gos2). The same situation appears in
the case of hyy s (f7/2 has to be included in the model space). Restricting the

model space requires a renormalization of the interactions. For unique-parity
states:

e Strengths of boson-fermion interactions obtained in a single j caleulation
are effective strengths

s Strengths of boson-fermion interactions obtained in a multi j calculation
are real strengths
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Intruder deformed bands in odd Ag isotopes
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Fig.2 Partial level scheme of "*Ag and **®*Ag. Energies and relative intensities of y rays are
given with their uncertainties in parentheses. The energies of the intruder band members are
compared to the values calculated with the rotational formula K = %.
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Fig. 3. Intruder positive-parity states of 101318546 in comparison to
IBFM calculations. Indicated spin values are twice the actual value.

Only the monopole fermion-boson interaction strength is slightly changed
from isotope to isotope. All other interaction strengths and occupation
probabilities are the same for all isotopes.
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O(6) nuclei

Scholten
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Scholten

Transitional nuclei
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BOSON-FERMION SYMMETRIES
SUPERSYMMETRIES

If the Hamiltonian can be expressed in terms of Casimir invariants of the chain
of subgroups, the energy spectrum can be obtained ANALYTICALLY. Other
observables ( B(E2), B(M1), static moments, spectroscopic factors, ...) can be
expressed in analyvtical form, too.

The symmetry group related to IBM-1 is {/{6). The six dimensions are formed
by the s boson and five components of d, boson. Since the number of bosons is
invariant, the group is unitary. There are three chains of subgroups:

Ue) o UGB DOB)D0OB)D0(2)  wvibrational limit
U o SU(@3) D0(3) D 0(2) rotational limit
Ue) o 0OB)DO(B)D0(3)20(2)  ~— soft limit

For boson-fermion systems, many group chains have been investigated. Example:
A j=3/2 particle coupled to an O(6) core (j = 3/2 has four different m-states, and
therefore forms a representation of the U(4) group).

UB(6) 2 UF(4) 2 0%(6) 2 UF(4) D Spin(6) 2 Spin(5) 2 Spin(3) o Spin(2)
A{ 2 B « v
E= _Elgl{dl +4) + aa(os + 2) + 3] + E[ﬁ(‘rl +3)+ i+ D]+ CJ(J + 1)+ DE(E +4)

U%(6) quantum numbers [N]
UF(4)  quantum numbers {M}
OB(6) quantum numbers %

Spin(6)  quantwmn numbers (01,02, d3)
Spin(5) gquantum numbers (71, 72)
Spin(3)  gquantuwm numbers J

Spin(2)  quantwm numbers M;

O8(6) @ UY(4) > Spin(6) — Parameters describing the boson system are in
a unique relation to the parameters describing the boson-fermion system.
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Problems:

s The symmetry approach to boson-fermion systems is more phenomeno-
logical in nature

e [t can be applyed only in special cases when one or few fermion configu-
rations are coupled to boson cores in one of the symmetry limits of IBM

Advantages:

e This approach was extended to boson-fermion-fermion systems (odd-odd
nuclei)

¢ The spectra of neighboring even-even, odd-even and odd-odd nuclei can
be described with the same set of parameters

o Analytical expressions are available

o Evidence that collective and single-particle degrees of freedom are closely
related
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Nuclear Theory:
High spin states in the interacting boson and
interacting boson-fermion model

S. Brant
University of Zagreb, Croatia

E.mail: Brant@phy.hr
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2.

High spin states
in the interacting boson and
interacting boson-fermion model

Interacting Boson Model (IBM-1) based models constructed to de-
scribe the physics of high-spin states in nuclei (10 & < .J < 30 h):

e Interacting boson plus broken pairs model (IBBPM) for even-
even nuclei

e Interacting boson fermion plus broken pairs model (IBFBPM)
for odd-even nuclei

In the formulation of these models, one has to go beyond the boson approximation
and include selected non-collective fermion degrees of freedom. By including part
of the original shell-model fermion space through successive breaking of correlated
S and D pairs, IBM can describe the structure of high-spin states.

The models are based on the IBM-1; the boson space consists of s and d bosons,
with no distinction between protons and neutrons. To generate high-spin states, the
models allow one or two bosons to be destroyed and to form non-collective
fermion pairs, represented by two- and four-quasiparticle states which recouple to
the boson core. High-spin states are described in terms of broken pairs.
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Advantages of using models based on the IBM over more traditional approaches
based on the cranking approximations:

e No assumption has to be made about the geometrical picture of high-spin
bands

e The bands result from a consistent calculation of the complete excitation
spectrum, which includes also the ground state band

o Polarization effects directly result from the model fermion-boson interac-
tions
¢ All calculations are performed in the laboratory frame, and therefore the

results ean be directly compared with experimental data

¢ This extension of the model is especially relevant for transitional regions,
where single-particle excitations and vibrational collectivity are dominant
modes, and the traditional cranking approach to high-spin physics is not

adequate
a) 00D PROTON
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The model space for an even-even nucleus with
2N valence nucleons is
| N bosons > @ | (N — 1) bosons ® 1 broken pair > @ | (N — 2) bosons ® 2 broken pairs >

This means that the fermion basis can contain
two-proton, two-neutron, four-proton, four-neutron

and two-proton-two-neutron configurations.

For odd-A nuclei, two-broken pair configura-
tions are not included in the model space. They
would generate five-quasiparticle configurations
resulting in exhaustive numerical calculations.
The IBFBPM can describe one- and three-

fermion structures. The two fermions in a bro- = }
ken pair can be of the same type as the un- Lisd - e e
paired fermion, resulting in a space with three o 2‘2‘; :;’;
identical fermions. If the fermions in the bro-

ken pair are different from the unpaired fermion,
the fermion basis contains two protons and one
neutron or vice versa.

L
e

BERE

<
)

M= Haosons + Hrgamons + Var ¥ Viine

T8M.1 Sneil Mogal aFM 0.2 40
mising

U | Ngogons >+ aliN-tlggaou®l >+ BIN-2lggann 90>

Fig. 5. Schematic picture of our
theoretical model and Hamiltonian.

The Interacting boson plus broken pairs model (IBBPM) Hamiltonian for an
even-even nucleus:

H = Hp+H,p+ Hep+ Vopr + Vapr + V7 + VI £V,

The label 7 stands for protons and v for neutrons. If broken pairs contain both
protons and neutrons, the full model Hamiltonian is used. Otherwise, when
broken pairs contain only protons (« = @) or neutrons (o = v), the model
Hamiltonian is reduced to:

H = Hg+Hip+Vigr+VIT

(s ]

In description of high-spin states in odd-even nuclei we employ the Interacting
boson fermion plus broken pairs model (IBFBPM).

o When the two fermions in a broken pair are of the same type as the
unpaired fermion, the reduced Hamiltonian is used, where a labels the
type of fermion (proton or nentron).

e If the fermions in the broken pair are different from the unpaired fermion,
the full Hamiltonian is used, without the pair breaking interaction of
the unpaired fermion and with the fermion Hamiltonian of the unpaired
fermion containing only single-fermion energies.
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Hpg is the boson Hamiltonian of 1BM-1 describing a system of N interacting
bosons (correlated S and I pairs) that approximate the valence nucleon pairs:

B 1 : .
Hg =i N + E 2 ([di X !?'.T]{U) X [3 X S](@) G b h.c.){m
1 ]
t B ([ x df]zy x [d x 3z + h~'f-")(m
Ig -
T+ Z E rv2L+1 ([d+ x d?][m x [d * d](;‘}) ©)
L=0,2,4

n, =N —ng

H,p is the fermion Hamiltonian which contains single-fermion (quasiparticle)
energies and fermion-fermion interactions. The quasiparticle energies and occu-
pation probabilities contained in the fermion Hamiltonian and other terms, are
obtained in a BCS calculation with some standard set of single fermion energies.

_Hrcxj-‘ Zgai 1‘3 ﬂm ¥+ = ZZ i‘mrbcd AJU “aab} QJM(Q &d]

abr‘d JM

1 AL,

AJ{FM (ﬂ-ﬂ&b] = m [ r:tu

J a ’ T
Voabedr = (Ua,UayUa, Yoy T Vo, Vo, Vo, Vay) Gloa@acad) + 4 va,Uayla, oy Flasayocag])

56



Vopr is the interaction between the unpaired fermions and the boson core con-
taining the dynamical, exchange and monopole interactions of the IBFM-1:

Vapr = Vapyn +Vaexe + Vamon
; - VB (Uiaj, - ; tosa 1@ 5 g@®
Vapyn = Lo ) V5 (ajplajs — YajVas) (a1 | Y2 [l ad2) ([al;, % ap]® x QF
oy cefa

QE,_?) is the standard boson quadrupole operator

QO = st x d+-at x 3§ + ! x 3P

f 5
Vapxe = i E (_2} 2 ajs +1 (”‘cxj! Vajs + t*'njlumja) {unjit-'u.is + Vo u’cx;'a]
= 3

oy e faceda

: . : ; < i (o
(s || Ye || @) {ads || Yl agz) ¢ (laby, % g % lGag x ' lags)

- (o]
Varron = flf;zvg {2&j +1) ([aj,j * (_In_;']m] * [ﬂ!f * d]tm)

o

The pair breaking interaction V™ which mixes states with different numbers
of fermions, conserving the total nucleon number only:

2 3 ' il 1 t 3
Vs oy { z Ber iy Uaga [ Wady Vajz + UagaVag, Hadr || ¥2 || r133>'m ([G’rr.‘.‘z * nj._,._.]“” ,#) + h(_}

ajyinfy

_U'E.{ z (“‘n,ii:l Vajiz + Uerga gy Mkt || ¥y ” aja) ([ﬂ'!ﬂh X ﬂj,_“j[Q} 1 d_') 45 Frr'}

g

The proton-neutron interaction is:

Vor = 3 3 hy(ov/'nn" ) (wptipr — 0,00 )(tigtter — 505 ([a,', x ﬁu']t'” - [al x Eam]{'”)

TS o Sl

The coefficients hi;{p/7w7') are connected to the two-body matrix elements of

the residual proton-neutron interaction hy:

ha(w'a's) = (=Yt ST VI T ((Gude)d' | VL 2) | Gordn ) ) W Godniurders ')
J

The residual proton-neutron interaction is usnally taken in the form:

Hs = 47 V5 8(F. —7.) 6(ra — Ry) 0(r. — Ro)
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The strength parameters of the boson-fermion inferactions should be those ob-
tained in the analysis of the neighboring muclei. For example, the boson-fermion
strength parameters for the couplings of two and four-proton configurations to
the boson core in an even-even nucleus, have to be the same as for coupling
of one-proton configurations to the boson core in the neighboring odd-even nu-
cleus. This is the case for spherical, transitional and -soft nuclei. However,
approaching the rotational SU(3) limit of IBM, the boson-fermion interaction
strengths are not identical for an even-even nuclens and its odd-even neighbor.
The effective core for configurations based on broken pairs in a deformed nucleus
can be somewhat different from the one obtained by a simple decrease of the
boson mimber by one.

T{E2)=%e"“'RéI(d’x3+s'x3)'2'+rtd'x3)"'l

u; U u; l.l
—ev,s Eq“h[{ah jy VU, Na ], Xa = [{a " Xajt )"'xx]'”+ [wrj xa;, ) xs") )

where
L/ (jl"p’}’ﬂul) .
We take (r?)=2R} and R;=0.124'7X 1072 cm. N is the number of bosons.

T(M1)=V30/4ngg(d" xd)'"
_ﬁhzb[8|(J1||J||h>+':£,_8|NJl”’."h)]

LAY LI
X[{ﬂ_,'uh-l'u,]uj,}[aj?l Xaj:)”' : :[(ah)(a JILEPYE § LU At} I[(zrJi xay, MxsT)
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Spherical nuclei

104Cd
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Parameterization for

neutrons from

even-odd Cd nuclei

SN

Parameterization for
protons in accordance
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IOIAg

101 Ag
Suate Lifetime (ps

E, (keV) r DDCM  RDDS  DSANGTB  Adopted Theory
Positive parity
98 mn" 25
687 n2* 2703) 2.73) 20
861 132* 17010 1L7100 34
1573 152* 215 2145 04
1769 172" 1.92) 1.92) 19
2017 192* 9l 3l 50
%21 n2* 0.6(1) 0.6(1) 04
b.7] 23 1700*

28
2956 n2* 183 1.8(3) 09
3578 252 <20 <20 04
4159 72t <25 <25 03
4572 (292°) 140 141
5300 (312%) <17 <17
Negative parity
750 32 102
797 57271 30.5
3870 2377 naan 11401 84
417 250270 112 L12) 12
4749 2720 L1} L 11
5134 292} 0.83(8) 0,83(8) 081
5678 31200 0.41(5) 0.41(5) 045
6197 37! 0.30i4) 0.30i4) 0.34
6917 385200 0.18(5) 0.18(5) 0.13
7393 3! =13 =13 039
No parity assigned =+ T=—
2118 172 199(7) 199(7) 120
3210 212 1201 121 1o 29
801 232 05 09
415 252 05 04

“If wave function predominantly 7°(ge/)
"If wave function predominantly m(gg/2)
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Structure of isomers in spherical nuclei

[[7@on (8ol 12)912727)

Fig. 1. Calculated states in °'Y of (a) positive parity and (b) negative parity in comparison to the available data.
Above 2 MeV of excitation energy only the calculated yrast states are shown and, in the energy interval
between 2 and 3 MeV the calculated % and %" states (dashed lines).

Assuming a possible error of 200 - 300 keV for the predicted energies,
a 27/2- isomer with a halflife in the ps - ms range could be found in #Nb _
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Deformed nuclei

This nucleus displays a transitional structure
between deformed nuclei (lighter Ce isotopes)

described by the SU(3) limit of the IBM, and

v-soft nuclei (heavier Ce isotopes) which cor-

respond to the O(6) limit of the of the IBM.

The SU(3)-0O(6) transition can be described

by the boson Hamiltonian

i}
Hypy = _% QQ+ Lk

and is determined by the value of the parame-

ter y in the quadrupole boson operator. The

limiting cases are! y = 0 corresponds to the

O(6) limit of the IBM-1, and x = —¥% de-

scribes a prolate shape in the SU(3) dynamical

symmetry limit.

Here, o=0.19 MeV, #=0.13 MeV, y=-1.0

and the boson number N =12,

v2(mhyq ) = 0.06

.":( h“_'l.'z} = 1.70 MeV

v3(vhyy p) = 0.40

g ‘f 5(1:]’111#2) = 1.32 MeV
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Wave functions
ITHEP imprt |7 nav RI)
Jn i

+ —— )T-I:i'j"lllﬂ'r“'ﬂﬂ SguRid
T T o U R

X|[7Tj~(a}'~af"”nn]1wcm-"duﬂ:]>

Here 7/ stands for a proton quasiparticle, and aj'. aj"
for neutron quasiparticles (= r), or proton quasiparticles
(=), which are coupled to the angular momentum 7, .
Angular momenta j and [, are coupled to the three-
quasiparticle angular momentum denoted by 7_,,. In the
boson part of the wave function, the n4d bosons are coupled
to the total boson angular momentum R. The additional
quantum number v is used to distinguish between the
ng-boson states having the same angular momentum R. We
note that the number of s bosons associated with the boson
state |ngoR) is n,=N—ny, where N is the total number of
bosons.

To make it easier to follow the origin of states. for the
indexing of the theoretical states we use Iop, for the
quasiparticle+phonon states, Ty, for proton broken pair
states and Jy, for neutron broken pair states. Here the index
i denotes the 7th state of the denoted type. In the standard
notation f;. the index & is used as total label obtained from
the IBFBPM calculation. The indexing I is pointed out only
for states where i# k. Otherwise, the indexes i and k are
equal.
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one proton fwo neutron

o state

® one proton state

¢  three proton state

one proton two neutron
" state

® one proton state
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Interactions ?

The strength of the exchange interaction is adjusted to
reproduce the energy spacings of negative-parity states in
*28r. It differs considerably from that used for odd-even iso-
topes In order to understand the origin of this anomaly,
one may consider the coupling of unpaired protons to proton
bosons in the *Sr. To create multiproton states in the even-
even nucleus we destroy proton bosons and the effective
coupling of the exchange interaction is reduced. In the
IBM-2 framework this reduction would be implicit and no
adjustment of strength parameters should be needed. How-
ever, in our model based on [BM-1, we couple to all the core
bosons, irrespective of their nature and the suppression of
coupling is greatly diminished. Thus, the need to empirically
reduce the strength of coupling parameter. This effect should
be especially pronounced near closed shells, and in our case
the reduction of the exchange interaction might be due to the
subshell closure at Z=40.
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A comparison of experimental B(E2) for 86Zr
along the ground-state sequence compared with
geometrical models (-.-.-.), our calculations in
the full 28-50 shell model space (----), and our
calculations in a space truncated by the Z = 38
subshell closure (... .).

The pair breaking interaction V'™, which mixes states with different number
of fermions, and conservs only the total mumber of valence nucleons, in general
does not induce sufficient mixing as can be deduced, for example, from observed
transition strengths. It is the lowest order contribution to a pair-breaking inter-
action. Since the interaction contains only fermion operators of rank 0 and 2,
it cannot connect in first order the ground state band with two-fermion states
of higher fermion angular momenta. In order to enhance the mixing, interac-
tions that contain fermion operators of higher rank could be included in the
model Hamiltonian, However, such an interaction would also require higher or-
der boson operators, with parameters that cannot be determined from available
ic structure of the model.

experimental data, or from the intrin:
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137Nd.”

Band 1 (v h11/2)

Band 6 (v h11/2)3

Band 7 (v h11/2) (n h11/2)
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Bands 3, 5, 7 (n h11/2)?

Bands 10, 11 (m h11/2)%2 (v h11/2)z
Band 8 (v h11/2)2

Bands 1,2 (vd3/2 v h11/2)

Band 12 (vd3/2 (vh11/2)3)
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FIG. 4. Positive-parity levels calculated with the IBFBPM model for the following
configuration: e: 1tg9/2, [: Ttg9/2v(h12 12 )small I, m: ©g9/2 v( h12 1/2)I=10,

*: 1tg9/2v(d5/2 and/or g7/2), +: (npl/2 and/or tp3/2 and/or TEI 5/2) vh11/2v(d5/2 or
87/2), A: ng 3/2 , V:71g9/2 (mpl/2 and/or np3/2 and/or nj 5/2).
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Fig. 5. Comparison of positive parity levels in
the 0 — 1.6 MeV range observed in experiments
and calculated using the IBFBPM model. All the
calculated levels are shown for a given spin.

Fig.6. Comparison of positive parity levels in bands 1
and 2 observed in the present experiment (Exp.) and
calculated using the IBFBPM model (Th.) up to spin
1 =45/2.
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Nuclear Theory:
Structure of the odd-odd nuclei in the interacting
boson-fermion-fermion model

S. Brant
University of Zagreb, Croatia

E.mail: Brant@phy.hr
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3.

Structure of odd-odd nuclei
in the interacting boson
fermion-fermion model

The IBFEF'M is able to give an accurate description of the structure of odd-
odd nuclei. Odd-odd nuclei constitute a very stringent test of the model:

* A detailed knowledge of even-even cores and odd-mass neighbours is re-
quired

* Odd-odd nuclei do not provide the same sort of smoothly varyving system-
atics as do other types of nuclel

81



Level energies

IBFFM is successful

Electromagnetic properties
Transfer properties

Isomers
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H.p and H,r are the fermion Hamiltonians containing quasiparticle energies of
protons and neutrons, respectively. The quasiparticle energies and occupation
probabilities contained in the fermion Hamiltonian, and other terms, are ob-
tained in a BCS calculation with some standard set of single fermion energies.
For protons (o = ) and for neutrons (o = v).

H.,p = zsn; uj;_.&n,-
i

Vipr and Vigr are the IBFM-1 boson-fermion interactions containing the dy-
namical, exchange and monopole interactions. For protons (o = w) and for
neutrons (o = ).

Vapr = Vapyn + Vaexe + Vamon
: ; B - : TR O
Vapyn = T Z 2 {uujgu'ctj; o= v{lj]‘“tkj;) {a.?l ” ¥3 ” (Ijg} ([a'uja * a‘f.'t_l:gl x QB )
ajpoiz

g} is the standard boson quadrupole operator

Qg} = [st % d + df x 5] + y[df x d]'*®

=4

5
Vaexe = iy Z (-2) Toag bl (%o Vaja + Vagi Ungs) (UajsVajs T VajsUags)

ooz

: y ; . e < (a)
(ads || Yz Il ajr) (s || Ya ll agzd : (lad;, % d oz, % [Gajs X @' Jags) ¢

) , i —_—
pﬂﬂJOh" = 4y Z -\/g {20'«3 5 1} ([a:._-j * ﬂ'tle{[l} X [d1 x (ﬂu}))
af

&3



Ve 18 the residual proton-neutron interaction taken in the form of spin-spin,
surface-delta, spin-spin-delta, tensor or multipole-multipole interaction.

Hoo = —V3 ¥, [ 7l
Hg = dw W 0(Fr —7u) 8(ry — Ro) 6(ry — Ry)
Hyps = A7 Vess [Gg - Gy] 8(Fx — 7)) 6(rr — Ry} 6(r, — Ryp)
He = b (3 (7 - le;‘lggc'r} Favl i &,,])
Hene = 8w 5(’";“7;”} % ¢V () Yeu(v)
Py = Fy — T Ry=12 A% fm
The electromagnetic operators have the form (for protons (a0 = w) and for
neutrons (o = &) ):
M{E2) = Mp(E2)+ M.(E2)+ M.(E2)
Mp(E2) = % B3 e ([s' x d+dl x 31D + x|d' x d|'?)

R2 =0.0144 AT barn

3

M, (E2) = B R e, Ya(a)
M(M1) = Mg(M1)+ M. (M1)+ M,.(M1)

= = =
Mp(M1) = 4,,’5 V0 g5 [dF x dV

Mo(M1) = \/:% [mfe) i{la) + z.(a) 85a) + #-(a) (Ya(a) x 5a) )]
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Spherical nuclei

Parabolic rule for proton-neutron multiplets
in the particle-vibration model

Exchange of the quadrupole phonon

The particle-quadrupole vibration interaction is

H, = \/20ma,|Y,(b3+b,)l,

|
a, = §4n)* —— KKH[BE2; 27 - 07 )t
ZR:
For the quasiparticle, we also include the usual blocking factors-U and V in the
interaction strength a,. The symbol b} denotes the creation operator of the quadrupole

phonon. P

1p zﬂ
ta) (b)

Second order diagrams for the exchange of the quadrupole
(Fig. a) and spin-vibrational phonons (Fig. b).
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Tl_lc contribution to the splitting of the multiplet WUps M = lig=Jals - Jo+ia)
coming from the exchange of quadrupole phonons (fig. a) is
SE, = —ayy- LHIHD=Jlia+ D =jolp+ DI+ I+ D) —jola + 1)—jylp + 1)7
2)o(2a+2)2j,(2j,+2)

oy ¥

12

Here hw, is the energy of the quadrupole phonon. We assume the coupling strength
a, to be equal both for protons and for neutrons. :
We rewrite the /-dependent terms

SE(I) = A[I(I+1))>+ BI(I+1)

where A and B stand for the factors which multiply [I(7+ | )]? and I(f+1)
respectively. .

The quantity ¥” is the occupation number defined as ¥ = 1 if /s> and |, > are
both particle-ike or both hole-like: ¥ = —1 if l7ap 1S particle-like ana py, > 1s nole-
JIKe, or vice versa, " ’

Inclusion of the spin-vibrational 1 phonon

The particle-spin-vibration interaction reads
H = ﬁ“l["l x (b]+b\)]o

Here a, is the coupling strength defined as a, = i, (hw,/2¢ )}, &, is the spin operator
and b{ the creation operator of the A = 1™ spin vibration
We derive the expression for the contribution to the energy shift of the |(j,j.)I>

states due to the exchange of the 1* phonon

1) JalUa+ 1) +JpUp+1)
SE (D = B, I+ 1)+« @ +205,+2)
¢ _a8
boe g omes O e,
" ‘ :
1 it = =g, FetNFtd o .,
o 2,2,
2 42 2%, +2
~ApRE o Al e o SRR gE g gk
2y, 2,

A" is the Nordheim number defined as
N = jo=l+in—1,
For A4 =0, we use the labels — and +. The symbols #'=0" and 4" = 0*

denote the situations j,—1, = —4%, j,—1, =% and j,—1I, =}, j,—[, = —13, respec-
tively. 5 2
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llustration of energy contributions coming from the exchange of the quadrupole phonon (a)
and the spin-vibrational phonon (b) for the multiplet (j, = . j, = 1), for four possible combinations of
the pair (¥7, A4). = |
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Occupation probabilities
for neutrons depend on

the isotope

=D

In the whole sequence of nuclei
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Cores

Dynamical, exchange and monopole
interactions for protons

Dynamical, exchange and monopole
interactions for neutrons

Occupation probabilities for protons

Residual proton-neutron

delta interaction

Parabolic like structures are present
in spherical nuclei, even in cases when
other interactions (not the dynamical)
dominate.
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TABLE III. Comparison of measured and

calculated in IBFFM spectroscopic factors ) .

for the *2'Sb(p, d)'2Sb one neutron transfer ~ TABLE IV.  Comparison of measured and  calculated in IEEZFM
reaction. The first two columns contain the  Spectroscopic factors for the one neutron transfer reaction “““Sb.
energy, spin and parity of the final states The first two columns contain the energy, spin and parity of the

involved in the reaction taken from ref.[8]. final states involved in the reaction taken from ref [13].
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s m;i &
08 | e :a_:,i Bope=
§ S — E’-j 5+ 15s isomer
04 | s: - —s
~ 1 —
s
10- possibly 100 - 150 keV
S higher
ool g —ee 1 10- or 8* candidates for the
B LEEERR =4 T == 12 pus isomer

40K
State (keV) T

Exp The
37030) 4.24(8) ns 52ns
27 (500 028(6) s 02 ps
5, (391) 0.87(14) ps 06ps
2 (2047) 0.34(4) ps 03 ps
3; (2070) 0.47(10) ps 0.1ps
15 (2104) 0.52(10) ps 0.14 ps
45(2397) 0.035(14) ps 0.03 ps
07 (2626) 021(d)ps 02ps
[ (2290) 0.083(14) ps 0.25 ps
31 (2187) <004 ps 007 ps
6} (2879) 0.27(10) ps 06 ps
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Transition* E,./keV ‘Gamma-branching
Exp® The*®
27 (800) -+4, (D) BOO 0.15 0.17
—37(30) 770 100 100
57 (891) —47(0) 891 99 @9
~ 31 (30) 862 1 0.1
23 (2047) — 47 (0} 2047 29 128
- 37 (30) 2018 29 100
~+ 2 (800) 1247 41 41
33 (2070) —4, (0) 2070 36 56
—37(30) 2040 49 49
—2; (800) 1270 9 6
—5; (391) 1178 7 3
17 (2104) — 37 (30) 2074 70 70
~+27 (800) 1304 29 96
=25 (2047) 57 - ol
— 33 (2070) 34 - 0.0
43 (2397) =47 (O) 2397 26 7
—3; (30) 2367 67 67
~+ 2y (800) 1597 - 04
~+ 5y (B91) 1506 —_— o1
—2; (2047) 350 o 0.0
—3; (2070) 327 7 1
—35(2291) 106 - 0.01
0; (2626) — 2, (R0O0) 1826 30 41
—+2; (2047) 579 - 0.001
— 17 (2104) 522 70 70
—25(2419) 207 - 0.0
17 (2290) — 07 (1644) 646 56 56
—27(1959) 331 9 10
- 37 (2260) 30 - a0
33 (2787) —2; (1959) 828 174 17.4
—3;7 (22600 527 - 0.5
— 17 (2290) 497 - 00
—23(2576) 211 - 0.0
-+23 (2757) 30 — 0.0
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The structure of

106Ag is very complex.
The ground states of
odd-mass Ag nuclei are
7/2* states based on

the proton g%/2
configuration. The IBFFM
is even successful in the
description of such

nuclei.



Deformed nuclei

IBFFA-calculated excitation energies for states in odd-odd **2Re compared with experimental data. Because the experimental separation
between the 7" triplet and the 2~ singlet couplings is not known, the figure is divided into two parts, using each coupling as the reference point.
'Otherwise the triplet coupling is shown on the left of a pair of bands, the singlet coupling on the right. For example; 9" triplet, 0" singlet.

Scholten
PRC 37

IBFFA-calculated excitation energies for states in odd-odd ***Re compared with experimental data. The bands are plotted in pairs,
with the triplet coupling on the left, the singlet coupling on the right of each pair.
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Quadrupole moments for odd-odd Re isotopes.

Isotope F b Qua leb) Q.. (e b)
1®Re 6" 6.50
- 6.45
Ii2ge 7+ 5.66 6.4
2+ 5.40 =66
MRe 3 5.06 7.940.7
8" 4.83

Magnetic moments for odd-odd Re isotopes.

Isotope g Hana (pn) Heup (Hn)
3R e 6 241
1= 2,35
"IRe T 2.33 2.76x0.07
2 3.28 3.07+0.24
'%Re 3 31s 2.50=0.19
B+ 209 2.8910.13

The investigations of odd-A nuclei have revealed the
following decoupled—strongly coupled rule:

(i) The strongly coupled band pattern arises if the odd
fermion is a particle coupled to an oblate core, or a hole
coupled to a prolate core.

(ii) The decoupled band pattern arises if the odd parti-
cle is coupled to a prolate core or a hole to the oblate
core.

This rule was extended to odd-odd nuclei in the case
of counline two quasiparticles to the asymmetric ro-
tor.

Rules (i) and (ii) can be expressed in terms of quadru-
pole moments of the odd particle and the core  Taking
into account the siq‘l.s of quadrupole moments Q(j) <0,
Qi "1>0, Q(2F°*) <0, and Q(2{**)>0, the rule
reads

i - corey | <00 the band is strongly coupled
QU122 50, the band is decoupled ,

where | denotes the odd quasiparticle coupled to the
core.

This rule is of more general character, independent of
the particular nature of the core. It applies as well to
the IBFM and IBFFM.

We note that the case of two particles or holes cou-
pled to the core, referred to as the “peaccful” case in the
particle—plus—asymmetric rotor model, corresponds to
the inverted parabola of the parabolic rule for odd-odd
nuclei;’ this yields the bandheads with angular momen-
taJ=j,4j, and J=|j,—j,| as the lowest states on
two branches of the parabola.
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By coupling the proton particle j, and the neutron
particle j, to the SU(3) boson core, there arise
2(jy++Mj;+4) bands, based on the states of angular
momenta J’=J|1:J',, with J1=j|,j|—l.‘-.,% and
Jy=ja, ja—1,..., . For the particular interaction
strengths I'SYSY and I3YSY the band based on the lowest
J =j,+j, state exhibits an exact J(J + 1) energy rule,
with the same moment of inertia as for the ground-state
band of the boson core. Furthermore, the states of this
band are characterized by the exact quantum numbers
(K,=j,,K;=J,)K =j, +J;, defined according to the
IBFFM relation The other IBFFM bands in the
odd-odd system deviate from the J(J + 1) energy rule; in
general, more so with increasing energy (decrease of
K ,,K,;). Simultaneously, the IBFFM wave functions ex-
pressed in the KR basis are a mixture of different K
values. However, in each state a particular KR basis
state dominates. In this way we can attribute approxi-
mate quantum numbers (K ,K; K to each state.



£/(MeV)

15 % 7 8

Twelve ground state bands calculated in the IBFFM for the odd-odd system with j; = 12 proton hole and j,

= ; neutron hole coupled to the SU(3) prolate boson core. The J (J + 1) scale is employed for the angular
momentum axis.

5+ (-3, ua , oR,vn

)
vz, 52)

'ii 5 6 7 8 8 W N 2 ) % 3 16 9 %
J

The IBFFM ground state bands for the odd-odd system with j; = 12 proton particle and j, = ; neutron hole
coupled to the SU(3) prolate boson core.
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2 13212

myz,afan

0245678 9 10 N 12 13 14 15 16 17 18 19 20

Lowest bands in the odd-odd system with j; = 121 proton hole and j, = 121 neutron hole coupled to the SU(3)

prolate boson core.

Realistic case: Dynamical and exchange interactions different
from zero and not limited by supersymmetry constraints

Calculated IBFFM yrast states (0, 1y, ..., 201) E/J plots for the lowest-lying high-spin bands for v2 5= 0 a,
for ] = h1_11/z’ j v=1 13, coupled to an O(6) and v2gp =1b.
core, as a function of vl2 3/2-
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2 —| 2 —|
E/J plots for the levels 1, 2, ...., 12, for V232 0 a, V2 0.5 b and The head of the lowest high-spin band is

v2 =l The scale on the abscissa is given by J (J + 1). The points for
levels are connected by curves to guide the eye. J=j,+j,-3=9 for V12 32-0.2,

J=ja+ju-2=10 for.02v2 4,02,
J=jatjv-1=11 for.0.5v? 3,.0.8
and

J=ljz+], =12 for.0.8v]sp

A pronounced feature is rather broad region with
J=J,+J,-1=11level as the lowest high-
spin state. This resembles the J =j — 1
anomaly for rather broad region around v?
= 0.5 in odd-even nuclei.

Characteristic lowest high-spin band
patterns associated with O(6) limit for
several values of ) in the illustrative

IBFFM calculation. Examples with all
possible high-spin band heads are
presented. For comparison the
experimental bands 190,192 7y are presented
to the right. We note that the Au-region is
approximately associated with an O(6)
symmetry, but the present calculation is not
fitted to Au isotopes

Calculated IBFFM yrast states (0, 1y, ...., 20,) for j‘n: =h1_11/2,jy =il3 > coupled to an SU(3) core, as a function of v2 3

E/J plots for the levels 1y, 24, ...., 124, v? 32=0 a,

v2aap=05band v2 a»=1c.

E/J plots for the lowest-lying high-spin bands for
v2zp=0a, and v2 3p=0.5b
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Transitional nuclei

68 A S
5
25 2 25
By - _—::ﬁ_i: ol 9
T 8 e —
z 3 18} 2
7 i
{ S — 68
6 = 16) 334835
_ 15 8 15
= & 67
o -L7_
R
m o oy ] 1
LS 5
M =y
4 s {
05 e R
3
{"__ : — 3! :‘&
3 3
L nagative panty Mﬁ—_l parity J 0
IBFFM gggm [BFFM

Experimental and theoretical IBFFM energy spectra of the low lying states in ®As. Up
to 0.6 MeV, the positive parity levels 3%, 4*, 5" are shown. In addition the high spin

isomer 9 T is shown. For negative parity the calculated states with "=4,,5,,5,,

61,6,,65,7,,7,,75,8;,8,,9 areshown.
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Calculated in IBFFM branching ratio for ®As compared with
the experimental data

By e i b
(MeV) ) (theor ) Exp. Theor.
0.158 3 3§ =3 100(6) 100
0214 4 i = 6(2) 5
-3 100(14) 100
0313 3 3 —a <z 4
— 30 16(2) 8
-3 1002) 100
0.500 4 §-y 51 12
-4 (1) 5
-3 100(2) 100
0550 41 4§-3 (N 100
=4y 36(2) 16
—3] 100(4) 9
-3 48(2) 10
0733 5 st —a 17(2) 3
—47 <6 2
— 47 100(5) 100
3183 [§ o nt—9f 100(3) 100
0.965 si=t Sy 47 100(3) 100
1.304 =) =5 100(3} 100
1323 (= 6 —57 100(4) 100
-4 <3 4
1.427 [l 6; — 57 8(2) 2
—=5= 100(5) 100
1956 3) By — 6] 100(8) 100
-7 23(6) 16
2004 8! Ll 100(3) 100
2351 a7 Ty —6; <58 75
-6 100(15) 100
— 57 <4l 45
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Fig. 4. Low-lying yields in '%Rh calculated with the IBFFM model and compared
to experimental ones. For the clarity of the figures, only the three lowest calculated
levels for a given spin are shown. The left- hand and right-hand sides of the figure
are for the negative- and positive-parity states, respectively. Levels with
unidentified parity are shown in the central column. Experimental states of
uncertain parity are denoted by *, states interpreted as intruders are denoted by **.
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102Rp
Transition B(E2)(e*H) BiMIyud) Iy
e E—E;  Ew. IBFFM Exp. IBFFM  Exp  [BFFM
27 -2 42 0 00089  0.0054(13) 00033 100 100
A— M~ a2 0.0206 00731 68
AT =0 0.0065 00097 100
15 -3 124 — 6 (0092 o0
L] L
— 2; — 42 0.0068 00072(54) 00169 129 id
-2 -0 00307  00M4(18)  0.1436 100 100
S"‘" - GI 135 — 141 0.0003 D518 100 wo
2$ — ll 157 = 105 0.0246 11948 100 100
F=2 1m—18 00109 12919 B2 4@
-1 — 105 00232 0
7; = SI 242 = |55 0.0033 on
-4 — 141 00342 01286 100 100
N—=7 W—m 00057 00019 8
- 5; - |55 00178 20
= ‘i — 4l 0039 0014 > 0093 00007 100 100
f.; -7 360 — 297 oo 0218 100
- 1% —242 00181 0,0287 90
e_t - :i AT — 180 0.0099 0.0002 o0
=7 — 297 00009 0.045° 08w 9 o
-7 —242 003 o016 0006 58 3
— 5‘ - 155 0.0063" 0.0006 00378 Li] Ll
—6 — 141 0.004° 00038 0001 00309 100 100
o6 sN—3m 00u3 01572 1
= — 360 0.0000 00088 14
-7 —297 0.0018 0.0000 5 01
-7 — 243 0.0000 0.0035 21
-5 — 158 0.007 0,0000 1
—6 — 141 0.0016 00T 100 100
8 —7  616—570 0.0080 02705 03
— 6 —am 0.0009 a0
— 6 ~ 360 00228 02
-7 —m 00314 02512 100 100
7. 242 00022 0.0006 0s
— 6 — 4] 00020 04
12Rh
7
m ‘--..._
: g S : - i
: 19 =)
= 18 i 2
18 =
w ; 3
$elnnie ] &
é i 16 o -
o 15 i
15
Sl T = ;
R | ]
m i =3
13 m by
2 2 12 -
" 11
g i
1 0 10 2|5
L]
[+%.] ’ 2
b {
EXP BANDH IBFFM

IBFFM energy spectrum of the mgg/,vhyy, configuration in 102Rh
compared to experimental band 1. Because of the concentration of the
lowest states, the bottom of the band is shown with a different scale.

n g9/2 vhll/2 Full line IBFFM

Dashed line Donau-Frauendorf model
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The Al=2 positive-parity band 4
In the present IBFFM calculation we obtain two positive-parity high-spin bands, based
on apyaehyyga and wgepvgyys two-quasiparticle configurations, respectively
These bands are clearly formed above the 107 state, while for lower spins there is a
stronger configuration mixing. The two lowest 107 states are based on the
(7P swhi2)6, 2 4, 10 (50%) and (mgerswr)8, 1 2; 10 (59%) configurations
"7 7 These two calculated bands appear close lying and they cross at angular momen-
wm f=15/i. Contrary to the experimental band 4 which is of Af = 2 type with signature
a =0, the calculated bands show doublet-type structures, The wrp; 2vhy, 2 configuration
is associated with a much larger signature splitting than the mgo2ey; configuration
and exhibit a p d tendency ds decoupled band | Dn this basis we
atribute the mp, qvhy) ; configuration to band 4.
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B(E2) and B(MI1} reduced transition probabilities calculated between states of the mp) ¥y, 2 configuratbion
with & = 7 in "2Rh and comparison of the intensities of y-rays observed in band 4 with those calculated for
the above configuration

Transition B(E2)(e2H?) B(MI1)(ud) iy
IBFFM IBFFM Exp. IBFFM

12+ — 11+ 0.0016 0.0073 0.0
124 — 0t 0.4295 100 100
14+ — 13+ 0.0021 0.0001 0.0
14+ — 2+ 0.1003 100 100
167 — 15 0.0005 0.0049 0.1
167 — 14+ 0.0418 100 100
187 — 17+ 0.0010 0.0019 0.0
187 — 16* 0.1076 100 100
200 — 19+ 0.0011 0.0061 0.1
20" — I8+t 0.0634 100 100

The two remaining experimental bands, bands 2 and 3, are expected to be based
on four-quasiparticle states involving broken neutron pairs, in particular the vh’ 12
broken pair, so that four-quasiparticle states should be coupled to the boson core.
The model including boson pairs of fermions has not been applied yet to odd-odd

nuclei and therefore the corresponding theoretical states are missing in the present
IBFFM calculations.
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124Cs

n hii/2 vhii/2

124¢Ce

Wave functions are
very complex Il

There is a strong
configuration mixing

IBFFM is able to
properly predict
the structure of
high spin states
in a multy-j case

On the basis of the IBFFM analysis, we propose that the negative-parity
bands presented have a n(ds;g72)vhi1z configuration in their low-spin part
and, starting from | =12, are almost pure mhi1/2vg7/2, With band 2 being the
yrast structure and bands 3 and 5 the yrare structures. Thus the collective
band structures start at spin | ~12.
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Level scheme of *?Pr deduced from the present work.
The transition intensities are proportional to the width of
the arrows. The inset shows the IBFFM identification of
levels populated in the decays of bands 1 and 2.

Mixing of configurations with different parity
both for protons and for neutrons (high with low spin states)

Positive parity proton and positive
parity neutron configurations
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The formation of regular A/ = 1 high-spin band pattern in
odd-even and odd-odd muclei with O(6) boson core presents a
challenging problem for the IBFM and IBFFM models, respec-
tively. Namely, both models predict normal or decoupled band
patterns with close-lying unfavored and favored bands, resulting
in characteristic "donblet structures” and Al = 2 transitions.
‘This is becanse the standard IBFM interactions can not induce
a suffidently strong effective interaction which wonld establish
a regular Al = 1 band pattern, withount sizeably altering the
low-energy part of the spectram.

T
H T+
LA
— I i
T="1
HE Y.}

IT—2
m— ¥ ;

Schematic presentation of the conflicting pattern in odd-odd
muclei associated with unique-parity proton and neutron
quasiparticles of opposite occupancy coupled to the O(6) boson
core (n is an integer).

In order to account for this problem, we introduce a new term in the quadrupole
operator of the dynamical boson-fermion interaction.

Hyn = ToVBY_ (ujuj — v,05)x <1 | Ya || jo > {Q5(ch,E5)2}0

17z

TR

The effect of the last term is to induce an effective deformation of a soft O(6)
core due to polarization caused by odd fermions. In this way a regular Al = 1
yrast band is established in odd-odd nuclei with O(6) boson core. Without the n
- term a familiar "doublet structure” is obtained in IBFFM, while taking n # 0
leads to a regular A/ = 1 pattern, both in energies and M1 transitions on the
yrast.
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Calculated energy difference between the
neighbouring yrast states for n = 0 (dashed
line) and n = -0.4 (full line).

IBFFM calculation for yrast states in odd-odd system
with inclusion of hyy, proton (V¥ = 0.1) and hyyp,
neutron (v2 = 0.8) quasiparticles coupled to the O(6)
boson core. The non vanishing parameters are: core
parameters from R. F. Casten and P. von Bretano, Phys.

Lett. B152 (1985) 22, N=7, Ty =T, = 0.4 MeV.

These values are used in other illustrative figures as well
as:g =1,g =0,g =0.7g,g =0.7 g, gr= 0.43. The

energies of 8; states are taken as zero. In this figure y = Calculated B(M1) values from transitions
0 (full and dashed lines corresponds to n = -0.4 and 0, between the yrast states for n = 0 (dashed line)
respectively). and n = -0.4 (full line).
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Signature inversion has been investigated in various models.
Taking a very strong (!!??) boson-fermion exchange interaction, a
change of signature pattern from inverted to the normal with
increasing spin can be achieved within the unique-parity two-
quasiparticle band. However, the strength of the exchange
interaction 1s not a free parameter. A sizable increase of the
strength of exchange interaction would destroy the agreement of
the calculation with the low-spin data.

Y] B(E2) (') BOMI) () b BIMI)/B(EZ) Ir=Jy  BED (6] BIMI) () I BIMI)/B(E2)
FOFFM 1BFFM IBFEM IBFFM
EXP. 1BFFM EXP. IBFFM EXP IBFFM EXP. IBFFM
Ti—ar by e 100 o - - 134 =12} 0430 123 100 100 26(3) 147
By =1, 0,668 0777 100 100 097(2) 162 it ke R 4 b
% ﬂ'«f "“ m:' ":' p— i 14513 0.347 1.194 4 &0 17(2) 144
% ::'_ E"::T ¢ 9 = = ' —12; 0428 - 100100
io; _‘9"_ ey - e "o 261e5) o9l u._--mz 0.263 1182 100 100 24(1) 148
g 0648 i 0o 100 —13 0778 - 4 i
1y =10y 0400 0,378 ol 8 0ests) 082 16} —15] 0.203 0.456 2 n 165} 115
9 0716 - 100 100 —14f 0748 - 100 100
12; =17 0.330 03 9 n 0.47(6) 045 17} =16; 0131 LI28 61 5 195010 183
—10; 0751 100 100 o5; 0615 100 100
13; =12 0273 0294 0 " .62(5) 038 18} =177 0,092 0381 u I [EE]) 061
il 0.763 160 100 —16} 0.580 - 100 100
147 =137 0219 0.261 0 & 0.52(5) 034 19} —18] 0,081 11m 1 5 1605 a1
127 0,760 100 100 i1t 0476 . 100 100
=% G 0.4 = ; - "4 20} —19; 003l 0233 2 1 133 om
-3 0727 1 +
16~ l!i: 0,142 020 14 [ 0501 0.29 ! _;I', :;T: 0.980 :I?IJ l:: . 152
147 0.697 100 100 "‘9f i ) B i
177 16, o 0218 9 9 0.35(5) 03
157 0635 - 100 100
157 =17 0087 0.146 - [ - 028
~16, 0581 - - i0a
197 — 18] 0066 0192 - 9 - 038
177 0.508 - 100
B =2 0721 2103 100 100 - &
9; 8} 0714 1,369 - 100 - 168 132Py
=T} 0507 - 0.5
1o} =9t 0127 | ik 100 100 33(3) 187
-8} 0587 . 3 3
THETY 0.629 1.408 100 100 23(3) 1.86
—at 0758 - 16 19
123 =11} 0530 1.457 100 100 2503 183
~ I 798 - o Ll
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Transitional SU(3) - 0(6) 2%Pr nucleus
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Fig. 12. The negative parity (a) and positive parity (b) yrast states in the Z-nucleus 125p; are

compared with the experimental states of *2'Pr.
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Fig. 13. The yrast sequence of high angular
momentum positive parity states based on the
nhy1p®vhyy, configuration is compared with
experimental counterpart in “2°Pr. The assignment
for the band head (i.e., the lowest observed state)
is 8"
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The IBM prediction for low angular momentum
states in *°Pr. These states are based on positive

parity proton and neutron configurations.
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Fig. 14. IBFFM (dashed line) and experimental
(solid line) [E(l) — (E(l — 1)]/2I vs | plots for the
nthy1,®vhyy, yrast band in 126p; The state 8+ is
assigned to the band head.

The IBFFM analysis predicts the existence of
another isomer in *°Pr 5" at ~ 150 keV
excitation energy - isomeric character
depends strongly on the choice of the proton-
neutron interaction. In the present calculation
5; is below 4+ and therefore it is an isomer

with a possible y decay to 2:. This transition

is slow enough to allow for a B decay that
has been reported



198 A

The first odd-odd nucleus calculated in IBFFM

The rotation of triaxial nuclei may give rise to pairs of identical AT = 1
bands with the same parity in odd-odd nuclei — chiral doublet bands. These
structures arise from configurations in which the angular momenta of the valence
proton, the valence neutron and the core are mutually perpendicular, and can
be arranged to form two systems that differ by intrinsic chirality, a left- and
a right-handed system. When chiral symmetry is thus broken in the body-
fixed frame, the restoration of the symmetry in the laboratory frame results
in the occurrence of degenerate doublet AJ = 1 bands. It has been suggested
that such nearly degenerate rotational bands might be observed in the region
of transitional nuclei with A4 = 130. A number of nueclei in this region are
susceptible to triaxial deformation and the yrast bands of odd-odd nuclei are
built on the whyy o particle-like — wh) ) ;2 hole-like configuration. The existence
of self-consistent rotating mean field solutions with chiral character has been
demonstrated for **¥Pr and '™ 1Ir. The theoretical prediction of chiral doublet
structures has prompted quite a number of experimental studies of odd-odd
N =75 and N = 73 isotones in the A = 130 region, and nearly degenerate
AT = 1 bands built on the 7hyy 2 @ vl configuration have been identified in
many of these nuelei. Sideband partners of the whyy s & vl po yrast band have
been identified in 55Cs, s7La and 4 Pm N = 75 isotones of ™ Pr. For ™ Pr the
energy spacing between the doublet rotational bands gradually decreases from
== (.19 MeV at low spin to the point where the two bands cross between f = 14
and I = 15. For the other N = 75 isotones the two lowest whyjo @ vhyge
bands are almost parallel in the E wvs I plot, and the energy spacing between
the corresponding states with the same spin is = 0.3 MeV.
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In "MPr the two lowest, yrast and yrare why1a ® vhyys bands have been
interpreted as chiral restored doublet bands. In order to explain similar dou-
blet bands in the other ¥ = 75 odd-odd nuclei, it has been suggested that in
these cases the triaxial core deformation is not stable, but perhaps more -soft,
resulting in collective chiral vibration of the core angular momentum between
the left- and right-handed chiral systems. It has to be emphasized that in all
studies of chiral doublet bands it has been argued that the empirical separation
of < 300 keV is too small for the sideband to be interpreted as a band built
either on the unfavored signature of the proton orbital, or on the ~-vibrational
excitation. A ~-vibration coupled to the yrast band has been ruled out hecause
in this region the y-vibration energies are > 600 keV.

IBM/IBFM calculations are performed in the laboratory frame, and the
results can be directly compared with experimental data. All states within the
model space and their electromagnetic properties are compared with
experiment, rather than just band-head energies. In the particular case of ***Pr,
it will be assumed that the nucleus is triaxial but, unlike in a geometric
description based on the tilted axis cranking model, the occurrence of nearly
degenerate doublet Al = | bands is not related to a definite alignment of the
angular momenta of the odd proton and odd neutron along the body-fixed axes
of the core nucleus.

The spectrum of the core nucleus '3 Cerg is described by the Hamiltonian

Hipy =€ata+p P-P+k L-L+kQ-Q+04[(d d'); d'],- |(dd): ﬁi} 3

The first four terms represent the standard Hamiltonian of the Interacting
Boson Model (IBM-1). The cubic interaction in the last term, with the strength
parameter O;, introduces a degree of triaxiality. The best agreement with the
experimental spectrum is obtained for the following choice of parameters:

eq = 0.75, p = 0.25, ¥ = 0.014, &k = —0.003, 83 = 0.025 (all in MeV),
and y = —0.3 in the guadrupole operator Q2. This value of y is also used
in the boson gquadrupole operator appearing in the boson-fermion dynamical
interaction, as well as in the E2 operator.

With the inclusion of the three-body term in the boson Hamiltonian, the bo-
son quadrupole operator appearing in the dynamical boson-fermion interaction
and in the E2 operator should alzo be extended to higher order. The standard
boson quadrupole operator is modified by including the additional term

il i_{nift d_}ﬁ {JI :f],-j]

a

This term is included in the dynamical boson-fermion interaction and in the

E2 operator, with the strength parameter np = —0.46 MeV
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The spectrum of positive-parity states in "*Pr, based on negative-parity
orbitals of the odd proton and odd neatron, is calculated by using the quasi-
particle energies, occupation probabilities and boson-fermion interaction streng-
ths obtained in the IBFM calculations of negative-parity spectra in
and '3 Cers. Most of the model parameters, therefore, are determined by the

TH-

structure of collective and single-nucleon states in the even-even and odd-even
neighbors of "™ Pr and, in principle, only the residual interaction between the
odd proton and odd neutron has to be adjusted to the experimental data in the
odd-odd nuclens.
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The yrast and yrare whyy 2 @by o bands in 13Pr caleulated in the IBEFFM
for the "¥'Ce core without triaxiality (left panel, @3 = 0), and with stable
triaxial deformation (right panel, ©3 = 0L03 MeV).

TFor &3 = 0 the core is v-soft and the two bands do not cross or become
degenerate. Rather, an almost constant energy spacing = 400 keV between the
two bands is predicted. For a stable triaxial deformation (€5 = 0.03 MeV) the
energy difference between the yrast and yrare bands gradually decreases, and be-
tween angular momenta 167 and 171 the two bands cross. Except for the exact
position of the band crossing (which can be also affected by four-quasiparticle
configurations not included in the model space), the “energy vs spin” diagram
is in excellent agreement with the experimentally observed evolution of the two
lowest positive-parity bands in ***Pr. The results are also in agreement with the
conclusions of caleulations in the body-fixed frame, where it has been suggested
that in the odd-odd N = 75 nuclei other than " Pr the triaxial core deforma-
tion is not stable, rather it is v-soft, resulting in the two lowest why ;0 @ 1190
bands being almost parallel in the E wvs I plot, with the energy spacing of = 0.3
MeV. In '*Pr, on the other hand, the stable triaxial deformation causes the
two lowest positive-parity bands to become almost degenerate.
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E(MeV)

EXP EXP IBFFM IBFFM

The yrast band is basically built on the ground-state band of the even-even
core. With increasing angular momentum the admixture of the 4-band of the
core becomes more pronounced, The structure of the second — yrare band,
howewver, is that of the odd proton and odd neutron coupled to the ~-band of
the core, especially in the lower part of the band. With increasing angular
momentum both ground-state band and 4-band components contribute to the
wave functions of the yrare band in "™Pr. In the region of band crossing, in
particular, the wave functions of the yrare band contain sizeable components of
the higher-lying core structures. The IBFFM prediction, therefore, is that the
two lowest whyy o @ hy1p bands in Y¥Pr are built, in leading order, on the
ground-state band and the v-band of the core nucleus, respectively. Their wave
functions closely follow the triaxial structure of the core nuecleus. This result
is at variance with previous analyses of the doublet bands in ' Pr, based on
the tilted axis cranking approach, which have basically excluded the possibility
that the second band might be built on the 4-band of the core. This was done
only on the basis of the relatively high excitation energy of the v-vibration.

As the IBFFM calculations are performed in the laboratory frame, they
cannot determine the alignment of the odd particles along the body fixed axes.
The IBFFM analysis indicates that the + degree of freedom plays an important
role in the formation of these bands.
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Nuclear Theory:
B decay in the interacting boson-fermion model

S. Brant
University of Zagreb, Croatia

E.mail: Brant@phy.hr
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4.

B decay in the interacting
boson-fermion model

OBJECTIVES

' To test the nuclear model by analyzing experimental
data

Wave functions (two odd-even and one even-even
nucleus are involved)

Transition operators

* To provide reliable information for astrophysical
applications
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The process is very sensitive to configuration mixing both in the
initial and final states. A detailed knowledge of the wavefunctions
is required. Beta decay properties can be calculated by using:

<=

+ Other models for medium-mass and heavy nuclei.

Shell model (in light nuclei and in medium-mass and heavy
nuclei in the neighborhood of doubly magic nuclei)

Example: Simple pairing theory

4

Overestimates the Gamow-Teller strengths by a large factor

How to account for the large hindrance:

Nuclear deformation
Mixing with 2p-2h states
Mesonic degrees of freedom

In the IBFM there is NO quenching factor (once the wave functions have
been calculated, the calculation of beta decay properties is parameter free),
or the quenching factor is SMALL.

I's T T T T T T T T T T L} L]
2 oS r—r—r7TT T T T T T R T T e
(Mg1) s3Il — szTe 2
wis & = . Mgr)
: =R sz} —= 32
s - -~ Poiring
1.2 5 -1 0.20
™ = Th{IBFM)
\\ " Exp 3l — nTe
.ok L & + .
N\ sszy —= W2
A
.18
\ 4
o8}l N
\
\
0.6 \ §
\\ 0.0
\
al -
. \
A
b 1 005}
o T S Y LG N DR ‘T"‘T‘w—.—-—A—_‘ i "
s0 %4 S8 62 66 70 74 78 62
Neutron Number ° L

62 L] ™ 74 ?I. a2
= . - . . Neutron Number
Comparison of experimental Gamow-Teller matrix ele-

ments with pairing theory and results of the calculation using the
interacting boson-fermion model (IBFM).

Comparison between experimental Gamow — Teller
matrix elements (triangles) and those obtained using
IBFM renormalized by a factor 3.5 (continuous line).
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PROCEDURE

IBM2 calculations of the IBFM2 calculations of the
structure of even-even core nuclei: structure of odd-even
parent and daughter nuclei:

Energy levels and wave functions Energy levels and wave functions
Electromagnetic properties Electromagnetic properties
(electric quadrupole and magnetic (electric quadrupole and magnetic
dipole moments, B(E2) and B(M1) dipole moments, B(E2) and B(M1)
values, branching ratios). values, branching ratios).

Wave functions Wave functions

Beta decay calculations:

Matrix elements, logft values

(s mmp Ve

A= 125, 127, 129
Soft nuclei close to the O(6) limit =) complex wave functions

sl Sensitive test of the model

IBFM2 Hamiltenian — H = gBly yF . yBF

IBM2 Hamiltonian (core nuclei) :

HE = ¢q(na, +na) +r(Q7 - QF)
1 ; = = oy T R
+ 562 ((dfsf —dfsl) - (osn —desu)) + Y7 &k (abdf]0 - (3] 50)

K=13
1 ~ PO 1l — o N—
+5 X G ® (dd)®) + 5 3 o (lafdf)®) - [drdr)®)
1=0,2.4 L.=0,2.4
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E = d-I)SU + 31[;&11 + xv [dl&'l’](z}

.? = d;s';r + Sj-.r&;r -l- Xn [d;&lﬂj{z)

IBEM?2 parameters. The unit is MeV except for
the dimensionless y.. The parameters xr =
-0.80 and £ = &5 = 0.24 MeV, £&3 = —0.18 MeV

Boson quadrupole operators

are fixed.
odd nuclei core nucleus €4 K X cH n’g’
125¢Cs 124 %o 0.70 —-0.145 0.00 0.05 -0.10

125xe, 127Cs 126xp 0.70 -0.155 0.20 0.10 -0.10
127xe, 129Cs 128xp 0.70 —-0.170 0.33 0.30 0.00
129% e 130x¢e 0.76 —0.190 0.50 0.30 0.10

o = Y ein; Hamiltonian of the odd fermion
i

BCS mmm)- ¢, is the quasi-particle energy of the ith orbital

n; is its number operator

Interaction between besons and the odd fermion :

VB = 3y ([afa)® - Qp)
i

+3 1 (lala)® - Qp)
£,

+> Aining, + 3 A ning ,
. : 2 -
+3 AL {: [[d},aj]“‘) als,| - [s;;dp;] )
N
+H.c.}

+B.I*Lp-|—BfJ*Lpr.

p and p' denote « (v) and v (%) if the odd
fermion is a proton (a neutron).
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Orbital dependence
of the interaction strengths

M = (wuy—ww) Qi
1/2
i 10
W = -3 P .- A
= (Np(zjk ¥ 1))

Bij = (uwiv; +viuy) Qi
k. L
Qij = <Es’s§13'£||y(2)”£jr§:.?j>
Electromagnetic transition operators

T2 = B QB 4+ B QB + Y ¢ [a]a;]?

i
F'
e
- chg = = feluny = vivg) < illr?y D >
7(M1) — -1,‘% (95’ LB+ 4818 +X e;%) [“I'aﬁ(l))
tJ
1
eg) = —ﬁ(u.;uj -+ U';'Uj) < iHQIl + gss||j >

Cs isotopes dg d h b f
f2 897p2 512 Y32 Niye MNgra J7/2
(odd proton) 0.05 0.00 3.35 3.00 1.50 7.00 8.00

Single particle
i 4 isotope I A A
energies (MeV) 125Cs 090 -0.60 1.65

Boson- fermion 127Ccs  0.76 -0.66 2.30
129
interaction strengths - Cs 0.74 -0.80 2.90

Positive
parity
levels
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Xe isotopes dsjo 9772 S1/2 dz;z Mg

(odd neutron) 125Xe 0.00 0.30 1.55 2.00 1.30
127%e 0.00 0.35 1.55 2.00 1.30
Single particle 129%e 0.00 0.40 1.60 2.00 1.30

isotope I A A
125Xe 0.39 -0.42 0.40

Boson- fermion ‘ 12Txe 0.44 -0.42 0.40
interaction strengths 129%e 0.50 -0.42 0.40

energies (MeV)

Positive
parity
levels

B(E2) and B(M1) values,
static moments, branching
ratios are calculated
for the sequence of
Cs and Xe nuclei

B(E2) values and magnetic moments. The
symbol e with the error bar denotes the ex-
perimental data, while x shows the calculatedi
values

Wave functions are
realistic
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The Fermi ¥ ;. t=(k) and the Gamow-Teller
YL t=(k)eo(k) transition operators can be
expressed in the framework of IBFM2. They
can be constructed from the transfer opera-
tors.

-4::»9) = Cjﬂ}m + 3 ij*ST [Ja}]?ﬁ,{)
J'J
(Anj=1, AN =0)
BI = 08, + 3 0;5ld7a;)5)
j}

(Anj=-1, AN =1)

The former creates a fermion, while the latter
annihilates a fermion simultaneocusly creating a
boson. Either operator increases the quantity
n;+ 2N by one unit. The conjugate operators
are;

(i : T
AP = At
= Gajm+ 3¢ psldla @
i The asterisks mean complex conjugate. These
(.&nj =—1, AN =0) operators decrease the quantity n;+2N by one
8 = pmp@l 4
- - 7 11D
= —ﬂgaajm - Z 9;jf[daj, Y|
a4
{.&nj = 1; AN = —i1)
The IBFM image of the Fermi Y. t¥(k) and
the Gamow-Teller transition operator ¥ t=(k)o (k)
F oy (o) g @
OF = ¥ -\2j+1|pPpP] . .
J i = ——=< > otz 5 >
GT G ()] kL V3~ 27 e g
i
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The transfer operators P,Ej) depend on nuclei. ()

In the present case e = Agj)
P;EJ) E(?)
< i‘»’fF >2 = ;[ < IIHOFHJ{;‘ > i2
T
1
e Met 32 = — | < LI0°T||1;: > |3
GT 2Ii+1| £ll [17; > |
6163
fs = 2 2 3
< Mg > +(GA/Gy)* < MgT >
in units of second where (Ga/Gy)? = 1.59
The coefficients n;, Mt 8, f?j,ju appearing in
transfer operators
1 N is N; or N,, depending on the transfer op-
(G = ﬂjf} erator, and K, I'{j., I(;-’ are determined by
Gy = —v;8 ( e ik 1/2
Wit T T greg N(2j ! :
i+1)) KK _ |5+
ol 3 K = Eﬁ”r
0; = . . i
" 9
VNK] Y < odd;ad][ AV [jeven;0f >2 = (2j+ 1)u?
10 \1/2 4 al _
b0 = ujB, (2.+ 1) o %:«:even:UTIIB“Hodd;aJ >2 = (2j+ 1]
] a

When the odd fermion is a hole in respect to
the boson core, u; and v; have to be inter-
changed
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Beta-decay rates from Cs to Xe shown in
terms of logyp ff values. The symbol « with
the error bar denotes experimental data, while
¥ presents the calculated value.

Rh wmp pd

A = 105, 107, 109
U(5) @===p O(6) nuclei
105Ry 1OTRY 19RK Positive

parity

levels

J=1
anomaly !

on gs/,
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espg wTpq. 1mpg
182 —— w2 Wi
\ op—
:\__ 12
w2 182 ——
0:“ : ___—\_“" Posifive
; 72 pal‘lty
i 1y 52 levels
==y i
= n
ol | o

log1p ft values in the decays 4sRhy 1 —asPdy.
The experimental data are presented by e while
the calculated values are shown by x.
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As = (e

A

n

6. 71, 73

- outside the boson space
0, states are intruders ! e

Consequences ?????

Negative

parity
levels
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Branching ratios in 71As

level (MeV)

~0.143
0.147

0.506

0.829

0.870

0.925

transition
1/27 —5/27
3/27 = 1/2]
3/2] = 5/2;
3/23 —3/2]
3/2; = 1/27
3/23 = 5/27
3/23 = 3/2,
3/23 = 3/27
3/23 = 1/2;
3/23 = 5/27
5/25 —3/23
5/2; = 3/2;
5/2; —3/2]
5/25 = 1/27
5/2; = 5/27
7/2] —=5/2;
7/2] —3/23
7/2] = 3/2,
7/2] —3/2]
7/2] = 5/27

PN JRRPRRRA-TRR. J.

I,(IBFM2) I,(EXP)

100
0.0
100
100
7.1
8.2
9.3
100
30.3
29.4
0.0
28.8
36.4
27.0
100
0.0
0.0
0.0
1.1
100

100

100
100 (5)
27 (14)

100 (14)
9.3 (7)

40 (1)
1.8 (7)
100.0(7)

5.8 (16)
100 (3)
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The exclusion of
intruder components
does not influence

strongly the theoretical
values of static moments

and branching ratios

Branching ratios in %9Ge

level (MeV)  transition [.(IBFM2) [.(EXP)
0.087 1;’2{ — 5;’2{ 100 100
0.233 3/2] = 1/2] 43.2 48.3 (13)
3/2] —5/27 100 100 (3)
0.374 3/25 = 3/2 0.7 4.6 (8)
3/25 —1/27 100 100.0 (15)
3/25 = 5/2] 0.1 31.5(8)
0.862  7/2] —3/2; 0.4 0.76 (13)
7121 =3/2] 0.1 8.4 (21)
7/2] = 5/27 100 100 (3)
0.933 5/25 =7/2] 0.0
5/2; —3/2; 0.5 32 (7)
5/25 —3/2] 16.7 8
5/2, —1/2] 35.5 24 (7)
5/2; = 5/2] 100 100 (5)
0.995 1/25 —=5/25 0.0
1/25 —3/2; 7.9 9 (6)
1/2; —=3/2] 26.8 41 (9)
1/2; = 1/2] 0.7
1/25 —5/27 100 100 (21)



logyp ft values for levels in %9Ge.

logig ft values for levels in T1Ge.

level logyg ft ({BFM2) logyip ft (EXP) level lodyg ft (IBFM2) logig ft (EXF)
3/27 5.88 6.05 (2) 3/27 6.52 7.19 (1)
3/2; 7.90 7.21 (5) 3/2; 7.79

3/25 5.07 6.79 (4) 3/23 5.73

3/2; 6.46 6.71 (6) 3/2, 5.21 6.33 (1)
3/2; 6.73 7.02 (6) 3/25 7.34 6.94 (1)
5/27 4.26 5.49 (2) 5/27 4.60 5.85 (1)
5/25 6.65 6.94 (7) 5/25 6.08

5/25 5.33 6.65 (5) 5/23 5.63 6.87 (2)
5/2% 5.49 6.80 (6) 5/27 5.55 6.84 (2)
T/2; 7.54 6.98 (5) 7/27 7.60 8.79 (25)
/25 6.54 6.81 (5)

7/25 5.96 6.20 (5)

The ground states of parent %As and ™ As nuclei are 5/27 levels. The
hierarchy of values for transitions into different states of each angular momen-
tumn is reproduced for ®Ge (except for the transition to the 325 level that
is predieted to have a rather small log,, fi value). The same is true for T'Ge.
The theory prediets that the smallest log,, fi value among all 3/27 levels in
"1Ge has the 3/27 level. This result is in agreement with the experimental
data. The only available experimental log,, ft value in ™Ge is for the 1/2]
level (logyg ft = 5.4). The corresponding theoretical value (4.27) is the smallest
calculated.

a) Wave functions ?

Systematic effect :

For most decays

the calculated values
are smaller than the
experimental values

If one takes the transition operators without normalization parameters, then
the difference between the calculated and experimental values are caused by the
transition matrix elements, that in this case have to be overestimated. This may
indicate that other components are admixed in the wave functions (for example
those involving intruder states), which would decrease the amplitudes of the
present IBFM2 components, leading to an increase of the theoretical log,, f{

values. l

Accurate test of wave functions

b) Tramsfer operators 7

+ Normalization factors ?

<+ Additional terms ?

+ Normalization facters + Additional terms ?
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ik = I [ C.iu;'m — LCUJ' (s [da ]?n
Overall normalization factor N ?
Normalization factor v
a) Parameter
b) Microscopic
Additional 1erm(s)

‘.[nfTaT

Lm”;[(a % dl )U} % d] (J)

or

5N ( . He ) 57Co reaction

Normalization factor <y and the term .s[d‘ 152
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82Nj ( d, ¥He ) ¥1Co reaction

Normalization factor <y  and the term g dfa;;]g}

Sums of spectroscopic strengths

E experiment S shell model P IBFM1

The effect of the
additional term

¢ 0(al, x dh) x @5
i

Logyo ft values of the B-decay from the As to the Ge isotopes. The
symbol e shows the experimental values with their errors, while the
symbol x shows the results of calculations with the conventional
operators. The symbol o shows the results of calculations with the
additional d boson number conserving terms.
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CONCLUSIONS

The extensions of IBM with fermion degrees of freedom provide a consistent
description of nuclear structure phenomena in:

e spherical nuclei
s deformed nuclei

e transitional nuclei

The structure results from a consistent calculation that includes interac-
tion strengths obtained in the analysis of neighboring nuelei

*AH calculations are performed in the laboratory frame, and therefore the
results can be directly compared with experimental data

*'J‘he models can be related to the shell model
*The symmetry approach can be applyed in special cases

There is a strong evidence that collective and single-particle degrees of
freedom are closely related

134



Experimental nuclear structure:
F. G. Kondev
Argonne National Laboratory, USA

E-mail: kondev@anl.gov
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Experimental Nuclear Structure
Part1

Filip G. Kondev
kondev@anl.gov

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

April 4-15', 2005

Argonne National Laboratory

A US. Deparfrment of Energy
44 Office of Science Laboratory
ot Operafed by The Universify of Chicago

Outline

I) Lecture I: Experimental nuclear structure physics
L reactions used to populate excited nuclear states
U techniques used to measure the lifetime of a nuclear state
»  Coulomb excitation, electronic, specific activity, indirect
U techniques used to deduce J*
> ICC, angular distributions, D CO ratios etc.

H) Lecture II: Contemporary Nuclear Structure Physics at the Extreme
U spectroscopy of nuclear K-Isomers
O physics with large y-ray arrays
0 gamma-ray tracking — the future of the y-ray spectroscopy
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Some Useful Books

“Handbook of nuclear spectroscopy”, J. Kantele, 1995
“Radiation detection and measurements”, G.F. Knoll, 1989
“In-beam gamma-tray spectroscopy”, H. Morinaga and T. Yamazaki, 1976

“Gamma-ray and electron spectroscopy in Nuclear Physics”, H. Ejiri and
M.J.A. de Voigt, 1989

“Techniques in Nuclear Structure Physics”, ].B.A. England, 1964
“Techniques for Nuclear and Particle Physics Experiments”, W.R. Leo, 1987
“Nuclear Spectroscopy and Reactions”, Ed. ]J. Cerny, Vol. A-C

“Alpha-, Beta- and Gamma-ray Spectroscopy”, Ed. K. Siegbahn, 1965

“The Electromagnetic Interaction in Nuclear Spectroscopy”, Ed. W.D.
Hamilton, 1975

Plenty of information on the Web

Input from many colleagues

C.J. Lister and I. Ahmad, Argonne National Laboratory, USA

M.A. Riley, Florida State University, USA

LY. Lee, Lawrence Berkeley National Laboratory, USA

D. Radford, Oak Ridge National Laboratory, USA

A. Heinz, Yale University, USA

C. Svensson, University of Guelph, Canada

G.D. Dracoulis and T. Kibedi, Australian National University, Australia
J- Simpson, Daresbury Laboratory, UK

E. Paul, University of Liverpool, UK

P. Reagan, University of Surrey, UK

and many othets ...
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The Chart of the Nuclides

Heavy Elements?

120 _ ~3000 -
~6000 nuclei Riown Nuclei Fission
100| are predicted Limit?
o to exist
Cae]
£ 80 Proton
= Drip Line?
=
=
8 ~3000 the
E 40 o knowl_ed_ge is very
N Neutron Drip Line? limited!
20
9 0 20 40 60 80 100 120 140 160 180
Neutron Number
Introduction

[ The nucleus is one of nature’s most interesting quantal
few-body systems

( It brings together many types of behaviour, almost all of
which are found in other systems

[ The major elementary excitations in nuclei can be
associated with single-particle and collective modes.

[ While these modes can exist in isolation, it is the
interaction between them that gives nuclear spectroscopy

its rich diversity
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So to summarize ...
NUCLEAR PHYSICS IS A BIG CHALLENGE

(because of complicated forces, energy scale. and sizes involved)

The challenge of understanding how nucleon-nucleon interactions
build to create the mean field or how single-particle motions build
collective effects like pairing, vibrations and shapes

NUCLEAR PHYSICS IS IMPORTANT

(intellectually, astrophysics, energy production, and security)

THIS IS A GREAT TIME IN NUCLEAR PHYSICS

(With mew facilities just around the corner we have a chance to
make major contributions to the knowledge - with advances in
theory we have a great chance to understand it all - by compiling
& evaluating data we have a chance to support various

applications and to preserve the knowledge for future 7

=2 generations!) W 17

To learn many of the
secrets of the nucleus -
we have to put it at
extreme conditions and
study how it survives
such a stressl
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The Angular Momentum World of the Nucleus
pairing

Nuclear Reactions — very schematic!

°-0-Q-0g A -
®
' - scientists
N

P t CN r

a multi-step process

J Gamma-ray induced
no Coulomb barrier
[ Neutron induced

low-spin states
no Coulomb barrier

(U Light charged particles,
eg.p,dt o

U Heavy lons (1970 - 222?)
‘ » high-spin phenomena
low-spin states » nuclei away from the line of stability

Coulomb barrier

Planmering Offime of Scienee
Scloneo and WS, D epartment
Toetuabogy of Energy l
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Reactions with Heavy Ions — Classical Picture

R, R, RP - half-density radii

; INELASTIC SCATTERING
b —impact parameter DIRECT REACTIONS
AA l"l v
o oeee WUCLEUS
P a b<R=R +R,

FUSION

FRAGMENTATION
DEEP INELASTC REACTIONS

ELASTIC SCATTERING
COULOMB EXCITATION

Heavy Ions at the Coulomb Barrier

Many properties of the collision can be quite well estimated by just using conservation
of momentum and energy.

Ecm = l\'xlt / dv[b + Mt} E’lab
Energy scale on which fusion starts is determined by Coulomb barrier, Vcb
V, =(ney! Z,Z,& /R = 1.44Z,Z,/1.16 [(A, V3+A, ?) + 2] MeV

Lmax =DZZR [ “' (Ecm = Vcb) ]1f2 h

Excitation energy is usually lowered by Q-value and K.E. of evaporated particles
E*res;due = Ecm * Q -K.E.

Velocity of center-of-mass frame, which is ~ velocity of fused residues

B2=2ME,, /[ (M, +M)P]
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HI Fusion-Evaporation Reactions

How to Make High Spin Nuclei

Nurnbes
a0y f Time of
o o < Scale  Rotations
1, Proformaton  —ae <s [}
Beam
Targat

2. Fusion » 1025 <
W5 -

- P, gy OP

i 3. Parice b 1018 10-100
= A2 (U+DT, = A2, +1) TR
O-R - z ( 5 ) P ( max + ) ol
I=0 A A N
A=h/ ZJU'ECM SH= S i B 4. Er‘g;:on = "*‘»_._,_,_./? R 0400 1051010
A’l + A2 J %
2 L]
2
[iax = (ﬁﬂ; (ECM = VC) ._ 5. Ground State 19pm w10t |
Plonasng Offlae 0f Salanca r'
A 55 Tsp 1oy

Decay of the Compound Nucleus

U In a typical HI fusion- Famnain
evaporation reaction the final

nucleus is often left with [~60-
80 hbar and E,~30-50 MeV

Excitation Energy

U The excited nucleus cools off
by emitting y—rays - their
typical number is quite large,
usually 30-40 and the average
energy is ~1-2 MeV —itis not a
trivial task to detect all of them
- the big advantage came with
the large y—ray arrays

Pioneening Office of Science [E=2
A Science and U.S. Departiment (
Technology of Eneragy |

143




Channel Selection for y-ray Spectroscopy

Detection of Light Charged Particles (o.p.n)
PLUS Efficient, flexible, powerful.....inexpensive.

MINUS Count-rate limited, Contaminant (Carbon efc, isotopic impurities) makes
absolute identification of new nuclei difficult.

CROSS SECTION LOWER LIMIT ~100 ub thatis, ~1074

Detection of Residues in Vacuum Mass Separator

PLUS True M/q, even true M measurement. With suitable focal plane detector can be
ULTRA sensitive. Suppresses contaminants.

MINUS Low Efficiency
CROSS SECTION LOWER LIMIT ~100 nb thatis ~1077

Detection of Residues in Gas Filled Separator

Improves efficiency of vacuum separators, at cost of mass information and clenliness.
In some cases (heavy nuclei) focal plane counters clean up the data for good sensitivi%’.

=
>

Dffice of Sclerce
1.5 Departmert
o Erergy

Some Channel Selection Detectors

Light charged-particle detector &%

S i z ? Jyvaskyla
Microball — 96 CsI with photo diodes RITY
USA
Europe
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Calculate Reaction Rates

Reaction Yield/sec. Y= Nb Nt o)
N, =1/eq
with i, = electric current in amps, q = charge state,e = 1.6 10% ¢
N, =[N, /A] px

with N, = Avagadros #, A = Mass # of tgt, p = density in g/cc, x = thickness (cm).

o= Cross Section in cm? .... note 1 barn 1s 102 ¢cm

Accumulated data: D=Y x TIME x Efﬁciency

Typical “far from stability” near barrier experiment may have:
i, =100 nA, ¢=10, A=100, px= 107 & =1 barn - produces 3x10° reactions/sec

BUT
If partial cross section is 100 nb and efficiency is 10%...... rate is 10 /hour, 10 pb gives

~ 1 every 10 weeks!!!.... the present situation for producing the heavies elements.
17
Pioneening Oﬂ'l;ccﬂ_t-muvcc r

The basic knowledge

What we want to know
K Tipe E,
U Excitation energy excited state
U Quantum numbers a,,g._,ﬂ.;.,
and their projections EC,p,
fission, E
U Lifetime ¥, ICC v
U Branching ratios T
J K 1z ground state

stable or,

How o, B—, p+, EC, p, cluster, fission

U By measuring properties of

signature radiations
18

Pioneenn; Office of Science r"
A Science snd U.S. Department
Technology of Enesgy A |
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What is Stable?

A surprisingly difficult question with a somewhat arbitrary answer!
CAN'T Decay to something else, BUT

CAN'T Decay is a Philosophical [ssue

I Violation of some quantity which we believe is conserved such as
Energy, Spin, Parity, Charge, Baryon or Lepton number, etc.

DOESN'T Decay is an Experimental Issue that backs up the beliefs

Specific Activity: A=dN/dt = AN

Activity of 1 mole of material (6.02 x 10% atoms) with T,,=10y (2=2.2 x
1017 s) is ~0.4 mCi (1 Ci=3.7 x 10" dps) (or 13 MBq) .... a blazing source, so
it is quite easy to set VERY long limits on stability.

Current limit on proton half-life, based on just counting a tank of water is
Typ> 15 x 105 yr.

Office of Sclence 9=
L5, Department
af Ensrgy — 2 |

Stable Nuclei: Segre’s Chart

~ 280 Nuclei have Half-lives >10° years

So are (quite) stable against

Decay of their constituents (p.n.e)

Weak Decay (f* - and E.C.)

a.p.n decays

ik
More complex cluster emission IERY N
- . -
Fission o i

Mostly because of energy conservation) ¢ & ® ® & & @ n ® % "
( v " ) Atomic Niithber. Z —

Piofveeiig Office of Science =2
Soimmen s 1, 5. Uparment
of F iwwegy A |

Technalogy
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Mean Lifetime

-

Ae
fd‘ecqy(t) == =
jAe’ﬂ‘ﬁdt

0

= e

Probability for decay of a nuclear state
(normalized distribution function); A —
decay constant

P
1-P, (=1 [ e ¥ dt'=e™
[0}

Probability that a nucleus will remain at time ¢

t
— A
P(t)=[Ae™dr
0
Probability that a nucleus will decay within time £

<t>= r=jre"“dt =t
€ A

The average survival time (mean lifetime - 1) is then the
mean value of this probability i

Pionesing
Science and
Technology

P

Office of Science @

1.5, Department
of Energy

Half-life & Decay Width

T, ,: the time required for half the atoms in
a radioactive substance to disintegrate

T 7[s]

relation between TrTm and A = Tl/l — l Time as a multiple of the halflife T
n2 2
B 6.58x107
e o<y [M |9, >

Amount of radioactive matarial A
compared to the original amount Ag
PAn or any quantity which is proportional
=t
= to A.
Ti
A=A,2 i
6931 R 2 As
i Tie ot fal] Ao Aq
=Ap e o B 16 )
1 o

! i L
0 T 2T 3T 4T 5T

Determine the matrix element
describing the mode of decay
between the initial and final state

A

Science and
Technology

22

Pioneering Office of Science —
ce and U.S. Department ’(— ‘5‘
of Energy 9 |
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log ft Values

log ft=log f+logt

T -:P 162 (7) ma
t=TA==22  patial halfife of a given - e
BR, (p*,EC) decay branch S a0
[00% 4d 'i: - 5291
Fuf,=fin=013. [een " OUYE : g
statistical rate function (phase-space Rty A
factor): the energy & nuclear structure o e E
dependences of the decay transition p—— foia
Decay | Type log ft sew 02, e
Mode 07% 389, (81 1410
B- allowed log f;
= = = # <108
B- 15t-forb logfy +log(f /£ z l wm <10us
5% (58 - ¥V yYYYY -‘ A4 A 0 0.324
EC+p+ | allowed log(fF°+ £ *In,,
o s 0 ete. NB. Gove and M. Martin, Nuslear Data Tables 10 (1971) 206 53
B T PL

Technology

i

of Energy

Hindrance Factor in a—decay

B20j12 12t e o
251
Cf
L -1 . |=L<1+1 98 -
‘ i o I | i i I Na, AKI® Energy (xeV) G "?,’;“ HF
szt 5817 027 32
& o (e
ATy = il A 3
+
(83112 32" ey 1858 i 19 1"
e ~
Rz |2
s2* ot 450 49 10
Strong dependence on L it at 5 a
B20]1/2 1/2°% LA 40490 354 255
L=0 - unhindered decay (fast) N
am* —rr- ~ 3459 08 240
a2t 1; — 31831 a8 78
Exp Exp R4 72 - 28541 - | 25 170
HF = Tlfz (0.’{.) = Tlfz /BRi 7124 2 R L 265 86 40 130
1= Theary s Theory R 263 s 3
Tuz Tuz |2zjpiz 52 * ,h-lii 22738 276 31
152" s bl 2k kY, ¥%°
s s GlAENE [=[5 k@I58
7y G ERE SRR F R
i IM.A Preston, Phys. Rev. 71 (1947) 86 ol | oo ks i
Ble
112= 1 8167 125 510
£ 2 e ||3|H;:+K.:)+xan:nc\(2;:+Sf)+zm3nnd£‘.‘\}—S:H,\ > &
2 = v ; o
2v Whance H/C, + K:8)@; s G I 5 55 ieiad
“;;Cm
| Ahmad e al, Phys. Rev. C68 (2003) 044306 24

Pioneening
Science and
Technology

A

Office of Science -
U.5. Department ;
of Energy = |
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y—ray Decay
11,-1,|SL<|1,+1,] I;”f E,
AZ(EL)=(-1)*  An(ML)=(-1)* L
”J' ;
electric multipole magnetic multipole - Ef
dipole quadrupole octupole hexadegbOE =8y
E1:L=1yes E2:L=2.no E3:L=3 yes E4lL=4no ES:L=5yes
M1:L=1,no M2:L=2 yes M3:L=3,no Méd:L=4 yes M5:L=5no
0+ 2= 8+ 1+
L=0 L-12&3 oD 4 -
0+ 1+ 6+ 04 we=l
EQ EWM?2,E3) E2(M3,E4..) M1
A

Partial Lifetime & Transition Probability

‘ Ly’ :
LI?. x(1+ay)

¥

partial half-life .

7 e
‘T;IE_‘T;J’E X

P(XL:1,—1,)=

E 2L+1
F}Z:M( Y B(.«YL:I;_)‘I;')
Ty, L[2L+1UF\ ke :

partial y-ray Transition Probability

reduced Transition Probability

(e, )

BXL:L, — 1 )=t —
i

contains the nuclear structure information
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Hindrance Factor in y—ray Decay

Hindrance Factor: Weisskopf (i) based on spherical
shell model potential

MNilsson (). based on deformed
Nilsson model potential

& B(XL)Tonry = T;i‘ﬁ (XL)Exp
R B(X‘L)E‘xp T;;Z (X‘L) Theory

... usually an upper limit, but ...

EL | BEL)y e’ fn’" | T, (EL),,sec | ML | B(ML)y, piy, " T7, (ML), sec
E1| 0.064464%° [6.76247%°Ex107| 1 1.7905 22028, %107
E2 | 0.05944*7 [952347°2°x10™ | M2 1.65014%3 | 3.10042°Ex10*®
E3 | 0.05944° |204447E7x107 | M3 1.65014%° | 6655477 g x107
E4 | 0.062854%° 6499477z x10* | M4 174584 2116472 E, x10°
ES | 0.069294"7 [2.89347°°2;" x10"| M5 1.92474%7 | 9.4194%° £ x10"
A

Quadrupole Deformation

12+

deformed nucleus
13
— 10+ B(EZ)z 58].6)(10 [egbg]
E [keV]r,[ps]
[ — e  BELK, > K,)= %Q;(Lmopffc)z
X 2L (from collective models)
— 5 T 49~ 770,
=T |—+ +
S— g A 80 \/ 80  6eZn A"
I=JCO 156Dy

7, [ps]= 158+ 0.28)x10“E f [ke V12 4"
E,=#2/2] 1(1+1)

B(E2) ~ 200 W.U.

466+ 41

e [E,.lkeV]
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Octupole Deformation

A=0 A=2 A=3 A=4
Sphere Quadrupoles Octupoles Hexadecapoles
OBLATE
PROLATE -

*Q' «d

Tysls]= 0012264 % B <[B(E3) T

E, [MeV].B(E3) Te* fm®]

_ 4z |BEHT
ﬂ“z;aﬂ} e’

Office of Science =g
U.5. Departmant
of Enery el

K-forbidden Decay

Deformed, axially symmetric nuclei
K is approximately a good quantum number
each state has not onl

J*but also K

2 8 10 12 4 16 18
AK 101 10 1 10 10 1 1 10 1

O The solid line shows the dependence
of Fyon AK for some E1 transitions
according to an empirical rule: log Fyy
=2{|AK|-A} =2v E1
O i.e. Fy, values increase approximately
by a factor of 100 per degree of K
forbiddenness

a f=(F,)" -reduced hindrance per
degree of K forbiddenness
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- Experimental Techniques

RDM

activity electronic DSAM

L | | | | | il | |
1 T T

[
1017 107 104 10" 102 100 108 10711 10714 10777

ind} time,s

[ Direct width measurements NRF
U Inelastic electron scattering
U Blocking technique

U Mossbauer technique
31

Pioneering Office of Science r -
oW, Scienceand U.5. Department
& Technology A |

of Energy

Specific Activity

. Amount of radioactive matarial A
Time Range: a few seconds up to several years L compared to the ariginal amount A
o ;;; :ny quantity which is proportional
AO
A=IN=ANe"" .

0 o7 A A,
o8 . ® =

0 Statistical uncertainties are usually small N O L L

Time as a multiple of the halflife T
[ Systematic uncertainties (dead time, geometry, etc.
dom%lnate ( 4 Y ote) usually want to follow at least 5 x T, ,,

Tag on specific signature radiations (ct, B, ce ory) in a “singles” mode

Clock Detector
@ Source
32
A W 0%
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Specific Activity: Example 1

PHYSICAL REVIEW C, VOLUME 63, 047307
Half-lives of Au, Hg, and Pb isotopes from photoactivation

K Lindenberg, F. Neumaun, D. Galaviz, T. Hartmann, P. Mohr, K. Vogt, S. Volz, and A. Zilges

Institut fir Kernphysik, Technische Universitat Darmstadt, Schlocsgartensirafe 9, D-6425¢ Darmstadt, Gevmany

197Hg (84.14 h)

&
Ky Yum R [ More than 270 spectra were measured
s I O Followed 4 x T,
; ’5‘-101‘ = l |
1914 - 2 64.94£0.07 h |
> ‘
= J
4 glo i

50 150 250 @

nn time (h) O

FIG. 3. Decay curve of lmHg at E,=191.4 keV.

'Au(stable)
Pioneering Office of Science
& Science and U.S. Departiment
Technology k

of Eneray

Specific Activity: Example 2

a
5 106 P 100
8 |U§
80 - 200A1 J.:'“I:l'
1 6468
0 200 400 600 800 1000
Time [ms]
60
196 A1
i
40
20
0
4000 4500 5000 5500 6000 6500 7F000 7500 8000
alpha energy (keV)
Tsotope Energy (keV) T Y — 1 GeV pulsed proton beam on 51 giem2 ThCx target
200 17315 q " s work - -
L, A8 ms: Alisiwork on-line mass separation (ISOLDE)ICERN
7500(30) 570770 ms  [4]
T468(9) 19113 ms [5]
34
Pionesring § ti'lf‘i;(;rhd?%r‘lﬂ':-; =
A Sctence snd H. De Witte et al., EPJ A23 (2005) 243 S-namirent ' C) 2

153




Very Long-lived Cases

— Example 1

VOLUME 93, NuMBmR 17

PHYSICAL REVIEW LETTERS o iy

Time Range: longer than 102 yr

New Hall-Life Measurement of " HE: Improved Chronometer for the Early Solar System

C. Vockentuber,'* F Obertl.’ M. Bichler,' L Abmad.! G. Quitie.” M. Meier.” A N. Halliday,” D-C. Lee.*

Nigs

gy

A= A.N T, =In2

the number of atoms estimated by other
means, e.g. mass spectrometry

W. Kulxchera,' P Steler.! B J. Gehrke.” and R. 0. Helnaee®

180, n 182 183, 184
:

180y

1844

10000
e
Wiy
W
1000 -“"‘I'
- )
Py 1 = Atomic abundance (%)
w - 4 P i Material ~ "™Hf  YSHF THe SHe 1PHE 0He Wyp
100 : g £ Helmer 1 =~ 00058 4791 0605 2906 2577 1964 0124
A R . M wmeng | iy Helmer2 = 0,00014 4377 Q149 1715 3130 4691 0112
s 5 . Natuzal 016 521 1860 2730 1363 35100
ey - | i L T
0 R -
] 100 00 300 400 %00 (]
TABLE 11 The half-life of " Hf from the two measurements. All incertaintics are 1o uncertalntios
Half-life Uncorrelated uncertainty Total vncerimaty
Material Method (% 10* yr) { % 10" yri i % 108 yr)
Helmer | Neutron activation + sctivily measurement 9034 =241 =1).251
Helmer 2 lsatope dilution + activity measarement i, =057 0,089
Weighted mean L] = (1056 =108 15
P L Ofice of Scishce -
Technuloiy of Energy >

Very Long-lived Cases

—Example 2

A,(2) _ A,

oAt

L )

T,,(50Ch)=13.05 (9) y

) Mass separated samples (1975!)
O Parent/daughter activity
D Alpha counting technigue

A4,

parent

daughter
Ad - Zd

oL ol

BOC ety 246y

. 292 [0 iy
13y 4747y 510°y
f d 250
10°% i
107 ! 2B ; g
10% l P @
0% g 8 L g
1044 a [ g
1074 i
e e e .
[ s |
[ — - M. - |
5000 5200 5400 5600 5800 6000 6200
E, (keV)

Ty, =4747 (46) years [ Compared to values ranging from
T;,=2300 up to 6620 years

3

Pron et ing
Scimicn and
Techmnl ogy

A

OMice of Science
LS Dopartment
of Eneigy -2 |
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Electronic Techniques

Time Range: tens of ps up to a few seconds

The “Clock” - TAC, TDC (STARTISTOP); Digital Clock
- 4{:“@ w— R l[TF.-\ DISC

sl
W‘Xivi e e T 1 STRAT |

STOP

0P
e

-, i iLTl-'A DISC
“singles” - E,-time, E ,-time “coincidence” - E,-E,-At;E  E -At
Eor-EoarAt

Difficulties at the boundary: e.g. for very short- and very long-lived cases!

Plon 19
f‘& Teulinolog

Prompt Response Function

U all detectors and auxiliary electronics show statistical fluctuations in the
time necessary to develop an appropriate pulse for the “clock”

> depend on the characteristics of the detectors: e.g. light output for
scintillators, bias voltage, detector geometry, etc.

» instrumental imperfections in the electronics —e.g. noise in the

preamplifiers

Prompt Retpenss Funcion Some typical values
| Detector FWHM, ps

_ plastic scintillators ~100

$ul BaF, ~100
F Si ~200
Na(l) ~500
B I i Ge 0.6-9ns
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Prompt Response Function Ge Detectors

Flx, )= ]gf(t_,zl)P(x—t)dr
7, D=2 E=z0)0r=0¢<0) decay

—]E(:fa)’

PRF

P(2)= TO‘ 12;: e

a schematic illustration

=
q

@
S ../

Charge

Tune

% 184 —0

A 1.51:!>7‘
[ \
() e ;

¢ |
otk

%00 @0 420 £30 &40 L% 440
channel number (92 ps/ch)

PRF depends on:

L the size of the detector
U the energy of the y-ray

Recoil-shadow Technique

the shortest lifetime that can be measured is limited by the TOF

thin production target

vic
. e
beam recoil

TOF

O
e
- I-::::'::m )
RN
LS
us |
- o
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One example: *°Dy experiment at ANL

S4Fe + Mo @ 245 MeV

a.2n channel, mass 140 only 5% from the total CS

FMA

i , = v/c ) F;
-

beam " recoil i

~600 ns

Some of the equipment used

170% Gammasphere HpGe detector
4 25% Golf-club style HPGe detectors
| [2 LEPS detectors

B! |1 2°x2" Large Area Si detector

157




M0Dy: Experimental Results

. amd Il T1.:2=7.3 (15) pus
z a0 Ry
; - .J'v._._,l | =
R _\'- M |
N ;I'h' .'.: - . 2, i iy
- Tt 144 Time { jis
5 Ho
z E H 410030) s 151 s ;
= o ‘.'_ | H i .:‘v.l:- ,_M' P ru‘;‘,'":' 11045} ps
- .- | & l - £ :?‘-‘ 2 & .' t. o« AT
| 3gllel 2 T Ty i - - gy
RN LS e —T_ i “r“ HTL
“
t | LL“ 1 <5 +“ f»m o
— [ f 15

' ] )
MMM»

*z
| T~
M i i e S
Energy eV

1 1 1 1
Similar results by the ORNL group, Krelas et al., PRC 85, 2002 ?:; Nd Egsm EGU ~ DY

Prar e ing OfVicn of Schmch
A s D.M. Cullen et al., Phys. Lett. B523 (2002) b - ure

Recoil-decay Tagging

Tagging Technique

Recoil-Deg_c.av

one pixel

il
V y— ]

E Tps

0520us | 30ns

1

doo e
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DSSD

. s

80 x 80 detector 300 pm strips,

Each with high, low, and delay line
amplifiers, for implant, decay, and fast-
decay recogmition.

Data from DSSD showing implant pattern
40 em beyond the focal plane

Heart of RDT:

208Pb(*éCa,2n)**No

o) U
7000 8000 9000
Eq (oY)

200
X-Position

45

Pianssnng
Seience and
Tachnology

A

Ofice of Sclance
U.E. Dapartmant
of Energy

%o

a—a (parent-daughter) Correlations

1T Aun

] Timescale of Events 2
Implantation->Decay 1->Decay 2 Implant 2
within a single pixel o

b
o : r @
. ‘ ‘ ( S . al: 6.12 MeV a2: 5.7 MeV é
000 | (8) mass 177 gated & 1, (€ E,= 8122 keV
aty=0-10s //,' ¢ parent !rl L Il ll 1
00 i 11 Iy ~— E: st e T2nd decay
15 i decay
300 { ;
v 1
‘5 P IS j 17232 Au
O (b)
40 Egg®6.16 MeV
12 r
e ¢ i
0 - 5 7—
| \ T [ Ea=37Mev PUEC)
oLl SDGG e il
£200 600 6000 6100 0 2000 4000 on- 136 keV
E, (keV) Time (ms) e
a5
Piansering Ofice af Science

Sclence and
Technology

A

F.G. Kondev et al. Phys. Lett. BS28 (2002) 221

U.5. Department
of Enargy

<2
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Neutron Deficient Nuclei

Severe complications

@® Charged particle emission:
= The fusion-evaporation cross section is
fragmented into many channels.
= |t limits the absolute production.

® Fission process: fissibility parameter ~ Z2IA
=== Depletion of the high-/ values.
= |t [imits the population of residues
at high angular momentum.
= Huge, unwanted background.

47
Pioneering Office of Science =
848r beam l %Mo target
p?l’l " T e sy
/ %Mo
453 430 (% kuu)
""‘ ("1 @1
.;' a3 o e i1 3
““ 630 &ST0
oy & @ @
- f.lo €245 e
(- L] 80 E mat jezee ag* 680 ¢
[ 5
L 173a4 ,,,,_I_M, 1751 b AT
o N=04 Y U8 N=98
_L_, Y, I - 3 .
4324 2801
L ] 4 2wt 25339
(mah__aze . B8
l I -
‘m & 52 £ wiF #
1324 874G
s lu : 1L l i
- 740 ars =3
E ¢=6.73 MeV 6.41 MeV
48
Pioneering Office of Science [
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Odd-Z Au (Z=79) Isotopes —sample spectra

120 T T T T T T T T T ]
w iy E =6 T4 MaV 400004 mass 175 » 2pn 175
504 ] g ] T 3 O
1 173 .
Al o
8 u 30000 » p2n My
|
[ 200009 ., °°
" 3
100004, * », ‘
i | 1 L "e =
i) "
= e e et
R ] Eq=643MeV 175, & p2n
a = » gates 1500 - ! E_ =641 MeV -
HE ] *
un P € Ayy=X 5
5 5 1000 - R TR J
3 8 5 _q_ T-\[ " ] T g
Wl i )\: | x g
) I ke UM i'r'L_.- My, i e
— r——— T
300 Eq=6.12and 6.16 Mav 1754 : p2n
- i E, =641 MeV
8 M ay 2004 o -
200 B
™
-rays
100 '4 -
oL

100 200 300 400 500 600 700 800 900 1000
Energy (keV) Energy (keV)
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a—y Correlations
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o0 il
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52— 5817, ozr x
o [m
o |+
B a2 = ‘”‘ _flm_,L__s‘“ 19 ]
w2 |8
R as0 4 0 )
a1t a4 a3 "
| an L
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as* - T 08 240 %o
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BapR TR 25 1m0
40 130
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. Pulsed Beam Technique |

the shortest lifetime that can be measured is limited
by the width of the pulsed beam

beam on =
beam off
O I &g
“‘"‘\) 4 /
N ¥ g
7\ aeert)
@] @ < (1 )
beam s AT .
/;? AT [ Less effective, but ...
Vo ‘.?\
% v well defined “clock”

v'sensitive to in-beam and
decay events

o O

—“singles”: y—time the longest lifetime that can be measured is limited

U coincidence: y—y—time by the time interval between the beam pulses
A g %

- Pulsed Beam y—time

L o
K'=21" Ty /;=290ms

1'. 2867 L. 2902 ;
N b}
10
0, £
i 4
\ 10% §
un I

Fr T T T T T
10 F _la 318, 340, 361,659,701 and 741 keV
289(13)ms

F

?E
1wl b .
¥

(34.2)

380.1

187 -740.8 2487

/ 18*

360.9 296.3

7+ 578.9 3 75 10? £ ) t 1 t f b

4/‘56‘1
2 1
17 700.9 2126 35 whp O 296,431 and 579 kev
3 ;
340.3 A8
16* 1892 2 :
1676305 ATES “/ /- K"=16" Ty <0.5n8 ':jé G
A2 /g}»‘ f2 8
15
To15” =
Bl T 1241
8.5
178 12 473.8 %2
Ta 225.3
H 1~ 425.8.767
176Yb(7Li 5n)
10--374.8 566
174.1 llﬂ 1 Il 1 " L i
g " o 400 800 1200 1600
s & time [ms]
K9 Tycldne B E-__*‘-__ﬁm - ;
3 138.0 reveals the time history of levels above the
e W 5
T 58 ms isomer !
KT Ty 5=2.2h 52
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Scienc part men
o P e F.G. Kondev et al. Phys. Rev. C54 (1996) R459 EJ”nm” >
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- Pulsed Beam y—time (short—lived)

The importance of PRF
In y-time measurements PRF il
depends on E, for a single transition 2 o
175T .
170E (198, 5n) i 0
104)|III']IIII|I'PP|||||1"||E :l: i ' by
F b) 912 keV ' tar ‘:,': ::

5.5(8ins
/!

nw — 57
i s T1]
ey
Wi —aTr -
R
wr G 250!
Y il 1208
Ly
= 190
w57
2z s o1
ma

£ F—100
5 %

. w01
nE4

Ly
HEE

...I.l..1+ 0
1534

i —3 T
Plon')

— %

[}
-

9/27[514] 222w

120 160

_5

0%

F.G. Kondev et al. Nuel. Phys. AG601 (1996) 195

Limitations: Pulsed Beam y—time

[ Complicated when more than one isomer is presented

(J Complicated because of contaminations Ty Sk
(J Limited time range — e.g. TAC (Ortec 567) — 3 ms
U] Rate dependent time distortions 600
prompt }f- ¥ Tl
B Gate 220 keV Gate 580 keV v+ ¥ At
“““““ 220
- : 2
“F prompt ﬂl I
i & 580
Gate 350 keV | Gate 600 keV (
- e e e e 20:0
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Pulsed Beam y—y time Technique

STOP

STRAT

(@i |

e o

“coincidence” - E, - ,-At; E -E, At
Ey-Eg-At

55
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v—y—time: Decay of the 9/2—Isomer in 13Ta

1 75Ta T — 3457
1zt
170 10 i nir .0—3143
Er(19B,5n) el | T
21 T —
82 2656 nod
516 2002 . 0— 2515
220 a9z 2m
104 517 Vo ) e P [ | ) W (e 5T W e a4 ) . i
Ea) 145, 170 or 194 keV (start) 3 a2 $—soan T s
C 3 | 2 : 7
3 P J;LM - TR 155 & 852 — 1308
02 8.6 1703 .
e 222(8) ns 3 A (I el 8
E / b | 17724 1552
I~ - m.1
- - 5ne N wr L 3— 1350
s &5 2.0
102 E = g3d B %‘J 1972 —a
= / B“P; i % 084
o 1w 3 53.1—955
B - / 2186
1 1 | 2 s 15/ =4l -‘—' 6
HE 3 — 4" s oy F
ErM “ E ur:-—n.sg. 5
lid‘ﬁ.
2 9/ 2 — 131
100 I A | O T 06 O Y (0 ey | Lo /2" [514] 22ms
0 200 400 600 800 175,
4 733102
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y—y—time: Decay of the 21/2—Isomer in *Ta

17974
176Yb("Li,4n)

0 ksV (gtart]
150, 175, 199, 242 or 232 keV (stop) |

/2-
320 ns

A

Proneermg
Scumce and
Tochnology

F.G. Kondev et al. Nucl. Phys. A617 (1997) 91

Why there is a prompt component?

28/27 —3 611.7-2449

27/ -62.1 2143

35/2- SE6.B- 1845

23/2- «565.1 1557

125‘ 1/ §37.5-1281
%, 261,
%, & oo 1019

17/2-

15/2- 4114 555

199.2
nBf2- 3747356
;. ,m.:g
112~ -325.

) 5.6 @

92"
9/27[514] 1.42 48

Omice of Science 22
LS. Dogyatorwet
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time centroid (channels)

Centroid-shift Technique: y—time

F(x,2)= [ f(t AP(x~t)dt

=)
=

w
=

40

A

Time Range: near PRF

M (F()= TI'F (ndt

Introduced by Z. Bay, Phys. Rev. 77 (1950) 419

I
200

Prorier ing
science and
Technology

L] L} Ll
!(:‘E
o
|
|
o'
1 1 i 1
400 600 800
energy (keV)

T =M, (F()-M,(P(t)

6 ch x 92 ps = 552 ps

R IR
umber (92 ps/ch
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Centroid-shift Technique: y—y—time

|
(137) R ¥ 500.0 —1902
260.1 : .1
12- 505.4 —1559 1611
‘c 244.6 5
11-—479.8 Jl' 1314 i fine
235.1 H—1aat
10- 458.5—1079 2izas
223.4 —I—_”Z
9-—431.0 oo 2253
4110 T 207.7 1- 425.8 767
1 ns 02 g 396.3 — 648 200.5 I
o 189.1 : 566
4105 = e 4Ra5 159 174.1
8.5 ns w o 169.6 LVJNJ —
o~ - & 3
- ~ E: 67— 289 ;A
4100 5 & " <‘;§ LA |
199/222 - v ns 9 v
™~ ('
T R —_ L
4095 - e, " 2
1.4 th3 ~n 8 o " oo 4
&= = 8%
4090 /3 o =3
- 94/225 & &
- g |
] Must be more careful!
4085 [ 3
The PRF depends on both E,; and E,,
4080 L J
150 200 250 300 350 400 450 S0
ener eV] 59
Pmrmxu’m (J(H‘Eeu Science r’ 3
é&ﬁ Science ond F.G, Kondew et al. Nucl. Phys A632 (1998) 473 us. Dpument ") )y

Coulomb Excitations

Time Range: up to hundreds of ps

E <V,

UF(1 MeV) on Z%U n~1.6

A
o “Ar(152 MeV) on 28U n~130

v

>>1

F‘ro;ectlle ,"‘ Scattering angle

Observables
Number of gamma rays detected (N,)
Number of beam particles detected (N,...,)
Energy of de-excitation gamma ray (E,)

Experimental results
Coulomb excitation cross section (G)
Reducad transition probability B(E2.T)
Energy of excited state

Impact parameter
e X . Target
N i 7 2 Y
¥ arge! T o s
oc=— Oyisa :[‘—'] zjl B(E2.0" —» 27)
& ]Vmge[ N he o
Details in: Winther and Alder, Nucl. Phys. A 319 518 (1979). 2
A EE i 0%
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Intermediate Energy Coulomb Excitations

Primary beam:  75Ge @ 130 MeV/nucl. SEGA

Secondary beam: *Ti @ 88 MeV/nucl. (Segmented Germanium Array)—Eighteen
=0.406 - .

197U target thicknes[;: 257 67 mg/em? 32-fold segmented HP germanium

Oy = 3.20° (CM) detectors

Number of 3Tj particles detected: 91.665E6

Measured for 34Tj
-E, = 1497(4) keV
+5(6<0,,,,) = 83(15) mb
-B(E2, T) = 357(63) e2fm*

T =1.5(3) s

Counts/ (BkeV)

1 L 1 1
1000 1400 1600 1800
Energy (keV)

Deduction of Transition Multipolarity

Basic techniques

[ Internal conversion electrons
1 Angular distributions
J Angular correlations (DCO ratios)

O Gamma-ray polarization

I 62
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Internal Conversion Electrons

I o E | %-—mn 04
g ==ttt T f b
7 r i M s Fopadis]
a I s : "'<m‘ G
3 e E, g A mm}«\‘ L.
E =E—E, s _,'k
E, :E}, —-B.i=K,L,..
= EO0
'§ - o NL+3/2
= L 2mc
e | . ap(EL) < Z*| —— =
z Low energy isomers - I+1 E
3
S L jolc soz /
— 102-10% 30<Z <50 Important for heavy
nuclei, where inner Important for low-
L. electron shells are energy transitions

4 105 g
HE 10 4330 closer to the nucleus

Off; ¢
g

= 1%

Internal Conversion Electrons

Sensitiveto L
\{‘!;\ allows deduction of the mixing ratios
‘\i\i\ e S E,
—_ uq ‘H“-‘H""\-
g s\\h“jﬁ?‘?f - M1+E2
. M e 3/ &
. \\"ji 1 a"i"'%j: ffgtﬁg B 'i:
e TE—— 1< <4 M1, E2, 03, E4
- e '.‘rmlf'.Jrr- soexay [ ”‘-J
2 e
2 _1,(£2) e _ Gan + O Gy 5t =Sm =%
I,(M1) 1+5° & — Gy
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Direct ICC Measurements

Nuclear reactions Pkt Radioactive source
on®
i e\"c“
W
Ao
ey Fray
target *-Y peam e
beam geattered %
-rays =
[ljs===c4 Y-rays ’ o
ry Q@
1% e
Cop, J08
Vep &5°
7} 001\

Moneering Office of Science =g
Boience amd U.5. Department
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Basic Electron Transporters

———SML 5 Superconducting solenoid
; B U Broad-range mode— 100 keV up (o a few MeV

liquid Hetion —__§

[ Lens mode— finite transmitted momentum bandwidt!
(Ap/p~15-25%) — high peak-to-total ratio

Mini-orange (looks like a peeled orange)
U transmission > 20%

beam

- J small size and portability, but
3 poorer quality
larget —
Et .
2| i MAGNES
absorbers — MAGNET
Sm
antipsaitron | ( (.’)
caitie ) —
S - Stu.l'
S FORRAS
[P KT % TARGET
_e8
Pinnesring Oftice of Scienc |
A Tetnralsgy U e WS

169




Superconducting Solenoid Spectrometer

axial abaorber
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Conversion Electron Measurements
e (431) =0.056(7) g (431) = 0.008( F1)0.022(E D058 E3),0 067 M1)0 21(4f2) 1080 = o
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SACRED Electron Spectrometer

University of Jyvaskyld, Finland

Beam In

-~

Cold Finger

25 Element
Annular S1
Detector

Carbon He
Containment Windows

rget Chamber

Recoil-gated CE Spectrum from 208Pb(*Ca,2n)?*>*No

{—“:1 ------------- 1471
366.6 (7)
42
LM6->4 :
12
u—l L M e —————__
?0 3184 (4)
® 50
3 1o* 78
g 267.3(3)
3 25
2141 (2)

0 50 100 150 200 250 300
electron energy (keV)

P A Butler et al PRL 83 (2002) 202501
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ICC from Total Intensity Balances —example 1

Works well for v rays with eneragies below about 250 keV

In out-of-beam (or decay) coincidence data T 10*
=1 x(+a™)y=I" =1 x(+a)) 568
' ' 10*
o =I5,/ &)x(1+a)-1 o

& (350) = 0.05

228/463
" (99) = 3.9 ‘ e
[ — z p—————— e
- 1085/463 4+%
1 — —— f 0" —99 =

ICC from Total Intensity Balances —example 2

In-beam: only when gating from “above”

18+
tot tot\ _ yiot tot ] [
Ir, —fmx(]+0:;. )_IJ_ f X(]+£Z ) |
18t §
fot __ gylot
Im _Ira +15f Sil
-1 ¢
f b i 5777611 | L
e 12+ i
l [ 534
I ‘ L sco0 10+ Isf
" L " A 476

@ S 0s e 1000 1200 gt
= 207/311 o '

o000 +
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Angular Distributions

The gamma rays emitted from nuclear reactions exhibit angular distributions:
substate alignment

W(H) = 1 + 14223 (COS 9) a3 A P (COS 9) ates evapomabion ™. }tion plane
Ay, = azAzmax;AM = a4A:1nax
ak (Ji )= pf((Jl)/Bk (Ji) beam direction

LN =T+ (D) " < T m J—m|k0 > P, (J)

exp(—m” /207%)

The orientation of the nucleus will be P(J)=
slightly attenuated by the emission of - - 5 2
evaporated particles (n,p,a) and y—rays. m;JEXp( wiia)

73

ioneeding Office of Science =
Science and U.S. Department
‘echnolony f Energy L |

Angular Distributions: Experiment

Measure: the y-ray yield as a function of 6

i -l 16 ——
la__ 141 378 keV
= 1.2F -
B <
target Beam direction g A
08r a8, =0.25(6) 1
osf  84=-0.10(8)
e
= ‘ 0 6 L 1 1 L il 1
4 p \ y 0 15 30 45 60 5 %0
< 6 (deg.)
Using a single defector - “singles” mode - contaminants
Using a large gamma-ray array — “coincidence” mode - you must be careful!
74
do} :;T“::y ” “ ‘I ':wzy _9A
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How to determine the mixing ratios?

i) Iif both A2 and A4 have been measured — see R 1
E. Der Mateosian and A.W. Sunyar, ADNDT 13 (1974) 407 L = i
g 1

1l) If only A2 has been measured (A4~0) A l

J

1) Determine the attenuation coefficient (o) B
for known E2 transitions depopulating levels
of known spin (gs band in even-even nuclei)

@, = EXP//A,;HHX e~ "J"
47 =B, xF,

Tabulated in E. Der Mateosian and A.W. Sunyar, ADNDT 13 (1974) 391

2) For a given transition determine:
4= =47,

3) From e. Der Mateosian and AW. Sunyar, ADNDT 13 (1974) 407 get &
75

Pioneering Office of Science r E
A Science and U.S. Department
Technalogy of Energy i

Angular Distributions: Example 1

175Tg T 7
170Er('°B,5n)@64 MeV e g 106 kev = 164 keV _

172y: 3(AD)=0.44 -13+17; 5(RM)=0.54 -/+5
CAESAR array/Canberra (AUS)

76
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Angular Distributions: Example 2

100% 782
]-E;:Z:IE):SI 2% 1

82% 738
66 “86 e

[, 18e —;s' 693

10% | 647
{ H 26+ '

1 | v o602
2895 | 3044 J | 24 !

0.3%) -0.3%

3364| [3585
B | 0.2y [-o.3
|
4% 967 H T
' 169308 | | oon
221 ]
: 541
(22+)
40% 991 r 15% 625
21- } se/669
19. 141,262 ‘,' o (204)
54%|525 “22"3¢0

M
17+ 5350235 5085 86 nsec

14106

13324

12586

11893

11246

10644

VOLUME X4 NUMBER 4 PHYSICAL REVIEW LETTERS I8 Loaaxy o2

Direct Decay Trom the Superdelormed Band (o the Yrast Lioe in 'ﬁll\n

T. Lauritsen.' M.P. Carpemter,’ T. Dossing” P Falloa.” D. Herskind? R. V.F. Janssens.' D.G. Jenkins." T L. Kboo*
F G Koodev,! A Loper-Mariest® A0 Macchiavelli! D Wand' K S Aba Sakem! | Abmad! R Clack.*
M. Cromaz,” ). P. Greene! F Haonachi' A M. Heme! A Korichi* G Lane.” € 1. Lister" P Reter?
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2000

2713

Counts/4keV

2900 3200 3500

Energy [keV]

3800 4100

fA: = —035012) and A, = —0.02016)]
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Experimental nuclear structure:
F. G. Kondev
Argonne National Laboratory, USA

E-mail: kondev@anl.gov
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Experimental Nuclear Structure
Part 11

Filip G. Kondev
kondev@anl.gov

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

April 4-15t, 2005
Argonne National Laboratory

A U.S. Department of Energy
@ Office of Science Laboratory
Smestsame  Operated by The Universily of Chicago

3§

&

[
N
5’
5
%

Outline

I) Lecturel: Experimental nuclear structure techniques
J  reactions used to populate excited nuclear states
J  techniques used to measure the lifetime of a nuclear state
»  Coulomb excitation, electronic, specific activity, indivect
J  Techniques used to deduce |*
> ICC, angular distrvibutions, D CO vatios, etc.

I1) LectureII: Contemporary Nuclear Structure Physics at the Extreme
J  spectroscopy of nuclear K-Isomers
1 physics with large y-ray arrays
J  gamma-ray tracking - the future of the nuclear y—ray
spectroscopy

r
o'
[
R 3 E
REE
EE
@
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Generation of Angular Momentum in Nuclei

12+

i 49/2
— ¥ gt b .
I —r gt : I
4—"— 21/2+
— ¥ l
r
L S ; 11/
—:'l'_ é: ¥ y 7/,2_
I=Jo 156Dy 147Gd =X I
E=#/2] I(I+1) Ei=Z ¢ + ZLV
B(E2) ~ 200 W.U.
deformed nucleus spherical nucleus g
A e P
Technology of Energy ‘

What is a Nuclear Isomer?

Nuclear Isomer — a long-lived excited nuclear state (1, > 1ns)
decays by emission of a, B, 3, p, fission, cluster

The first one discovered by O. Hahn in Berlin in 1921 — decay of ¥4Pua (70 5)
von Weizsacker, A. Bolhr & B. Mottelson

Energy

Shape elongation Spin Spin projection

Pioneering Office of Science r'
) Science and U.S. Departrrent
Technology of Energy & |
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K-Isomers —the Building Blocks
| Building Blocks |

178 A _f<=8 v 7/2[514] 9/2[624]
Hf 31 y<=> E: @ 712[404] 9/2[514]
- 14 keV - e e
? A v 16 2636 keV
2447 297 | 2433 .
12+ 215 12*

2136
580 liog
1859
10+ 1571
wsow 0 0| 5 o oe
i 89 keV eV g ' 216 1364 85 o0 —o—
1058, # 7/2[404] 9/2[514]
AK=8 o 147 4s V2 712[514] 9/2[624] 1479 keV
E1 1147 keV
» Ec~24,
E,~2A,
4+ ’
:
e e r e : :
R. Helmer & C. Reich, NP A114 (1968) 5
Aoneering Office of Science e
A =5 R )

K-Selection Rule and Reduced Hindrance

K-Isomer decay usually proceeds by minimizing AK

(I K™,
Usually not this way! (1% K=) E,(X2)
K=16 g = .
AK=16 v=AK-). — degree of K-forbiddenness

AK=8 K= - - F=t?(XA)ft¥(XA) - hindrance factor
3 < f =(F)"” - reduced hindrance per
s degree of K-forbiddenness — gives

AK=8 vardstick for “goodness” of K-

quantum number

B f,>20 — K-hindered decay

f,<10 - anomalous decay

Pioneering Office of St wmv r'/
A Science and .S, l|.1 e
Technology of En: Jv i
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Why Study Isomers ?

J Powerful spectroscopy tool - highly selective “devices”

J Advanced physics

v The mapping of intrinsic orbitals close to and remote from the
Fermi surface providing an indirect probe of deformation and
potentials used in mean-field descriptions.

‘/The limits to the existence of high-K states, both at high excitation
energy and as a function of proton and neutron number and the
competiti on between collective and intrinsic excitation.

v The question of the dilution of the K-quantum number due to
both random interactions in regions of high-level density, and to
chance degeneracies in regions of low level density.

V' Asa seniority- and configuration-dependent probe of the major
residual interactions in deformed nuclei, specifically pairing and
spin-spin interactions.

Why Study Isomers? — cont.

[ Interesting astrophysical applications: stellar thermometers and
chronometers
v There is considerable interest in the role of nuclear structure effects (the
precise disposition of excited states) and the possible role of the K-
quantum number in the formation and possible photo-destruction of
isomeric nuclei such as '*Lu, '®Ta and '®Re in hot stellar processes.

/09~ 8
75 I."l'-"' 18 "w My
1 =
f 7 =
175,

= Ly

Bn

— o ) £
et 37 a0 i A
175 176 = i
e a
e "
N ' 7
3 1" Yi oo
Ty b Tyvh 3By e
401
S LT L
. N 2

r - process Ty

= T,a(E6) > 10%y
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Why Study Isomers? — cont.

Applications

{ Activation analysis
d Medicine
J Gamma-ray lasers/batteries?

J Transmutation of nuclear waste?

Exotic Studies

W Radioactive targets — high-spin/seniority, e.g. 17#m?Hf, 177mLu

U Radioactive beams — the future of nuclear knowledge

Plonsenng OfMce of Balence r'/
Schncs and LS. Ceparment
B Technolog: At Enargy

K Isomers: Where to find them?

) Deformed nuclei with axially-symmetric shape
Mass 180 region : Yb (Z=70)-Ir(Z=77)

| n N O \F

T T

B
J High-K orbitals near the Fermi surface
n 5/2[402], 7/2[404], 9/2[514] - 7-qp

v 5/2[512], 7/2[514], 7/2[633], 9/2[624] K=49/2 )
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K-Isomers in the A~180 Region

® Hlxn — fusion evaporation
Deep-inelustic collisions
B Incomplete fusion

» Seniority 2 and higher
#T,<1s(small) /Ty, > 15 (large)

77 ® Ir
76 o|lo|oe|e|e|0]|e Os
75 o|o|e e|e Re
7 T4 e|lo{o]e o|e w
o |
73 o(o]e o |k Ta
2]|e ol | KKK Hf
71 (@ By Lu
70 @ Yb
102 104 106 108 110 1

Pioneering Office of Science r,/
& Science and N U.S. Departrment
Technology of Energy ,—J

Pairing Destruction in Nuclei

In general there are two anti-pairing mechanisms :
(a) Coriolis anti-pairing — induced by the fast rotation

(b) Blocking = occupation of level(s) by unpaired nucleon(s)

\
v\ U

.

| Az,

Vi U, the probability that a given state is or is not oceupied

uniform levels distribution e ——
ln.‘ T lip
A=[Ap(Ag = vip B — %
) :

¥ - the number of blocked particles  (Senionty)

P = level density near the Fermi surface 1P = 300 keV and Ap= 900 keV"
3 A=
Planas ring ©fMoe of Balen ca P’—."‘
& 5clane o and 1.5, Dwpartment (@)
Taclinolog of ENergy e ,‘
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Pairing Gap & Seniority

i . . . . | Iy
illustrative example: blocked multi-quasiparticle calculations — protons 5, Ta 104

mean field — Nilsson potential pairing — BCS model

LN:  W. Nazarewicz et al. NP A5]12 (1990)
W. Sanila et al. NP A578 (1994)

IN model

(i) the number of blocked levels

sae [ seniority dependence
(i) their location
oo
a0 5
oo o )"1-'
> e e L et
= i e
= won -8 -9
oo _\ i _\ b
N A T ] configuration dependence
[ oun, 9P ' 21 (11i) the single—particle density
2000 [~ & e} o -
[ sme 3-qp 1“IJ“%/ ] A~ exp[-1/Gp]
L A 3
* = 50 roem .;. po i shell structure dependence
A keV
(a) Has the punng really gone ? (b) How 1o prove ut?

rotation of the MQP state comes 1o the rescie
13

Plansering Office of Schnce r -
Science and U.5. Dapartment
T ol ey of Energy A

Pairing & Moment of Inertia

100 — ' . . . . . . 100
s Srig unpaired regime
- i g [ e e e
Sk ~rig = -:,r.:-b'——":;":':"’r_ " o X -
I e T expt L ’
3 . " L @ f P
% —— 10 painng = ”i 3 itt (L
T sl ]l A ek
s Lk Hf o 2 .;".'—"‘ “awl 6
i - Al UL 0s (o] M= 4
e b oo 2
L /—"'_'_ - ____._..EL_‘ : by * Expt
/_ B0 = BCS 1
+ LN
Ta-W
0% 135 160 165 170 175 180 18 o= i 6 5 20 3 0
A (mass number) K (bandhead spin)

® /mplication: yet higher seniority states would not show marked ]
decrease in pairing
G.D. Dracoulis et al., Phys. Letr. B419 (1998)
@ /s the rigid rotation a signature of quenched pairing?
3 is smaller than 3, due to shell effects
S. Frauendorf et al., Phys. Rev. Cé1 {2000)

® Needs an experimental confirmation !

S 14

Pionaating Ofice of Science r
A Scisnce and 1.5. Deprartrment
Technology of Eneriy |

185




... at Extreme of Seniority — the case of "°Hf

U Tentative quantum properties, e.g. [* and Ty,

U Exotic structure - must involve at least 9 qp,
a case where the pairing may be completely gone!

U Unprecedented decay pattern — AK=11! (662 keV)

' e N
Brg +1307e =~

(@195 MeV

Catcher
foil

=

. TOF —»

Target
»”

—] —

8cm-10ns

Pioneering
Science and
Technology

A

N.L.

1””“' Ii: l‘,“\
gp S 7455 ki
—s /
862
/ 845
55/2 il
422 - 53/2%)
845 52
423
51/2- 840 879
477
17<H 103 825 Y 49/27.
f 408
AT/Z 804
396
ol 779 7__45/27 4727 keV
\ v 13 43/2% 383
297 ereecnnes =
7,5 G T ,,4..3/2__‘ 760
+
L.4y2 686 367 "
5% |tz 715 41/2
J—qp i 348
]VI ,~10 ns 51‘.19:0-‘- 39/2__‘» 672
804y L2 | s

.‘_*.!”J

Glorup et al., Z. Phys. A337 (1990)

Wi

asr | %P

3015 keV

.Tl_\ =1.2 Us

OﬂIEL of Science
1.S. Department
of Enerdgy

I>Hf Experiments at ANL and ANU/Canberra

Pulsed Beam Technique

U Well defined “clock”

U Sensitive to in-beam and decay events

beam on -
beam off

1

beam

Pioneering
Science and
Technology

A

ANL Experiment

BCa(307e 3n)@194 MeV

[ Pulsed beam & Gammasphere
1 ns on / 825 ns off

U Thin target
1 ns on / 82.5 ns off

Complementary Experiment at ANU

é’
ﬂL
%
‘%\
"l

IBe(ILy. 4n)@50 MeV
U Pulsed beam & CAESAR array

(8 CS Ge detectors)

4 ps on/60 ps off

16

Office of Science r'
LS. Department

of Energy /‘
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Decay of the 57/2- Isomer

| i 945 keV ‘ugt—ol—oearnl ]
a8 = L4
U Selectivity - 4 : e T
[ 1in10f P 57
Ta o
fhere T !' T 50 i
e [ i =32(3) ns ! |
| ’ - N ‘o 4o . 0.__--;..-.4‘&..'4_ o Ji‘ " Ny g e
} s ] . 100 200 300 400 500 soo 700 800
l ( ’ Energy (keV)
! ; 661 keV'
T ’ = 7 =323)ns "
] i i {3 l““@ H|] I E
i 1 |
II - |  The 9-ap isomer is short lived| I
<1t 1
; g 1738 | 700 1750 1800 . 1~‘u 1900 m.ﬁ- :I-;N)
Channel

Plonssrng
es Selencs and
P Ticino logs

Structures Above the 45/2+ Isomer

| 200 keV 8 » Au Coulex
3000

2000

Counts

1000

T T T T T T
200 400 600 800 1000 1200
Energy (keV)

— Above the 452+ Isomer

S |'=_ dwmm  Gate

5-qp T =170 s
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“Normal” Decay Branches

i )
177 b Wl \
[T e
163 S
{ S
w00
Az 4 &
aa I'.
31T
oms 34 }
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4941 3 =
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l 5N e
] ‘ o
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sartd
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102 I
46104
Ll b
e T-qp

1 94 keV Mult: E1- 18% branch
1 157 keV Mult: E1 - 17% branch
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160 ns
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- K-hinderances in the Decay of the 57/2- Isomer

=320 |

AK=4

f,~82 '" ‘

e e e s Ee e Ew
- e o S s e

l

[
‘-..:"'
L |

1)

="
=L

/

e 1
|
|

’ - .::.. ST '< {

K=4912-: 3512- x v (512[B42], 912[624])

- AK=45/f~23 and 74

08 | K=l —y=5712-
" T,.I e S
2 Sk
-Z o4 o o
7 K=35/2- e

0.0 |

200 600 1000 1400
(1)

K=35/2-: ® (7I2[404], 912[514]) x ¥ (5I2[512], 742[514], 712[633])
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Rotation of the 57/2- Isomer

3000 ———
“early” % 200 and 661 keV

Counts

1000

90 400 500 600
Energy (keV)

-

3

5

Lt

&

® two new 9—qp structures y
® collectivity still persists 7

b at:
e

N

)
o

® g, ~ 9 - configurations i

L = E:

N
E&E;-“
v 5 8

"

|-z
o
0
o

Bz
XS
=1.7(3) pus
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Has the Pairing Really Gone?

90 T T T T T 10 e ) T
80 : 1
-.\ng 8¢ ' flqﬁqc 1
o - 3si2band [ 1
5- : :
&% 60 . . A G sl 1 P d !
s : 1 S im:z/c ; \ 7/2 band|
s : = ‘
g " '[ T : * 1-qp
: 4l > a : ﬁ litae
40| B 17 . A L
5Hf ¥ e L
/zr’la‘_._*‘ !
BV 1 . 1
178y 17674 R i :
20 — . : : ‘ - - - S
0 2 4 ; 6 8 10 00 0.1 02 03 04 05 0.6
Seniority o (MeV)
® cvenat9-gp 3 < Srig
@ pairing is still important
® "dynamic" vs. "static"
22
A i 1755
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... at Extreme of Neutron number — the case of 1"’Lu

3
116kev 2z 160d

Defornned shell-model
» Nilsson s.p. levels
» Pairing - LN prescription

nr g 108s

El E2
w

2_32 % g7d

N —
Ti2{514]

M. Jorgensen et i, Phys. Lett, 1019621321
177
Hf??

J.d. Carroll et al., Hyp. Int. 135 (2001) 3

i
-

lsomes Prost Suage Luy Triggrring facic

factow r N

17T % 9N Oa 427 wt [C TR T bl

Technalngy

Ploneering Office of Scipnce =g
o, Science and LS, Departmon
of Energy ,.J

Structures Above the K™=23/2 - Isomer

‘ 1771y from incomplete fusion

9/2*[624) v 2 9/2*[624] v 2

7/2" [404] = /2 [514] n .
I 23/ 252" .
|from (d,p) studies " l . a3
=231 d i
231 days -

[-decay

a—y—y—time coincidences 4p particle-detector array:
37 MeV 7Li ; angular momentum in 6-13 h - breakup-compound

176yp(7Liu2n) McGoram ANU PhD:; to be published

_— : i - -'_... == .'f e
7/2- [514] | 7/2-[514] HM- —@
. - fyecy © 0 = .

24

Technoloiy

Plonearing Office of Scdence r
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Evidence for a f—decaying Isomer?

PHYSICAL REVIEW C 69, 024320 (2004)

Evidence for a high-spin B-decaying isomer in ) O
* A Blazhev,”

8 (1 Mazzocchi, >’

Sareh D Al-Garni,"* P H R:gan_} TP M. \\"a.lktr.]VE. Roeckl” R Kirchner” F. R Xu® L. Batist?
R Borcea,” P M. Cullen % I. Déring,” H1M El—Masn,: J. Garces Narro.! I Grawe.? M. La Commara,™" |
I Mukha*'® C. J. Pearson,' C. Pletmer” K. Schmidt” W-D. Schmidt-Ort"! Y. Shimbara,* C. Wheldon."** R. Wood,

and S. C. Wooding™~

11.4 MeV/inucieon *Xe beam on '5CW target; thermal ion source; mass separation

Y po=72) min (38/27) 38 MeV

[
Q,~06 Mev ¥ §7Lu
- s 2
8 LA
v 83 ]
]
‘ ]
k H
3 7P 1003 H
YOLLL Ll Ll il Ll ]
40770, 5 B0 700 740,260 !
Fitbed half~kf (rin e
60 ®B000 25000 %6000 48000 /o=51min 37/, # 27Mev
2000 0 23000 25000 & .
i w2 2
17THF
Office of Science
U.5. Department
of Energy

Pioneenng
O Science and
Technology

Deep Inelastic Experiment at ANL

Pulsed beam & Gammasphere at ANL

Beam: ¥5Xe @ 820 MeV . '
&
n

Target: 75Lu
»enriched 50%
(n. abd. 2.6%)

> Jr=7-

Target: V°Lu, **Yb

®s

Office of Science
1.5, Departrment
of Enesgy

Pioneenng
'® Science and
Technology
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Projectile-like Nuclei
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K”"=39/2- Isomer in ’Lu

177Lu the K = 39/2- yrast isomer
E3 is not K-forbidden
92°(624] v 2 >10 us > ol —
7z [523] : “Deep"” g
Tetiod « =3
e P low
iy e—

| 332% 16% x= 1/2%(411] |

Incomplete Fusion

T.McGoram, ANU _ I ‘! : g 1374

— TREEE I-..-L:I o predict lons
; J 231 days 'w g predict for

G.D. Dracoulis et al, Phys Lett. B584 2004) B'deca Vs

Qy - logft & strength of
internal y-ray branches

Is this the claimed [ -decaying isomer?

0C3
|JLI.
fﬂ

4

Dracau:rs etal F-'hys Lelt B 584(2004)22

i,
/‘t‘
1

O Ex=3.5MeV (3.9 MeV) ‘ Vs

U unambiguons yray decay signature (na such ganunas in the spectrum) ./

U unprecedented transition strength for the 759 keV, non K-forbidden, E3 transition
(10°! tines retarded compared to War. if Ty =7 min)

A
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In-Flight Technique Using Projectile Fragmentation

Production target
‘#..j'(‘ Central focus, S2
= Final focus, 4
primary beam i /
Pb@ 1GeViu

dipole, ]_:,‘,I‘fff\“ ;rii_) By /

degrader f
é = Bpe scint MW=xy
Q pru

AE(Z?)

Use FRS@GSI or LISE3@GANIL to ID nuclei.
Transport some in 1someric states (TOF~ 300 ns).
Stop and correlate 1someric decays with nuclei id.

| = | 4 W
3500 -
- seia . ]
- Tim.
" gl ®Rb
4 2o B g
- “ﬂ.‘ =00 Jh“ |
[T}
i < S0 a
% 30 BUiWA
% 250 ] YT
1 3k Vekeiiy ©
8 =E] o 698‘:
s0f-
- o
£ L
=
E 250
=
F L
E 1=
50
L . a3
100 300 500 0] =00 "o
Energy (keV)
Time Difference (ns) =
(Fﬂ.»_l.-[ Sclancs r
C. Chandler stal Phys. Rev. C61 (2000) 044309 LR )
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Future of y—ray Spectroscopy

U Historical perspective

O pri nciple of gamma ray tracking

ol Physics opportunities
(] Technical challenges
] Status of project

Gamma-ray Detector Development

Resolving Power

Crucial to Nuclear Physics Research

I\v'[-||\[v-1vlrvrl]vl|v[v

tracking [ 1
8Dy Opy
!L\- - F a1
Gammasphere 23
4 Eurchall
10T Eurogam
L 1
Superdaformation
2 Compton-Suppression - HPGe
10 |- |
Small &
Armays Bockbendin
| A GelLi)
Z ¥ GM Nal B
Absorbers g
k e s | Jica |
1900 1925 1950 1975 2000
Year

*  Advances in detector technology have
resulted in new discoveries,

* Innovations have improved detector
performance.

- Energy resolution

- Efficiency

- Peak+4o-total ratio

- Position resolution

- Directional information
- Polarization

- Auxiliary detectors

*  Trackingis feasible, will provide new
opportunities and meet the challenges
of new facilities.

E T
.R"" EXEX SpAcing
i AE
34

OfMis of Sclance 7
o1 Energ — 2 |
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Why Gamma-ray Arrays?

J High energy resolution AE,=2.5keV @ 1.3 Mev
| Large P/T ratio ~60%

[ Large photopeak efficiency  10% @ 1.3 MeV

[ Good timing resolution <10 ns

J wide energy range ~30 keV - 20 MeV

O Large solid angle ~ 4

| High granularity high fold coincidences

[ High resolving power ability to isolate a given
sequence of y rays

35
Pioneering Office of Science r/"
& Sdience and U.S. Dep artment
Technology of Energy ,,J

Evolution of High-Spin y-ray
Spectroscopy in **Dy

10*+ REY, ¢ 1963

- Morinaga & Gugelot irlassts 1 1978 |
= {ax, 4n) £ '-.:.. 3
10° 5, Nal(T1) i *eel o
s ¥ 10} e
| B F e
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(o, 4m) B in 156D .
2xGe(L) = in y
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.78 10? ..
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NG Yl oar g
""’"ﬂl‘ml " o e |
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g 1088 7T &= |
G Riley ot al. |
]| = S, 4n) & ' |
5 TESSA2 a0 7 Moment |
. of Inertia l

o 0z s s 12

e o8 1
Rotational Frequincy (MeV)

1998
Kondev et al.
¥ S, 4n,
- = GAMMASPHERE

e

; ““Huﬂfgfkg;w _—
(1] 200 400 600 800 1000 1200 1400 1600 1800
Energy (keV)

|
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Historical Perspective

~1980 states to spin ~30
naked Ge arrays

~1980-1982 TESSA + M
Escape suppressed array at NBI | '

1983 TESSA to Daresbury
Heavier Ion beams

6 ESS using NaI(Tl) I ~ 1% sensitivity

Channel selection included, 50 element

inner BGO ball 37
ﬁ ionseing L,..L._n_o.a._::"ll,l;:;]:} @2

BGO replaces NaI(TI) Large y-ray arrays
HERA, TESSA3 Eurogam, Gasp, :
Gammasphere, Euroball’s

I ~ 0.1% sensitivity I~ 0.001% se

sitivity

ome
15 [
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- Interaction of Gamma Rays with Matter

~ 100 keV ~1 MeV ~10 MeV Y-ray energy

Photoelectric |  Compton Scattering | Pair Production
* P
[ ' Ey- 1022
: ! ; : 51

Isolated hits Angle/Energ Pattern of hits
=1 E E — E'Y E s 2

Probability of = E é B~ E— 2 e

interaction depth | 1+ (1—cosH)

39

Pioneering Office of Science r
ol Scienceand 11.5. Departiment
Technology of Energy ,‘4

" Compton Suppression —Improving the Peak to
Background Ratio

Background from
Complon Scattering
|

sooo-  P/T~60 %
6000 i

f '_1\‘3l||.:3“;":‘:-':"_'\ w
| M, | s

40001 /|

20001 Suppressed J'
0 T

T T T T T T T T T v T
0 200 400 600 800 1000 1200
Energy (keV)

Counis

40
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Gammasphere Spectrometer

QA spectrometer with high
detection sensitivity to nuclear
electromagnetic radiation due to
its high resolution, granularity
and efficiency

(J Consists of a spherical shell of 110
large volume HpGe detectors each
endosed in a BGO shield

(J Funded by DOE, US

s
=

>
Q

Gammasphere Operation

U From 1993 to 1997 GS was
constructed and sited at the
88-Inch Cyclotron, LBNL

130 experiments
super deformation

{ O From 1998 to 2000 GS
operated at ATLAS, ANL

101 experiments

nuclei far from stability
y, W From March 2000 till January
2002 at LBNL

U Since March 2002 tll now GS
is back at ANL

<

@ i “.“gi' -
s ii;

42
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.8 r~'<|1"‘“;' (_,‘
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European collaboration
Euroball France, Denmark, Germany, Italy, Sweden and the UK

Y 3
.
, s 0
30 Large single crystal 26 Clover Ge detectors
Ge detectors 4 crystals per cryostat
15 Cluster Ge detectors
239 Ge crystals 7 encapsulated Ge crystals per cluster
Suppression shields
Total peak efficiency ~9.4%
Intensity limit ~ 10-°

Gamma-ray Arrays in USA & Canada

=

FSU Array, USA

10 Clover
17 Ge
] - e
8m, TRIUMF
~100 Ge detectors
CLARION, ORNL
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JUROGAM,
JYFL

AR W RISING,
GSI

CAESAR, Australia Afrodite, South Africa

Smaller arrays operate
in India, China and Japan
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Gamma-ray Tracking Concepts

* Complon Seppressad.Ge Pulse shape analysis in
Nyec = 100 segments =» 3D position
_______ Peak efficiency = 0.1 Ve SRS H—
Efficlency limited
Veto { O - ————
-— 4 e }—-—
® Ge Sphere )
Sum R
N, = 1000 (summing) Y i

Peak efficiency = 0.6

Too many detectors Tracking of photon interaction

points = energy, position

® Gamma Ray Tracking

Ny =100
Peak efficiency = 0.6
Segmentation

Pionesing Oftice of Science [Pl
AN .S, Departmant y
of Energy - 4 |

Teclmology

1970s 1980s 1990s 2000s

10°
al

S8see,, eoe .GE Normal deformed

10" o e rotational structures
Er »
e TESSAI
- [ ]
. L ]

107 § o, TESSAZ

oooog _g¥v TESSA3
Superdeformed bands A = 150" 2%,
10° UAn s, iy T a Gasp
B rastta 488, o Eurogam |

e | R ETAVS

10* e o
JURSICeTommea IinKs []

162 156
Er

O Dy

10° 1 Euroball IV/Gammasphere

Spectroscopy \
info the unknown AGATA /GRETA

CiEn e — AGATA

3 it ADVANCED GAMMA
10 TRACKING ARRAY

-

\Y [

Spin (h)
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Large Gamma Arrays based on
Compton Suppressed Spectrometers

EUROBALL

e~10—5%
(M.=1— M. =30)

GAMMASPHERE

Tracking Arrays based on
Position Sensitive Ge Detectors

h

e~40—20%

(M,=1 — M,=30)

Exagam, Miniball, SeGa: optimized for Doppler correction at low y-multiplicitiy > € up to 20%

GRETA/GRETINA

2,
s o idg

-
(el

¢ Resolving power: 107 vs. 10#
= Cross sections down to ~1 nb
- Most exotic nuclei
- Heavy elements (e.g. % ?*No)
- Drip-tine physics
- High level densities (e.g. chaos)

® Efficiency (high energy)
(23% vs. 0.5% at E.=15 MeV)

- Shape of GDR
- Studies of hypernuclei

@ Efficiency (slow beams)
(50% vs. 8% at E,=1.3 MeV)

- Fusion evaporation reactions
® Efficiency (fast beams)
(50% vs. 0.5% at E, =1.3 MeV)

- Fast-beam spectroscopy with low
rates -> RIA

e Angular resolution (0.2° vs. 8°)
- N-rich exotic beams
- Coulomb excitation
- Fragmentation-beam spectroscopy
- Halos
- Evolution of shell structure
- Transfer reactions

® Count rate per crystal
(100 kHz vs. 10 kHz)

- More efficient use of available
beam intensity

® Linear polarization

@ Background rejection by direction

50

Pioneenng
Science and
Technology

Office of Science r
U.S. Department @
of E nesgy =
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AGATA
(Advanced GAmma Tracking Array.

Main features of AGATA

Efficiency: 40% (M =1) 25% (M, =30)
foday's arrays ~10% (gain ~4) 5% (gam ~1000])

Peak/Total: 6% (M =1) 45% (M,=30)
today ~55%

Angular Resolution: ~1° 9

FWHM (1 MeV, v/c=50%) ~ 6 keV Ill
today ~40 keV

Rates: 3 MHz (M,=1) 300 kHz (M,=30)
today 1 AvHz

+180 large volume 36-fold segmented Ge crystals in 60 triple-clusters
¢ Digital electronics and sophisticated Pulse Shape Analysis algorithms allow
¢ Operation of Ge detectors in position sensifive mode = y-ray tracking

B =] =1=Tiil
N loml o B | 1

Aans )] OI"! 'ﬁ anG —
A = o
+f Enang; /J

- Highly-segmented Ge Detectors
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Canisters AGATA and EUROBALL |

AGATA EUROBALL

GRETINA Detectors

® Tapered hexagon shape

" Highly segmented 6 x 6 = 36
" Close packing of 3 crystals

" 111 channels of signal

Received June 4, 2004

54
Pioneenng Office of Science r
A Science and U.S. Department
Technology of Energy A
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AGATA Detectors

4

Hexaconical Ge crystals
90 mm long
80 mm max diameter
36 segments
Al encapsulation
0.6 mm spacing
0.8 mm thickness
37 vacuum feedthroughs

2

3 encapsulated crystals
111 preamplifiers with cold FET
~230 vacuum feedthroughs

LN, dewar, 3 litre, cooling power ~8 watts
55

A

Ingredients of y—ray Tracking

1 o

. Identified Reconstruction of tracks
Highly segmented interaction e.g. by evaluation of
HPGe detectors permutations
(x.y.z,E.1); of interaction points
L -
Pulse Shape Analysis @ ey
to decompose A R0

recorded waves @ Ol ()) I"ET‘ @ ETz

Digital electronics
to record and

process segment —\__
signals

o T —

E reconstructed y-rays
A i e TR
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- In-beam Test

0 beam

Experiment
* LBNL 88” Cyclotron
* Prototype II detector
* 828e + 12C @ 385 MeV
* 90Zr nuclei (p ~ 8.9%)
* 2055 keV (10*>8*) in *%Zr
* Detector at 4 cm and 90°

*Three 8-channels LBNL signal
Digitizer modules (24 ch.)

Analysis
* Event building
® Calibration : cross talk

-

A selenc ans target I

* Signal decomposition
* Doppler correction >

. In-beam Test Results

Doppler Corrected using
first hit position
determined by signal
decomposition

Corrected using center of
segment only

g

No correction

COUNTS

5

%

=13

FWHM=14.5 keV
o, = 2.4 mm (rms)

ID=13

FWHM=283 keV

D= 16

6 M0 M0 3
ENERGY (keV)
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TIGRESS, TRIUMF, CANADA

ISAC II
Nuclear Structure:
" Evolution of Nuclear Shell Structure
Pairing Correlation far from Stability
Mirror Nuclei and Isospin Symmetry
oulomb Excitation with Bragg/PPAC
Fusion Evaporagon reactons with 2006

CsI(T1) and neutron detector arrays

Nuclear Astrophysics:

Structure studies of astrophysically
important states
Transfer reactions with EMMA/Si Array

20N\

2008
2009
Pioneesing Office of Science B>
A 53 WS- O

Gamma Ray Lines of the Cosmos e

Science Objective Isotopes and Lines (MeV)
Understand Type Ia SN explosion i (0.158, 0.812, ...)
mechamsm and dynamics el (0.847, 1.238, ..)
“Co (0.122)
Understand Core Collapse SN *Ni (0.158, 0812, ...)
explosion mechanism and g (0. 847, 1238, ..)
dynamics 00 (0.122), %41 (1.809, 6.511)
Map the Galaxy in ZA1(1.809, 0.511)
nucleosynthetic radioactivity 80Fe, ¥Ce (1.173, 1.332)
“Ti(0.068, 0.078, 1.16)
Map Galactic positron e'—e~annihilation (@ 511, 3 photon
annihilation radiation continuurm)

SN Ia **Co positrons (0.511)
41 and **Ti positrons (@.511)

Understand the dynamics of T3, 130, T°F positrons (0. 511)
Galactic Novae "Be (0.478), 2Na (1.275 0.511)
Cosmic Ray Interactions with the | C (4.4), °0 (6 1), "Ne(L.634),
ISM 19(1.369,2 754),Z8i(1. 779),
*Fe(0.847.1.238)
Neutron Star Mass-Radius p-n(2.223)
i § _60
; . - " Office of Science r
4 J()_‘m ..f::.rias _@.&; u.s. n?;.ag_mmmw s/
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The Concept

Position sensitive gamma ray detectors have been under
development for many years

U In Space Science

O In Medical Imaging Scintiiiator: Nal, Csl, LSO

J In Basic Nuclear Research Semi-conductor: Si, CdZnTe, CdTe
J In Homeland Security and Verification.

High Purity Germanium: offers the best energy resolution and timing for intermediate
(40-2500 keV) radiation. Very large and efficient detectors can now be fabricated.

Key Question:

Can reliable, efficient, high resolution position sensitive germanium
detectors be produced and incorporated into practical devices? .,

Oftus ot Selsnce =
A fd 1.5 Doparmsnt
Teshinolo of Enargs A

Ge Strips Detectors — an excellent choice!

U based on the HpGe planar

detector technology

[ have orthogonal electrodes
(strips) that provide position
localization of the interactions

[ operates like a conventional p-i-n
diode

O pulse-shape analysis — the depth
of the interactions

A
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Technology: Wafer Selection
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Across Boule

Along Boule
Uniform Impurities LARGEST SIZE
LIMITED SIZE Impurity Gradients

REAL NEED FOR FINANCING OF FACILITY TO GROW BIGGER BOULES....... (15cmg)

Pioneering Office of Seience =22
g%, Scienceand U.5. Department
Technol ogy of Energy >

-—
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PN 1N USA
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ANL HPGe Strips Detector

With the premier US germanium detector
manufacturer, Ortec, we have built

U the biggest (~90 mm x 90 mm x 20 mm)
U the best (~1.0 keV at 122 keV, ~2.0 keV at 1.3 MeV)

Ge strips detector in the world!

Pioneering Office of Science [
A Seienee snd U.5. Department
Techrology of Energy >

2D Imaging Capabilities

U238 Sampe

i ) 1 o 186
. ] wel 295(]
5 m m % » § 2000 U X-rays
Lithiumn Strips
- 1000}
25 x 25 strip HpGeDSSD ;
60 keV y-rays from 24'/Am source o B o i 2
SEE. Indethees et al, IEEE 43 (1996) 1467 Imaging and characterization .,
A 1 )
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Compton Camera

.'M?‘

cos 6, =[1 -mc? ((E,—-E,)/EE,)]

Concept

] Gamma ray Compton scatters in the first detector

[ Positions and energies of individual interactions
enables to determine pathway of gamma ray in the
detector — gamma-ray tracking|

[ Energies and positions define cone of incident
angles (electron path is not measured)

] Cones are projected on a plane or a sphere (one
circle per event) for 2D or into a cube (one cone per
event) for 3D imaging

E =E,+E,

Pioneering
Science and
Technology

67

Office of Science r,— .
115, Department -@-
of Energy o

Compton Camera

(Eg. xyz)

—
P

Office of Science
11.S. Department
of Energy
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- Doppler Correction

| 136Xe + 12C @ 595 MeV _uncorrected |
5 &
%30000— !J"“hlj' Doppler—shift corrected for vic = 8.7%
e Single Pixel Events
& L
20000{— _ FWHM 6keV at 620keV
B (Limit set by velocity spread)
13000

10000

5000

100 200 300 400 500 500 700 800 800 1000
Gamma-ray energy (keV)

Pioneesing Office of Science rz"
@ Science and 1.5, Department
Technology of Energy /d

Polarization in a—y Coincidences

70— o - .
- Vertical scatters in
60 — .
E A=0.35 HpGeDSSD (Boron Slde)
= 28Th 240keV (0-2-0) correlation
“t 70% of K.N. PO A .
55 :_ o » 21 ke (first-neighbour swattedng) i 24l F.«-V!h\'\'ﬂ'lf-l’:ljhfkml -...m.unv.jll
" ol events zj:_ 5 o s ! iy ¥
E | o2 events aE e w oW = ¥ F 3 33
10 ;— Bap = . ; 1
A e e 'iv b .mi.u:'j‘l K2 smem o : e ‘U-'{ E - I L i 1
qlﬂﬂ 200 220 240 260 280 06 [ ’ :
= s i 5 T ¢ LCattening) @ 151 keV (secand-naighbour scattering|
“Second Neighbor™ analysis Sl T e
has even bigger asymmetry, i . * = = = 7
and almost as much data. Ok i G e e g x @ &= &
01, - - E
G 02| x = x
16 pixels vs. 4. asf ' : «
- O 05 135 160 355 270 315360 0 45 9 T35 160.225.270 315 360
LL‘N](—)rl(j.s BeSt” ﬁgllre Of Illerlt Azimuthal scattering angles (degrees)
Pioneering (;‘IITI;:L crn Z:il‘(‘n';g: F’ :
A Tt KOk
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Varying source-object-detector

baseline can give large magnification

This image Smm steel ball bearing

Direct Determination of materials by

differential absorption

Digital Signal Processing

prospect. The drifting charge

induces images that allows
the interaction points to be
accurately located.

.1_| . E’|
e e AR EER

" A
—— 8w

......

Here lies the most exciting "

29

created by the gamma rays |**

, ==
| | .
NENE o

e =
He- s
= r A IEE 1

Shallow (Close to Electrode)
Central

Deep (Far from Electrode)
Right Side
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Digital Pulse Processing

DEPTH
From front-back time
I difference of charge

‘ LH\ pulse arrival
'"_““‘."_““I_‘_ == 1-2 mm
L : , ' but depends on position
f
f ]13 : LATERAL
T LH | From asymmetry of
* . . | induced transient signals
L el P R
A i
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Nuclear Data Section e-mail: services@jiaeand.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.iaca.org
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